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Introduction


Biological systems (e.g., DNA, enzymes, or other proteins)
are highly advanced and very efficient functional molecular
devices which are built from smaller and simpler compo-
nents by aggregation through noncovalent interactions. An
exact spatial positioning of suitable functionalities as well as
the ability to undergo well-defined dynamic structural rear-
rangements is essential for their function as molecular infor-
mation storage devices, as molecular machines, and as selec-
tive catalysts. In order to mimic biological devices or even
to develop new functional molecules a high degree of com-
plexity is mandatory. One may even speculate whether
nature would have achieved its extreme efficiency if biomo-
lecules were smaller and simpler than they are. In particular,
the fine tuning that finally optimizes function requires a


number of parameters for detailed adjustments. For any arti-
ficial device,[1] the necessary degree of complexity thus re-
quires the design and preparation of large molecules with
numerous functional groups. Despite the admirable power
of covalent organic synthesis[2] and its astonishing successes,
the enormous effort associated with it represents a severe
limitation for the generation of artificial functional devices.
The application of noncovalent synthesis, for example, the


substitution of covalently-assembled structure-determining
elements by structurally analogous metal coordination com-
plexes, can significantly lower the preparative efforts neces-
sary for the formation of sophisticated architectures.[3] This
is shown, for instance, in Figure 1, where a central 9,9’-spiro-
bifluorene unit of tetra(2,2’-dihydroxy-1,1’-binaphthyl) 1 is
substituted by a copper(i) or silver(i) bis(2,2’-bipyridine)
complex.[4] This strategy not only simplifies the synthesis of
such a complex structure, but also offers the possibility to
access a broader diversity of geometrically and/or electroni-
cally different aggregates simply by exchanging the metal
ion for one that has a different charge and/or prefers anoth-
er coordination number and/or geometry other than Cu+ or
Ag+ ions.
Thus, the following sections will focus on the use of non-


covalent forces for organizing (supramolecular) architec-
tures of complex species, for directing reactivity, and hence
for controlling function.


Noncovalent Interactions, Self-Assembly, and the
Importance of Template Effects


Noncovalent interactions generally are much weaker than
their covalent counterparts. Usually, strong binding is only
observed if multiple interactions cooperate. Consequently,
most supramolecular complexes are reversibly formed and
are prone to dynamic processes. This is a prerequisite for
the self-assembly[5] of defined aggregates that occurs under
thermodynamic control. Due to the reversibility of noncova-
lent bond formation many supramolecular aggregates
should be considered as highly dynamic units.
Different types of noncovalent interactions can influence


the aggregation of molecules, and different bond energies
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allow a gradual cooperation of effects with different
strengths giving rise to systems with a hierarchical order of
degrees of complexity (hierarchical self-assembly).[6] The dif-
ferent interactions can support each other in a cooperative
fashion[7] and either lead to positive or negative allosteric ef-
fects.[8]


However, for thermodynamic control of self-assembly
processes, not only the strength or weakness of bonding in-
teractions is mandatory. The directionality and the rigidity
of the building blocks also play a pivotal role. Figure 2


shows a schematic representa-
tion of different possible assem-
bly modes, which are often in
competition with each other.
On the one hand, a nonspecific
formation of oligomeric aggre-
gates (e.g., glasses and the like)
is presented. On the other
hand, well-defined structures
are obtained in a specific self-
assembly process. In an ideal
system, the change of enthalpy
is only due to the formation of
new bonds, which remains the
same irrespective of the forma-
tion of a small well-defined ag-
gregate or the formation of
oligomers and polymers. There-
fore, entropy takes control over
the reaction path and favors the
formation of a maximum
number of species. On the
other hand, in a non-ideal
system, strain can be built up
within either oligomeric or dis-
crete species, in particular when
rigid subunits are chosen. Here,
enthalpy comes into play again
and the fine balance between
enthalpic and entropic effects
finally governs the direction of
the assembly process.
A recent example for this


balance between the enthalpic
contributions of strain and the
entropic advantage of forming
a larger number of species is


the self-assembly of molecular triangles and squares[9] from
azopyridine 4 and [PdII(dppp)] or [PtII(dppp)] complexes
3a,b (Scheme 1).[10] Although the coordination geometry
around the metal centers and the structure of the azopyri-
dine ligand 4 would speak in favor of the exclusive forma-
tion of squares 6a,b, which is indeed realized for 4,4’-bipyri-
dine as the bidentate bridging ligand, a mixture of triangles
5a,b and squares 6a,b was identified by 1H, 31P, and DOSY
NMR spectroscopy and ESI-FTICR mass spectrometry. This
can be understood, if a lower rigidity of azopyridine 4 rela-
tive to 4,4’-bipyridine is assumed; this lowers the strain im-
posed on the triangle. While in the bipyridine case, the
strain is higher and the enthalpic contributions govern the
exclusive formation of squares, for azopyridine the entropi-
cally favorable formation of triangles overcompensates
strain.
Specificity is an important goal in the application of self-


assembly to the formation of defined supramolecular struc-
tures that can also be favored over non-specific oligomers, if
™secondary effects∫ stabilize one defined species over all
others. Typical ™secondary effects∫ are again based on weak
noncovalent interactions, for example, solvation effects,


Figure 1. MM2-minimized structure of tetra(2,2’-dihydroxy-1,1’-binaphthyl)-substituted 9,9’-spirobifluorene
(all-Sa)-1 (top) and MMFF-minimized structure of its analogous [Cu{(all-Sa)-2}2]


+ complex (bottom).


Figure 2. Reversible binding allows the molecules to bind and dissociate
and thus to correct errors leading to higher energy assemblies. Such pro-
cesses thus have low barriers and are thermodynamically controlled.
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steric constraints, or p-stacking as in double-stranded DNA.
Templates[11] represent a particular type of such secondary
effects in that the geometry of the assembly receives struc-
tural information from its environment (the template)
rather than its own properties. Nevertheless, the control of
mixture compositions by templating is a tempting challenge
and the design of suitable templates is by no means trivial.
A problem which can be solved by designing suitable tem-


plate effects is the threading of an axle through a macrocy-
cle, which after attachment of stoppers leads to a rotaxane
structure or gives rise to a catenane upon cyclization of the
thread. Thus, in elegant approaches different kinds of tem-
plating were used by Stoddart, Sauvage, and Vˆgtle for the
preparation of mechanically linked supermolecules.[12] A
more recent example is the modified anion template effect
that permits the synthesis of rotaxanes with phenolic OH
groups in the axle center piece (Scheme 2).[13] These func-
tionalities are controlled by pH changes and one may well
take advantage of them in order to control the motion of
the wheel around or along the axle.
Another illustrative example is the template-directed for-


mation of dinuclear triple-stranded cryptand-type helicates
like 7 and 8[14] from alkyl-bridged dicatechol or di(8-
hydroxyquinoline) ligands, respectively; these form accord-
ing to the principles of dynamic combinatorial chemistry.[15]


Initially, molecular diversity is generated by nonspecific for-
mation of oligonuclear coordination compounds. Due to the
noncovalent nature of the coordinative bonds between the
building blocks, all species of the library are in equilibrium
with each other under the appropriate conditions. Addition
of a template selects the most appropriate ™receptor∫ pres-
ent in this mixture and shifts the library composition to-


wards the desired host±guest complex by enthalpic stabiliza-
tion. In Figure 3, the solid-state structures of helicate-type
complexes 7 and 8 are shown; these were obtained by this
principle and possess cations as the templating species
bound in their interior.


Scheme 1. Self-assembly of molecular triangles 5a,b and squares 6a,b
from azopyridine 4.


Scheme 2. A modified anion template effect that serves for the synthesis
of rotaxanes with functional groups in the axle center piece. The inset
shows a hydroquinone center piece which can be used similarly.


Figure 3. Dynamic combinatorial chemistry–template-directed formation
of dinuclear triple-stranded cryptand-type helicates 7 and 8.
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Structural Control of Function


After this brief discussion of ways to generate large and
complex architectures from much simpler building blocks,
the question arises how structure and function are related.
A large variety of functional units could be discussed here,[1]


among them optically active building blocks, such as ruthe-
nium±bipyridine complexes or porphyrins, electroactive
groups, such as ferrocene or quinones, functional groups
useful for supramolecular catalysis,[16] and many more. How-
ever, since we deal with supramolecular approaches to func-
tionality in this article, we will focus on host±guest chemis-
try, molecular motion, and the stabilization of specific con-
formations here. These functions, for example, the recogni-
tion of a guest in a receptor, seem to be rather simple, but
their successful implementation is still a challenge. Further-
more, they may be part of a functional chain in that, for ex-
ample, guest binding may act as an input signal to induce
and mediate another process that is either suppressed or
only possible when no guest is present. Thus, it is of prime
importance to be able to tailor hosts and supramolecular
catalysts. Both are related to each other, because a receptor
binds a guest molecule in one of its minima on the poten-
tial-energy surface (PES), while supramolecular catalysts
must be hosts with a higher affinity for the transition struc-
ture of the desired reaction than to the reactant and prod-
uct. This is beautifully illustrated by hydrogen-bonded cap-
sules[17] that are capable of binding guests with a high
degree of selectivity[18] and have also been shown to pro-
mote and catalyze Diels±Alder reactions.[19] Consequently,
the same principles govern both types of functional mole-
cules, they are just applied to different species on the PES.
One of them is the principle of preorganization.[20] High
binding constants and selectivity are achieved when the
binding sites of a host are as complementary as possible to
those of the guest. However, since the match between host
and guest usually is not perfect, it is often advantageous if
the host has limited flexibility to adjust to the guest (or the
transition structure).[21]


Another important structural problem is the assembly of
chiral hosts for chiral recognition and, again, helicates may
serve as examples to illustrate
this point. The stereochemistry
of helicate-assembly versus for-
mation of the achiral meso-heli-
cate (™side-by-side∫ complex) is
influenced by the rigidity of the
ligands, by templating effects,
or by chiral substituents at the
ligand. A systematic approach
to the diastereoselective forma-
tion of helicates (LL and DD)
or meso-helicates (LD) is to use
alkyl-bridged ligands. Due to
the preferred zigzag-conforma-
tion of the alkyl-spacer, ligands
with an odd number of methyl-
ene-units in the bridge lead to
the meso-helicate; while ligands


with an even number of CH2 units are well predisposed for
the formation of the helicate (Figure 4).[11, 22]


Enantiomerically pure helicates are obtained when chiral
substituents are introduced either at the termini or in the
spacer of the ligand. In particular, the latter strategy offers
the opportunity to obtain supramolecular structures that
bear chiral cavities with inwardly directed functionalities
which could be used for further purposes, such as molecular
recognition or supramolecular reactivity. However, in order
to avoid problems arising from the orientation of the ligands
in these helicates, which would result in an almost uncon-
trollable number of possible stereoisomers, the use of dis-
symmetric ligand units is especially advantageous. This
could be shown with 2,2’-dihydroxy-1,1’-binaphthyl-centered
bisbipyridine ligand 11 (Figure 5), which undergoes diaste-
reoselective self-assembly upon coordination to suitable
transition-metal ions to form enantiomerically pure dinu-
clear double- and triple-stranded helicates.[23] Whereas the


Figure 4. Stereoselectivity of dinuclear metal coordination complexes–
helicate assembly versus formation of the achiral meso-helicate.


Figure 5. Enantiomerically pure double- and triple-stranded helicates [Cu2{(Sa)-11}2]
2+ (left) and [Zn2{(Sa)-


11}3]
4+ (right) (MMFF-minimized structures) with inwardly directed functional groups.
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ligand itself proved to be ineffective for the recognition of
monosaccharide derivatives, the double-stranded dinuclear
silver(i) helicate could be demonstrated to bind these mole-
cules under identical conditions in qualitative NMR-based
binding studies.


Conformational Control of Function


An organized flow of signals is required in order to control
function. Signal transduction at a molecular level can be af-
forded by messenger molecules, a principle which is often
realized in biology. However, there are different ways to
obtain controlled function, one of which employs conforma-
tional changes that are a result of the action of an external
signal. One example for such a system is the biconforma-
tional perhydroanthracene described by Koert et al.[24] The
preferred conformation of the perhydroanthracene permits
the formation of an excimer of two incorporated pyrene
units upon irradiation with light. Light emission from the ex-
cimer occurs. After ZnII addition, a conformational flip is in-
duced by complexation of the metal to two bipyridine units
at the opposite site of the molecule. Excimer formation is
prevented and light emission occurs from the pyrene mono-
mers.
Of course not only the properties of a molecule, but also


those of a supermolecule highly depend on the conforma-
tion that is adopted. For example, a cryptand-type helicate
with ethylene-linked bis(8-hydroxyquinoline) ligands (as
shown in Figure 3) can adjust its size to effectively bind
either small sodium or larger potassium cations (™induced
fit∫).
Multiple binding sites that can undergo different noncova-


lent supramolecular interactions in a hierarchical way can
lead to the formation of well-defined aggregates. An exam-
ple, in which allosteric behavior between different domains
of a compound can be observed, is shown in Scheme 3. The
catechol derivative 12 possesses one catecholate±metal bind-
ing site, a hydrogen bonding
site (amides), and one hydro-
phobic side-chain. Addition of
a source of cis-dioxomolybde-
num(vi) dications leads to a
mixture of isomeric dicatechol-
molybdenumdioxo complexes,
which upon addition of tetrabu-
tyl ammonium nitrate trans-
forms into one defined species.
This compound is stabilized by
allosteric action of the strong
metal coordination together
with the weaker hydrogen
bonding between nitrate and
amide and probably hydropho-
bic interactions between the
side-chains and the tetrabutyl
ammonium ion.[25]


A triggered conformational
rearrangement can be used to


switch on or off some function that is intrinsically embedded
in different parts of a molecule, but which have to be spe-
cially arranged in space for an optimized cooperative action.
Bis(resorcin[4]arene)-substituted 2,2’-bipyridine 13 is a good
example for such a heterotropic positive cooperative allos-
teric receptor.[26] Its recognition behavior towards nonpolar
substrates like the adamantyl ester of adamantane carboxyl-
ic acid can be changed dramatically upon coordination of a
transition-metal ion as an effector or modulator to the 2,2’-
bipyridine unit, which serves as the allosteric center. As de-
picted in Scheme 4, the free ligand is not able to bind the
substrate because the two resorcinarene units of the recep-
tor are not able to take part in simultaneous attractive inter-
actions with a single guest molecule. However, the binding
of the metal ion switches the conformation in a way that a
hemicarcerand-like structure is obtained in which both re-
sorcinarenes can cooperatively participate in the recognition


Scheme 3. Dicatecholmolybdenumdioxo complex as an allosteric ion pair
receptor.


Scheme 4. Allosteric recognition behavior of bis(resorcin[4]arene) 13.
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of one substrate molecule mainly through CH±p interactions
and solvophobic effects.
Noncovalent interactions can be used to switch on and off


other functions or activities. For example, short linear pep-
tides, which are terminated by catechol units, form metalla-
cyclopeptides in the presence of cis-dioxomolybdenum(vi).
A conformationally undefined random coil peptide can be
fixed in a well-defined turn- or loop-type structure by metal
coordination to the catechols (Scheme 5). One of the major


challenges then is to prepare such compounds that possess
no or low biological activity in the uncomplexed state, but
upon addition of metal ions obtain a rigidified structure
with enhanced biological activity. Therefore, the active Trp-
Ala-Gly-Val-sequence of the natural products segetalin A
and B[27] was introduced as the spacer in a dicatechol deriva-
tive. Complexation with [MoO2]


2+ leads to the metallacyclo-
peptide, with the peptide front fixed in a similar conforma-
tion as is found in the bioactive natural compounds.[28]


As a final example for conformational control of function,
rotaxanes and catenanes may serve to illustrate how exter-
nal stimuli can be converted into molecular motion. Several
groups attempted to construct artificial molecular motors on
the basis of rotaxanes, the macrocyclic wheel being the
stator and the axle representing the rotor. Similarly, one
wheel of a catenane can move through the cavity of the
other. With respect to the external stimuli that induce such
motion in a controlled way, chemical signals, light, or elec-
trons can be used, for example, to modulate hydrogen-bond-


ing abilities[29] or the preferred coordination number of a
metal ion.[30]


Other applications in nanoscale electronics can be envis-
aged. A molecular shuttle with two different states–despite
of all technical difficulties involved in writing and reading
information into or from one molecule–may be considered
as one bit of a miniaturized computer chip.[31] If the switch-
ing between two states can be controlled by two different
stimuli, logic gates can be constructed that combine two dif-


ferent input signals to one
output. Such electronic devices
at a molecular level are one of
the chemists× potential answers
to the visions of Feynman×s
bottom-up approach.[32] Since
the ongoing reduction of the
size of conventional electronic
devices (the top-down ap-
proach) has limitations that
cannot be overcome with cur-
rent technology, it seems prom-
ising to start with molecules
and construct electronic devices
at a nanometer level.
In order to reach these ambi-


tious goals, it is necessary to
obtain information about the
kinetic and thermodynamic sta-
bility of these noncovalently as-
sembled systems first. One ap-
proach is the systematic investi-
gation of deslipping processes
of rotaxanes to learn more
about the effects of small struc-
tural variations.[33] Indeed, in
molecules as large and flexible
as rotaxanes, whose compo-
nents are merely bound by me-
chanical trapping, even the
smallest possible steric changes


influence their properties: If one replaces a stopper group
by a deuterated stopper group, the labeled stopper deslips
more quickly through the wheel (Figure 6).[34] The reason
for the approximately 10% faster rate of the deuterated
stopper is the vibrational amplitude of the C�D bond, which
is smaller than that of the C�H bond and thus makes the la-
beled stopper appear smaller than the unlabeled counter-
part. This example illustrates how important even subtle ef-
fects may become, when a fine tuning of molecular ma-
chines is attempted.


Conclusion


™Supramolecular functionality∫ is not only a vision for the
future, but many systems are already known in which some
kind of supramolecular function is working. As impressive
examples, molecular containers should be mentioned here.
In the interior of the covalently linked carcerands of Cram


Scheme 5. Mimicking the active part of the Segetalins A and B by fixation of a peptide loop.
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and Warmuth, highly reactive species are stabilized at room
temperature.[35] Rebeks hydrogen-bonded containers act as a
kind of ™molecular reaction vessel∫ and promote cycloaddi-
tions and other reactions,[19,36] and a very similar function is
observed within the coordination compounds described by
Fujita.[37] Three different types of assembly modes (covalent
versus hydrogen-bonding versus metal coordination) lead to
supramolecular ensembles, which owing to noncovalent
binding of species are able to support or to suppress chemi-
cal reactions.
We have argued here that self-assembly and template ef-


fects are efficient means for the generation of complex
structures, and this is certainly true if compared to covalent
synthesis of similar architectures. With respect to function,
however, a great challenge remains: most self-assembled
structures known so far have rather simple building blocks
that are in one or another way repeated within the architec-
ture. This yields complex structures, but it does not necessa-
rily end up with complex function. In particular, for func-
tional chains that can sense an external stimulus (input)
leading to a reaction within the chain (computing) which
creates an externally measurable signal (output), complexity
means to incorporate a variety of different subunits with dif-
ferent functional groups into one assembly at exactly the re-
quired positions. Complexity thus not only requires control
over the repetition pattern of the assembly, but also control
over, for example, sequence information. With systems of
hierarchical self-assembly, the first steps in this direction
have been made. Clearly, a ranking of different noncovalent
forces with well-defined bond strengths helps to mediate
such higher-order self-assembly. Nevertheless, much is left
to be investigated in this respect.
Another problem is that of nanofabrication.[38] In particu-


lar, sizes between about 10 nm, which can easily be achieved


by molecules and smaller aggre-
gates, and 70 nm, which can be
accessed with (although rather
expensive) photolitography
methods, need to be successful-
ly addressed and need new
technologies for implementing
function.
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Chromo- and Fluororeactands: Indicators for Detection of Neutral Analytes
by Using Reversible Covalent-Bond Chemistry


Gerhard J. Mohr*[a]


Detection of neutral analytes


The detection of electrically neutral analytes through chemi-
cal and biochemical sensors is still a demanding task, since
there are few ligands and indicator molecules that can rec-
ognise neutral molecules.[1,2] A possible approach to continu-
ous monitoring of neutral analytes such as alcohols, amines,
thiols, aldehydes and the corresponding biomolecules with
such functional groups is to use enzymatic conversion of an-
alyte molecules and amperometric, potentiometric or optical
detection. A limitation of enzymatic sensors is that their op-
erational and shelf lives can be short and their performance
is largely dependent on temperature, pH and inhibitors.
Therefore, neutral analytes have been detected by ligands
such as crown ethers, cyclodextrines or calixarenes.[3,4] The
recognition is based on hydrogen bonding, van der Waals in-
teractions or hydrophobic interactions within ligand cavities,
while the transduction of the recognition is then based on


mass changes, changes in conductivity or, for optical sensors,
the analyte induced motion of fluorescent reporter mole-
cules in/out of the cavity of the ligand.[5,6] While there is
good sensitivity for various analytes such as alcohols, ter-
penes and steroidal compounds the practical use of these li-
gands is somewhat limited by the reporter molecules, which
usually have excitation wavelengths in the UV spectral
range.


There have been several attempts to use chemical reac-
tions between dyes and analyte molecules for analyte recog-
nition (Figure 1). Changes in optical properties due to a
change in the electron delocalisation within the dye mole-
cule or due to photoinduced electron transfer were evaluat-
ed for the detection of saccharides by James et al., for etha-
nol by Simon et al. and for aldehydes by Narayanaswamy
et al.[7,8, 9] Motivated by this research, reversible chemical re-
actions as a means to detect electrically neutral analytes
have been investigated in more detail and new functional
materials with improved performance have been developed.
The results of this investigation, that is, adjustment of sensi-
tivity and selectivity to practical requirements, spectral com-
patibility to small and cheap light sources and detectors, and
enhanced shelf life and operational lifetime, are presented
in this paper. Furthermore, related research of others and
possible new materials and applications are discussed.


[a] Dr. G. J. Mohr
Institute of Physical Chemistry
Friedrich-Schiller University Jena
Lessing Strasse 10, 07743 Jena (Germany)
Fax: (+49)3641-948302
E-mail : gerhard.mohr@uni-jena.de


Abstract: Chromo- and fluororeactands are indicator
dyes that allow the optical detection of electrically neu-
tral analytes. Unlike complexing agents such as calixar-
enes, cyclodextrines or cyclophanes, reactands form a
reversible covalent bond with the analyte molecule.
This chemical reaction causes strong changes in absorb-
ance or fluorescence. In this article reactands for anal-
ytes such as amines, alcohols, aldehydes, saccharides,
carbon dioxide and sulfur dioxide are presented. Meth-
ods to enhance the sensitivity of the reactands as well as
the operational and shelf lives of the corresponding op-
tical sensors are discussed.


Keywords: dyes/pigments ¥ fluorescence ¥ reactand ¥
sensors


Figure 1. Principle of analyte recognition of ionic and neutral analytes
using chromogenic and fluorogenic ligands and reactands. Apart from an
increase in fluorescence upon interaction with the analyte, changes in ab-
sorbance can be observed as well.
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Detection of Neutral Analytes by Chromo- and
Fluororeactands


Trifluoroacetyl reactands : The chromoreactand 4-N,N-di-
octylamino-4’-trifluoroacetylazobenzene (ETHT 4001) was
the first dye in a series of trifluoroacetyl reactands that was
synthesised and investigated for its chemical reaction with
neutral analytes (Table 1).[10,11] The chromoreactand is capa-


ble of performing a reversible chemical reaction with nucle-
ophilic species, such as aliphatic and aromatic amines, alco-
hols and even with water (Table 2). The trifluoroacetyl
group reacts with amines to give hemiaminals, with alcohols
to give hemiacetals and with humidity to give diols. The tri-
fluoroacetyl group is a strong electron acceptor (comparable
in strength to a nitro group), while the N,N-dioctylamino
group is a strong electron donor. The resulting electron de-


Table 1. Chemical structures of reactands and corresponding analyte functions, and absorbance maxima in different polymers and solvents before and
after chemical reaction of the reactands with the respective analyte function.


Analyte function Chromogenic or fluorogenic reactand Solvent[a] lmax, [nm] before/after reac-
tion


�OH (humidity, primary, secondary,
tertiary alcohols, phenols)


ETH6022[8] PVC/DOS
decrease in absorbance at
305


�NH2 (primary, secondary and tertiary
amines, aniline)


ETHT4004[10] PVC/DOS 453!373


�SH ETHT4001[10] PVC/DOS 497!424


CR-546[18] PVC/NPOE 556!482


CR-573[31] PVC/NPOE 577!546


�NH2 (primary and secondary amines),
OH- CR-593[18] PVC/NPOE 642!468


�NH�NH2 (hydrazines)
[20] Sol-gel (TEOS)


increase in absorbance at
460


HSO3
� , SO2, CN� , HCN CR-514[19] PVC/NPOE 524!488


CR-590[18] PVC/NPOE 582!524


cis-diols (glucose, fructose, mannose) [24] methanol/water
(1:2, w/w)


564!509


�CHO (formaldehyde, acetaldehyde,
acrolein, etc.), CO2


J-57[26] PVC/TOP
increase in fluorescence at
534 , 576 and 613


CR-418[28] PVC/NPOE 438!449


pararosaniline[9] XAD-resin
increase in absorbance at
560


CO2
[29] DMSO


increase in fluorescence at
380


[a] PVC: poly(vinyl chloride); DOS: bis(2-ethylhexyl)sebacate; NPOE: 2-nitrophenyloctyl ether; TOP: tris(2-ethylhexyl)phosphate; DMSO: dimethyl
sulfoxide; TEOS: tetraethoxysilane.
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localisation along the azobenzene chromophore results in an
absorbance that maximises at around 500 nm. The conver-
sion of the trifluoroacetyl group into a hemiaminal, hemi-
acetal or diol causes a significant decrease in acceptor
strength and, consequently, the product of the chemical re-
action absorbs at around 420 nm.


By simply dissolving the reactand in thin layers of plasti-
cised PVC, optical sensor layers are obtained. Figure 2
shows the colour change of such a sensor layer upon expo-
sure to aqueous 1-butylamine, and the analyte dependent
colour change from red to yellow. This colour change is fully
reversible after exchange of aqueous 1-butylamine with


plain buffer. The conversion of
the trifluoroacetyl form of the
reactand is also visible in the
infrared spectral range in that
the carbonyl vibration at
around 1700 cm�1 completely
disappears upon interaction
with amines and fully recovers
after exposure to plain buffer.
This confirms the that the
sensor membrane responds by
means of a chemical reaction.[12]


The response time of the sensor
layers is in the range of
5±15 min; this shows that rever-
sible chemical reactions (and
consequently the formation and
breaking of covalent bonds) can
proceed quite fast at room tem-
perature.


The selectivity in the recogni-
tion process of reactand-based
polymer sensor layers using
chemical reactions is different
to the selectivity encountered
with complexing agents. Where-
as Coulomb, van der Waals and
hydrophobic interactions are re-


sponsible for the selective recognition of the analyte by a
ligand or ionophore, reactands provide selectivity through
their different chemical reactivity (nucleophilicity, electro-
philicity) towards interfering species. Generally, the re-
sponse of sensor layers based on reactands to analyte mole-
cules is governed by two parameters, namely 1) different lip-
ophilicity of the analyte and 2) the different nucleophilicity
or electrophilicity of the analyte. More lipophilic analytes
are more efficiently extracted from the aqueous phase into
the organic membrane phase. This extraction process is de-
scribed by the n-octanol±water partition coefficient.[13] The
different nucleophilicity/electrophilicity of analytes addition-
ally contributes to the selectivity pattern. The selectivity of
a sensor layer composed of 1% of ETHT 4001, 33% of PVC
and 66% of DOS for primary, secondary and tertiary
amines is shown in Table 3. The overall equilibrium con-
stants Kopt and the logKOW values indicate that the sensor
exhibits highest sensitivity for lipophilic primary amines. Al-
though the lipophilicity of secondary and tertiary amines
lies within the same range, the response is significantly
lower. This difference is attributed to the fact that secondary
and tertiary amines are sterically hindered in approaching
the trifluoroacetyl group by their bulky alkyl groups. A simi-
lar discrimination is observed for primary amines with bulky
substituents, such as tert-butylamine or 2-propylamine. The
above sensor layer also responds to alcohols when a basic
catalyst is added to the membrane composition,[11] and to
humidity when using highly hydrophilic polymer matrices.[14]


Nevertheless, the sensitivity toward alcohols and humidity is
rather small because of their lower nucleophilicity compared
to amines.


Table 2. Chemical reactions encountered with different types of functional reactand groups (R-=chromo-
phore or fluorophore, R1, R2=H, alkyl, aryl).


Chemically reactive group Analyte Product Reaction


hemiaminal formation


hemiacetal or diol formation


l-amino-2,2-dicyanovinyl formation


bisulfite addition reaction


cyclic boronate ester formation


hemiaminal formation


carbamic acid formation


Figure 2. Absorbance spectra of a sensor layer composed of ETHT 4001,
PVC and bis(2-ethylhexyl)sebacate in contact with dry nitrogen and dif-
ferent concentrations of aqueous 1-butylamine at pH 13.0. When chang-
ing from nitrogen to 0.1m sodium hydroxide solution, the diol is formed,
whereas, when changing from plain buffer to aqueous 1-butylamine, the
hemiaminal is formed. Both types of reactions are fully reversible.
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Tricyanovinyl reactands : Azobenzene dyes with tricyanovin-
yl groups as acceptors and dialkylamino groups as donors
are among the longest-wavelength-absorbing monoazo
dyes.[15] The tricyanovinyl group exhibits a Hammett sub-
stituent constant sp of 0.98 which is significantly higher than
that of the nitro group (sp of 0.78) or of the trifluoroacetyl
group (sp of 0.80).[16] The absorbance maximum of 4-N,N-di-
octylamino-4’-tricyanovinylazobenzene (CR-593) in PVC
plasticised by 2-nitrophenyloctyl ether is located at 642 nm.
Interaction with aqueous 1-propylamine causes the long-
wavelength absorbance to decrease until the tricyanovinyl
group is completely converted into a 1-propylamino-2,2-di-
cyanovinyl group with an absorbance maximum at around
470 nm.[17] Since hydrogen cyanide is released into the aque-
ous solution during the chemical reaction, the colour change
is irreversible. Again the chemical reaction in the layer can
also be evaluated by means of IR spectroscopy, because the
interaction of primary amines with CR-593 causes the for-
mation of a broad amino valence vibration at 3334 cm�1


with a shoulder at 3270 cm�1. Simultaneously, the nitrile va-
lence vibrations of CR-593 at 2231 cm�1 with a shoulder at
2223 cm�1 are shifted to a single band at 2211 cm�1. The se-
lectivity of the sensor layers towards amines is comparable
to trifluoroacetyl reactands, because the chemical reactivity
of the tricyanovinyl moiety and the nucleophilicity of the
analyte is similar.[18] Although the sensor layers are not ap-
plicable for a continuous monitoring of amines, they may be
applied as optical test strips indicating, for example, food
quality (volatile amines are released during degradation of
meat and fish).


Aldehyde reactands : Aldehydes are known to interact with
hydrogen sulfite by forming a bisulfite adduct. This reaction
may be employed for the development of optical sensors if
the aldehyde derivative exhibits absorbance in the visible
spectral range (Figure 3). The chromoreactand 4-N,N-
dioctylamino-4’-formyl-2’-nitroazobenzene (CR-514) dis-
solved in plasticised PVC shows a colour change from pink
to orange (corresponding to a change in absorbance maxi-


mum from 524 to 488 nm) when exposed to aqueous bisul-
fite solution.[19] Similar to the reaction of trifluoroacetyl re-
actands, the carbonyl vibration vanishes almost completely
at 1699 cm�1 and is recovered again upon exposure to plain
buffer, clearly indicating the reversibility of the chemical in-
teraction. The response time for both forward and reverse
response is in the range of 10±-20 min.


When covering the sensor layer with a microporous PTFE
layer permeable only to gaseous but not to ionic species,
then the detection of sulfur dioxide in aqueous solution be-
comes feasible as well.[18] Under the experimental conditions
(sulfur dioxide is present in aqueous solution only under
acidic conditions due to its pKa of 1.8) there is neither cross-
sensitivity to amines (because they are protonated), nor to
alcohols or acetic acid. Consequently, the sensor layers can
be applied for the detection of sulfur dioxide in beverages.
A similar response to bisulfite/sulfur dioxide is also ob-
served for the chromoreactand 2-(4-N,N-dioctylamino-
phenylazo)-4-chloro-5-formylthiazol (CR-590), whose ab-
sorbance maximum is at longer wavelengths and is shifted
from blue to pink upon interaction with sulfur dioxide
(maxima at around 580 nm and 520 nm, respectively). Pre-
liminary experiments have shown that there is also an inter-
action of aldehyde reactands with cyanide/hydrogen cyanide,
but this interaction was found to be irreversible.[18]


A sensor for the detection of hydrazine makes use of the
reaction of 4-N,N-dimethylaminobenzaldehyde with hydra-
zine to form a coloured benzalazine, which has its absorb-
ance maximum at around 460 nm in sol±gel glass.[20] The al-
dehyde is either physically entrapped or covalently immobi-
lised in the matrix. The forward response with aqueous hy-
drazine is in the range of 15±120 min and regeneration is
necessary in order to recover initial absorbance values. This
is achieved by heating the sensor to 50 8C in 1m nitric acid.


Boronic acid reactands : A wide range of boronic acid deriv-
atives of chromophores and luminophores for the detection
of diols has been described recently, mainly by Shinkai and
James et al.[21] Specifically, the interaction between boronic
acids and saccharides (i.e., the formation of a cyclic boro-
nate ester) has been used to create a photoinduced electron-


Table 3. Apparent equilibrium constants Kopt of the sensor layer based
on ETHT 4001/PVC/DOS for amines and alcohols calculated according
to reference [10], and logKOW values of the corresponding analytes.[13]


Analyte Kopt [m�1] logKOW


ammonia 0.35 [a]


methylamine 2 �0.57
ethylamine 4.9 �0.13
diethylamine 1.7 0.58
triethylamine 6 1.45
1-propylamine 20 0.48
2-propylamine 1.2 0.26
1-butylamine 70 0.86
tert-butylamine 1.2 0.40
1-hexylamine 600 2.06
pyridine 1.5 0.65
aniline 2 0.90
ethanol 0.11 �0.30
1-propanol 0.35 0.25
amphetamine 70 1.76
methamphetamine 90 2.07


[a] Data not available.


Figure 3. Absorbance spectra of CR-514 embedded within a plasticised
polymer layer in contact with plain citrate buffer and buffered solutions
of bisulfite, all at pH 4.9. A similar optical response is observed for aque-
ous sulfur dioxide.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1082 ± 10901086


CONCEPTS G. J. Mohr



www.chemeurj.org





transfer (PET) sensory system. The interaction of the boron-
ic acid (Lewis acid) and a neighbouring tertiary amine
(Lewis base) is strengthened on saccharide binding. The
strength of this boronic acid/tertiary amine interaction mod-
ulates the PET from the amino nitrogen to the fluorophore.
Consequently, the indicator molecule shows increased fluo-
rescence through suppression of the PET from nitrogen to
the fluorophore on saccharide binding.[22]


The selectivity of the indicator dyes for saccharides is gov-
erned by the structural rigidity of the vicinal diols and is
highest for d-fructose, followed by d-galactose, d-glucose, d-
mannose and ethylene glycol. However, when attaching two
boronic acid moieties with correct spacing onto one fluoro-
phore, then the pre-organised system exhibits enhanced se-
lectivity for d-glucose over d-fructose. This is due to the fact
that d-glucose forms 1:1 cyclic complexes with diboronic
acids, while d-fructose tends to form 2:1 acyclic complexes.[23]


James et al. have also described an azobenzene dye in
which changes in absorbance are caused by the change in
acidity of the boronic acid (and thus the aniline moiety of
the azobenzene dye in close proximity) upon interaction
with saccharides and the subsequent effect on the electron
delocalisation within the azobenzene chromophore.[24] The
colour change with d-glucose in methanol/water (1:2) is
from purple to red (corresponding to a shift in absorbance
maximum from 564 nm to 509 nm). Although the dye has
not been investigated in polymer layers, it is certainly an in-
teresting candidate for glucose sensing. Optical sensor layers
for saccharides based on boronic acid moieties have been
prepared by Pringsheim et al., who used polyaniline boronic
acid derivatives for sensing of fructose in aqueous solution.[25]


Colour changes are in the NIR spectral range with maxi-
mum signal changes between 650 nm and 750 nm. The layers
are fully reversible although a slow response has been reported.


Amino reactands : Chromogenic and fluorogenic reactands
with chemically reactive amino groups such as N-amino-
N’-(1-hexylheptyl)perylene-3,4:9,10-tetracarboxylbisimide (J-
57) can be used for the detection of aldehydes and ketones.
The lone pair of the amino nitrogen quenches the fluores-
cence of the perylene dye, but when the amino group, upon
reaction with aldehydes/ketones, is converted into a hemi-
aminal the quenching of fluorescence is reduced and an in-
crease in fluorescence takes place.[26] Consequently, the opti-
cal transduction of the recognition process is comparable to
the detection of saccharides, because changes in photoin-
duced energy transfer are observed. The fluorescence of
sensor layers based on J-57 in plasticised PVC increases at
the emission maxima of 534 nm, 576 nm, and 613 nm when
exposed to aqueous aldehydes (Figure 4). A significant
effect of sample pH on the response time of the sensor
layers is observed, indicating acid catalysis for the chemical
interaction of the reactand with aldehydes in the membrane.
The response time in changing from plain buffer to 137.4mm


propionaldehyde and vice versa is in the range of 2±6 min at
pH 2.0, 15±45 min at pH 4.0 and 50±180 min at pH 6.0. How-
ever, the magnitude of the signal changes is not affected by
pH. The selectivity pattern is comparable to that already ob-
served with sensors for amines and alcohols based on tri-


fluoroacetyl dyes. Again a dependence of the response on
the lipophilicity of the respective aldehyde is found in that
highest sensitivity is observed for butyraldehyde, followed
by propionaldehyde, acetaldehyde, glutaraldehyde, formal-
dehyde and glyoxal. The sensitivity to ketones is negligible,
because they are less electrophilic and have sterically de-
manding structures. A similar selectivity pattern was also
observed by Yang et al. who used 3,3’,5,5’-tetramethyl-N-(9-
anthrylmethyl)benzidine in plasticised PVC as the reactand
for aqueous aldehydes.[27]


Narayanaswamy et al. have obtained an optical colour
sensor for formaldehyde by immobilizing pararosaniline hy-
drochloride on cellulose phosphate.[9] The reflectance
changes of the resulting resin particles towards aqueous
formaldehyde were largest at around 560 nm with forward
response times in the range of 6±15 min, but with no reversi-
bility of the reaction. The particles were responsive only to
formaldehyde and unsaturated aldehydes, such as crotonal-
dehyde and acrolein, while acetaldehyde and butyraldehyde
did not produce any signal changes.


The chromoreactand 1-amino-4-(4-decylphenylazo)naph-
thalene (CR-418) exhibits a comparable selectivity pattern
to pararosaniline in that it also shows higher sensitivity to
formaldehyde than to acetaldehyde or propionaldehyde.[28]


The sensor membrane based on CR-418 responds to aque-
ous formaldehyde in the 1±100mm range with a limit of de-
tection of 0.2mm. Unfortunately, the response time of this
sensor layer, even if acid-catalysed, is much slower than in
the case of the perylene dye and is in the range of 15±
20 min for the forward reaction, but 120±150 min for reverse
response at pH 3.0. Furthermore, colour changes are compa-
rably weak relative to the other reactands with shifts in
maxima from 438 nm to 449 nm in plasticised PVC. The re-
sponse to aqueous formaldehyde is due to the formation of
a hemiaminal, as indicated by the IR spectral changes, be-
cause the primary amino group of the reactand (3480 cm�1,
3378 cm�1, and 3248 cm�1) is converted into a secondary
amino group (3410 cm�1) and the vibration at 1630 cm�1 dis-
appears.


Rudkevich et al. have presented an interesting approach
to the detection and sensing of carbon dioxide based on the


Figure 4. Fluorescence emission spectra of a sensor layer composed of
plasticised PVC and N-amino-N’-(1-hexylheptyl)perylene-3,4:9,10-tetra-
carboxylbisimide in contact with plain buffer and buffered solutions of
propionaldehyde, all at pH 2.5. The excitation wavelength was set to
485 nm.
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reversible reaction of the amino group of 1-methylaminopyr-
ene or 1-aminomethylnaphthalene with carbon dioxide to
form carbamic acid in polar aprotic organic solvents.[29] As a
consequence of the chemical reaction a strong fluorescence
enhancement at 336 nm for the naphthalene derivative and
at 380 nm for the pyrene derivative is observed. This is
due to the fact that PET from the lone pair of the nitrogen
atom is smaller after the formation of carbamic acid. The
authors have covalently linked the fluorophores to different
polymer surfaces in order to allow continuous monitoring
of carbon dioxide. This approach is a new step toward
stable sensors for carbon dioxide that are less prone to drift
than optical sensors based on pH indicator dyes in com-
bination with chemically instable quaternary ammonium hy-
droxides.[30]


Improving sensitivity and spectral properties of reactands :
The synthesis of azo and stilbene dyes is usually very con-
venient and straightforward, because the dyes are synthe-
sised from highly functional reactants to give multifunction-
al products. In the case of azobenzene dyes, anilines are
easily synthesised to exhibit chemically reactive functions
and different acceptor or donor moieties, while the coupling
components exhibit functional groups for dissolving reac-
tands in various solvents, or allow covalent coupling.[12]


When the trifluoroacetyl reactand ETHT 4001 was used
for the detection of ethanol in beverages,[11] the absorbance
changes of the reactand at around 500 nm were compro-
mised by the intrinsic absorbance of red wine. Only after de-
colourisation with active carbon was it possible to correctly
quantify ethanol concentration. As a consequence, reactands
with absorbance (or fluorescence) at longer wavelengths are
required for real measurements. The possibility to synthesise
bisazo as well as monoazo dyes has resulted in the prepara-
tion of the dye 4-[4-(4-trifluoroacetylphenylazo)-1-naphthyl-
azo]-N,N-dioctylaniline (CR-573). This reactand is obtained
by increasing the length of the chromophore by the insertion
of a naphthylazo moiety and has its absorbance maximum at
around 570 nm.[31] More importantly, the signal changes with
amines and alcohols are largest at around 630 nm. The dye
is also more sensitive than the monoazo dye, because the tri-
fluoroacetyl group is chemically more reactive. In the case
of the bisazo dye the bisazonaphthalene moiety in the para-
position to the trifluoroacetyl group is a stronger electron
acceptor than the 4-N,N-dioctylaminophenylazo group of
the monoazo dye. Consequently, the chemical reactivity of
the trifluoroacetyl group is enhanced.


The chemical reactivity can further be improved by intro-
ducing a nitro group in meta-position to the trifluoroacetyl
group of the monoazo dye.[18] The resulting N,N-dioctylami-
no-4’-trifluoroacetyl-2’-nitroazobenzene (CR-546) exhibits a
sensitivity that is 20-fold higher than that of the reactand
without the nitro group (Table 1). Furthermore, the absorb-
ance is shifted by around 40 nm to longer wavelengths,
making the sensor membranes compatible with the green
LED as the light source for a miniaturised sensor device.
The colour change from purple to orange upon interaction
with amines corresponds to a shift in maximum from
556 nm to 482 nm.


In a similar manner, the chromoreactand 4-N,N-dioctyl-
amino-4’-formyl-2’-nitroazobenzene (CR-514) rather than 4-
N,N-dioctylamino-4’-formylazobenzene is used for the detec-
tion of bisulfite/sulfur dioxide. Not only is the sensitivity of
4-N,N-dioctylamino-4’-formylazobenzene significantly small-
er (more than tenfold), but also its absorbance maximum
(around 470 nm in plasticised PVC compared to 524 nm of
CR-514) is at significantly shorter wavelengths.[18]


Improving operational and shelf lives of sensor materials : In
order to provide sensors with a fast response (and analyte
diffusion), mostly plasticised polymers are used as the poly-
mer matrix for optical sensor layers. This practice is founded
on the use of plasticised polymers in potentiometric sensors,
where similar to optical sensors, ligands and ionophores are
dissolved in polymer layers. However, electrode membranes
are usually quite thick (up to mm) because the aqueous±or-
ganic interface and not the whole bulk of the layer is re-
sponsible for the potentiometric signal. Optode membranes
have to be thin, because the whole layer reacts with the ana-
lyte, and, consequently, for reasons of fast response, optode
layers often have a thickness of only 2±10 mm. As a result,
leaching and evaporation of components (especially of plas-
ticisers) is a severe problem for optical sensor layers.


One approach to more stable sensors is to use plasticiser-
free polymers with low glass transition temperatures such as
polysiloxanes, polyurethanes, poly(alkylmethacrylates),
etc.[32] However, the search for appropriate polymer materi-
als is very much a case of trial and error, because it is not
possible (unlike in the case of using plasticisers for PVC) to
tailor the properties of plasticiser-free materials.[33] Further-
more, the solubility of such polymers in organic solvents (in
order to allow spin-, dip- or spray-coating) is often rather
poor as well as is the solubility of ligands and dyes in these
polymers.


An alternative is to develop materials in which all compo-
nents (polymer, plasticiser and indicator dye) are covalently
linked to each other. Such materials, namely copolymers
made of acrylates and reactands, can be prepared by using
reactands with a methacrylate group attached to the N-alkyl
chain (e.g., ETHT 4012, and 4014[34,35]) and co-polymerising
them with methyl methacrylate and butylacrylate.[36] The re-
sponse behaviour of such membranes incorporating reac-
tands linked to the polymer is comparable to the structurally
related reactand dissolved in plasticised PVC. However, co-
valently immobilizing the reactands causes response times
to be 2±5 times slower. This indicates that both chemical re-
activity/mobility and diffusion are affected by covalently
linking the reactand to a more rigid polymer backbone
rather than dissolving it in a plasticised ™solvent polymeric
membrane∫. In addition, covalent immobilisation of the re-
ceptor to the polymer backbone may also affect the selectiv-
ity of the recognition process. Accordingly, James et al. ob-
served a decrease in selectivity of a diboronic acid fluoro-
phore immobilised on a poly(styrene-co-maleic acid) partial
isopropoyl ester for d-glucose over d-fructose.[37] They as-
sumed the close proximity of the receptor molecule to the
polymer backbone to be responsible for the difference in se-
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lectivity compared to the dye molecule dissolved in aqueous
methanol.


However, the copolymer-based sensor layers exhibit sev-
eral advantages over PVC-based membranes, namely: 1) all
components are covalently linked to each other and thus no
leaching is observed; 2) due to the covalent linkage, no crys-
tallisation, migration or aggregation of the reactands is
found; and 3) the copolymers do not require plasticisers,
thus enhancing the operational and shelf lifetimes. The po-
larity of copolymer membranes (usually composed of alkyl
acrylates) can easily be tailored by making use of 2-cyano-
ethyl, N,N-diethylaminoethyl or 2-alkoxyethyl derivatives of
acrylates and methacrylates.


Implications for future research : Indicator dyes that perform
reversible chemical reactions with analyte molecules are
highly promising candidates for the preparation of molecu-
larly imprinted polymers.[38] First, the covalent pre-organisa-
tion between dye and analyte guarantees a large content of
highly specific recognition sites in the imprinted polymer.
Second, the chemical interaction between dye and analyte
causes significant changes in absorbance or fluorescence.
However, the chemical preparation of such reactands is
challenging, because the reactands not only have to have ab-
sorbance preferably at wavelengths above 500±600 nm, but
also have to yield strong signal changes with analyte mole-
cules and must have functional groups for covalent attach-
ment to the imprint polymer (Figure 5).


Wang et al. have already shown the feasibility of combin-
ing reactands with imprinted polymers by preparing fruc-
tose-imprinted particles through polymerisation of an an-
thracene boronic acid derivative with 2-hydroxyethylmeth-
acrylate and ethylene glycol dimethacrylate as co-mono-
mers.[39] The formation of a cyclic ester of the anthracene
boronic acid with fructose causes significant increases in lu-
minescence. Unfortunately, the absorbance of the anthra-
cene dye is in the UV region; this makes the sensor incom-
patible with optical fibers and light-emitting diodes. Further-
more, the analyte-induced changes in fluorescence may be
compromised by intrinsic sample absorbance and autolumi-
nescence.


In a different approach, Zimmerman et al. have prepared
imprinted polymer materials with flexible cavities by using
cross-linkable dendrimers with chromogenic trifluoroacetyl-
azobenzene moieties as reporters of the analyte recogni-
tion.[40] They have prepared polymer materials with two rec-
ognition sites in one cavity in order to selectively detect di-
aminoalkanes and have observed significantly enhanced sen-
sitivities compared to monoaminoalkanes.


Electronic noses and tongues frequently are based on
commercially available polymers and their different physical
response to the enrichment of analyte molecules (i.e. ,
changes in temperature, mass, conductivity); these are de-
tected by the respective physical microsensors (quartz crys-
tal microbalances, thermopiles, interdigital electrodes). The
signal evaluation is performed by means of chemometric
methods, because the polymers show rather unselective re-
sponse to different analyte molecules. Reactands may over-
come this limitation and may be used for the development
of more selective and sensitive calorimetric and capacitive
microsensors, because chemical reactions can provide
changes in reaction enthalpy as well as in dipole moment.[41]


Chemically reactive functional groups may also be intro-
duced into conjugated polymers. The resulting materials
might be used for the investigation of intra and intermolecu-
lar energy transfer (due to a change in the electron acceptor
strength of the functional groups via chemical reactions) as
well as for the preparation of supramolecular conjugates
with chemically complementary macromolecules.


Conclusion


Chromogenic and fluorogenic reactands have introduced re-
versible chemical reactions into analytical chemistry. How-
ever, these multifunctional materials may also find applica-
tion for the development of advanced electronic noses, func-
tional liquid crystals, conjugated polymers or nanomaterials.
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Introduction


Intermetallic communication between d- and f-block ions or
between two different f-block ions can be exploited for in-
ducing novel optical and magnetic properties in doped crys-


tal lattices[1] and molecular solids.[2±5] As far as molecular
programming is concerned, many efforts have focused on
the design of pure heteropolymetallic d±f complexes, be-
cause the two different metal ions display clear-cut specific
stereochemical preferences.[2,6] The related preparation of


[a] Dr. S. Floquet, Prof. Dr. M. Borkovec, Prof. Dr. C. Piguet
Department of Inorganic, Analytical and Applied Chemistry
University of Geneva, 30 quai E. Ansermet
1211 Geneva 4 (Switzerland)
Fax: (+4122)379-6830
E-mail : Claude.Piguet@chiam.unige.ch


[b] Dr. G. Bernardinelli
Laboratory of X-ray crystallography
University of Geneva, 24 quai E. Ansermet
1211 Geneva 4 (Switzerland)


[c] A. Pinto
Department of Organic Chemistry
University of Geneva, 24 quai E. Ansermet
1211 Geneva 4 (Switzerland)


[d] L.-A. Leuthold, Prof. Dr. G. Hopfgartner
School of Pharmacy
Laboratory of Analytical Pharmaceutical Chemistry
University of Geneva, 20 bd d×Yvoy
1211 Geneva 4 (Switzerland)


[e] Dr. D. Imbert, Prof. Dr. J.-C. G. B¸nzli
Institute of Molecular and Biological Chemistry
Swiss Federal Institute of Technology, BCH 1402
1015 Lausanne (Switzerland)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Table S1 lists the
ESI-MS peaks, and Table S2 the 1H NMR signals observed for mix-
tures of the heterotrimetallic complexes [(Ln1)x(Ln


2)3�x(L9)3]
9+ in


acetonitrile. Tables S3 and S4 list experimental and S5 calculated
mole fractions for the heterotrimetallic complexes obtained under dif-
ferent stoichiometric conditions. Table S6 collects structural data for
the triple-helical cation in the crystal structure of
[La0.96Eu2.04(L9)3](CF3SO3)9(CH3NO2)9 (1). Figures S1 and S2 show
ESI-MS and 1H NMR spectra obtained for different stoichiometric
ratios Ln1:Ln2:L9.


Abstract: Under stoichiometric condi-
tions, the segmental tris-tridentate
ligand L9 assembles with two different
lanthanide metal ions Ln1 and Ln2


(Ln1, Ln2=La, Nd, Sm, Eu, Yb, Lu, Y)
to give mixtures of the heterotrimetal-
lic triple-stranded helicates
[(Ln1)x(Ln


2)3�x(L9)3]
9+ (x=0±3) in ace-


tonitrile. The combination of qualita-
tive (ESI-MS) and quantitative
(1H NMR) speciations provides a set of
thermodynamic data that were ana-
lysed with various statistical chemical
models. A satisfying description re-
quires the consideration of different af-
finities for the terminal N6O3 sites (k


t
Ln)


and for the central N9 site (kcLn) for
each specific lanthanide. The nontrivial
dependence of these parameters on the
ionic radius provides size-discriminat-
ing effects that favour the formation of
heterotrimetallic helicates in which the
central site is occupied by the larger
metal of the pair. Combining the latter
enthalpic driving forces with entropic
contributions due to specific stoichio-
metric conditions allows partial selec-


tion (i.e., programming) of a specific
heterotrimetallic species in solution,
which can be isolated by crystallisation,
as demonstrated for [Eu2.04-
La0.96(L9)3](CF3SO3)9(CH3NO2)9 (1,
Eu2.04La0.96C207H222N48O51S9F27, mono-
clinic, P21/c, Z=4) in which the cation
[EuLaEu(L9)3]


9+ is the major compo-
nent in the crystal. The scope and limi-
tation of this approach is discussed to-
gether with the conditions for explicitly
considering intermetallic interaction
parameters uLn1Ln2 in more sophisticat-
ed chemical models.


Keywords: helical structures ¥
lanthanides ¥ N ligands ¥ thermody-
namics
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heteropolymetallic f±f’ complexes is more challenging in
view of the very similar coordination behaviour exhibited by
the trivalent lanthanides LnIII along the 4fn series, except for
a smooth and monotonous contraction on going from La
(4f0, rCN¼9


La =1.216 ä) to Lu (4f14, rCN¼9
Lu =1.032 ä).[7] In this


context, the isolation of heterometallic lanthanide-contain-
ing molecular materials in the solid state that display signifi-
cant deviations from the expected statistical distribution has
attracted much attention during the last decade with the de-
tailed investigations of the Schiff bases L1[4a] and L2,[4b] and
the macrocyclic ligands L3,[5a,b] L4[5c,d] and L5.[4c] Interesting-
ly, L5 selectively produces pentametallic lanthanide clusters


[Ln5(m4-L5)](NO3)6(m5-OH)] in which the metal ions are dis-
tributed among two different sites. The introduction of a
mixture of lanthanides Ln1 and Ln2 results in nonstatistical
enrichments, which are diagnostic for cooperative, multi-
metal-recognition processes, but the two-step procedure
leading to the heterometallic complexes in the solid phase
(thermodynamic equilibrium in solution followed by a ther-
modynamically and/or kinetically controlled crystallisation
process) prevents a direct access to the parameters govern-
ing the selective incorporation of different LnIII ions.[4c]


A deeper understanding of the recognition processes lead-
ing to pure heterobimetallic f±f’ complexes requires their


formation in solution under kinetic or thermodynamic
control. The former case is illustrated by the inert triple-
decker sandwich complexes [(Por)Ln1(Pc)Ln2(Por)],
[(Pc)Ln1(Por)Ln2(Pc)], [(Pc)Ln1(Pc)Ln2(Por)] and
[(Pc)Ln1(Pc)Ln2(Pc*)], in which the porphyrin (Por) or
phthalocyanine (Pc) macrocycles coordinate to two different
LnIII atoms according to a stepwise strategy.[3d,e] The alterna-
tive thermodynamic approach is probably responsible for
the surprising isolation of the first pure heterobimetallic
LaYb complex [LaYb(L6)(acetone)(NO3)2]2[La(NO3)5-
(H2O)],


[3a] as demonstrated by a rational extension of this
synthesis leading to 91 different heterometallic compounds


in which the smaller lantha-
nide of any Ln1/Ln2 pair selec-
tively occupies the inner N4O3


cavity.[3b] Although no direct
evidence supports the persis-
tence of the heterobimetallic
structures in solution, FABMS
experiments using DMF as sol-
vent and m-NBA as matrix
suggest similar formulations in
solution.[3b] However, unam-
biguous thermodynamic f±f’
recognition has been rarely
established in solution, and
a recent potentiometric in-
vestigation on the formation
of the neutral heterotrimetal-
lic sandwich complexes
[(Ln1)(Ln2)2(L7-3H)2(H2O)6]


3+


and [(Ln1)(Ln2)(Ln3)(L7-
3H)2(H2O)6]


3+ in water shows
only minor deviations from the
statistical distribution.[8,9] The
design of different metal-host-
ing sites is an obvious solu-
tion for increasing selectivity,
and B¸nzli et al. have re-
ported the formation of the
heterobimetallic C3-symmet-
rical head-to-head-to-head
triple-stranded helicates HHH-
[(Ln1)(Ln2)(L8)3]


6+ , in which
the smaller lanthanide occu-
pies the N6O3 cavity.[10] The
equilibrium [(Ln1)2(L8)3]


6+ +


[(Ln2)2(L8)3]
6+Q2 [(Ln1)(Ln2)(L8)3]6+ is systematically dis-


placed to the right with respect to its statistical value, and
an increasing difference in ionic radii favours the formation
of the heterobimetallic complex.[10] For the La/Lu pair, this
translates into the formation of 90% of the heterobimetallic
helicate HHH-[(La)(Lu)(L8)3]


6+ at millimolar concentra-
tions, but the potential coexistence of HHH and HHT
(head-to-head-to-tail) isomers limits the selectivity of the as-
sembly process for other similar ligands.[11] This limitation is
removed for the C2v-symmetrical tris-tridentate ligand L9:
its self-assembly with LnIII gives D3-symmetrical homotrime-
tallic helicates [Ln3(L9)3]


9+ existing as single isomers with
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different terminal (N6O3) and central (N9) coordination
sites.[12] Here we report an investigation on the thermody-
namic assembly process leading to the heterotrimetallic
complexes [(Ln1)2(Ln


2)(L9)3]
9+ and [(Ln1)(Ln2)2(L9)3]


9+ .
Particular attention is focused on the development of a pre-
dictive thermodynamic model rationalising specific recogni-
tion processes at the two different sites, which have no coun-
terpart in analogous monometallic triple-helical complexes
or podates.


Results and Discussion


All experiments were performed under stoichiometric con-
ditions, that is, [Ln]tot :[L9]tot=3:3, while the ratio Ln1:Ln2


was varied. For the sake of simplicity, homotrimetallic heli-
cates [Ln3(L9)3]


9+ are designated by Ln3 and heterotrimetal-
lic species [(Ln1)x(Ln


2)3�x(L9)3]
9+ by Ln1xLn


2
3�x ; where nec-


essary, the location of LnIII in the three different sites in the
helicates is given in the order terminal site (t), central site
(c), terminal site (t); for example, Ln1Ln2Ln1 represents a
helicate in which Ln1 ions occupy the terminal sites, and Ln2


the central site.


Speciation and formation constants for diamagnetic and
weakly paramagnetic homo- and heterotrimetallic (Ln1,
Ln2=La, Sm, Lu, Y) helicates : According to the formation
constants previously reported for the assembly of a single
type of LnIII with L9 in acetonitrile (Ln=La±Lu),[12] homo-
trimetallic complexes Ln3 account for more than 98% of the
ligand speciation under stoichiometric conditions and for
[L9]tot�5î10�4m. Therefore, under the same experimental
conditions, reaction of L9 with two different lanthanide tri-
flates produces exclusively two homotrimetallic complexes
(Ln1)3, (Ln


2)3 and four heterotrimetallic species Ln1Ln1Ln2,
Ln1Ln2Ln1, Ln2Ln2Ln1 and Ln2Ln1Ln2 in significant quanti-
ties (Figure 1).
A reliable qualitative speciation for [L9]tot=5î10�4m was


obtained by ESI-MS for different Ln1:Ln2 ratios (3:0, 2:1,
1.5:1.5, 1:2 and 0:3). We systematically observe a series of
peaks corresponding to [(Ln1)x(Ln


2)3�x(L9)3(CF3SO3)n]
(9�n)+


species with n=1±6 (Figure 2a). For each value of n, we
detect four patterns originating from each possible value of
x=0, 1, 2, 3 (Figure 2b and Table S1, Supporting Informa-
tion). Some minor residual peaks in the ESI-MS spectra
arise from traces of protonated ligands and from partial hy-
drolysis of the terminal carboxamide groups during the
spraying process. We conclude that the expected homo- and
heterotrimetallic helicates are the only significant complexes
in solution under these experimental conditions.
Although the varying efficiency of transfer of the cations


from the droplet into the gas phase for complexes with dif-
ferent charges (i.e., different n) prevents quantitative com-
parisons with ESI-MS,[13] a reliable speciation can be ob-
tained for the structurally related helicates
[(Ln1)x(Ln


2)3�x(L9)3(CF3SO3)n]
(9�n)+ with the same n, as re-


cently demonstrated for monometallic triple-helical lantha-
nide complexes[14] and for heterobimetallic helicates with
L8.[10] Any variation of the relative intensity of the ESI-MS


signal within a tetrad can thus be assigned to a concomitant
change in the speciation in solution (Figure S1, Supporting
Information), and it is noteworthy that we systematically ob-
serve significant deviations from the statistical binomial dis-
tribution (Ln1)3:(Ln


1)2Ln
2:Ln1(Ln2)2:(Ln


2)3=1:3:3:1 for mix-
tures with Ln1:Ln2=1.5:1.5 (Figure 2b). This suggests that
the central N9 site and the terminal N6O3 sites display differ-
ent affinities for the lanthanide ions, but further interpreta-
tion is precluded because the relative quantities of
Ln1Ln1Ln2 versus Ln1Ln2Ln1 or Ln2Ln2Ln1 versus Ln2Ln1Ln2


cannot be evaluated by mass spectrometry. We thus resorted
to 1H NMR spectroscopy for determining the relative quan-
tities of the six helicates shown in Figure 1 for various
Ln1:Ln2 ratios and [L9]tot=10�2m. Under these conditions,
we systematically detect exclusive formation of the triple-
stranded helicates (no trace of hydrolysis), and Figure 3
shows the evolution of the 1H NMR spectra for different La/
Lu mixtures from which the spectrum of each individual


Figure 1. Schematic representation of the assembly process of L9 with
the La/Eu pair leading to the homotrimetallic complexes [La3(L9)3]


9+


and [Eu3(L9)3]
9+ and the heterotrimetallic complexes [LaLaEu(L9)3]


9+ ,
[LaEuLa(L9)3]


9+ , [LaEuEu(L9)3]
9+ and [EuLaEu(L9)3]


9+ .
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complex and its relative quan-
tity can be obtained by 1) thor-
ough analysis of the number
and multiplicity of the proton
resonances (by means of {1H-
1H}-COSY) and {1H-1H}-
NOESY correlation spectra)
and 2) careful integration of
the 1H NMR signals for the
different complexes. For dia-
magnetic (La, Lu, Y) or
weakly paramagnetic (Sm) lan-
thanides, the analysis mainly
focuses on protons H5 and H6
(see Figure 1). The latter dis-
play isolated singlets, broad-
ened by the unresolved aro-
matic 4J scalar coupling, in an
unusual spectral range (5.0±
6.0 ppm) in view of the specific
diamagnetic anisotropy pro-
duced by the benzimidazole
groups of the neighbouring
wrapped ligand strands
(Figure 3).[12]


The signals of the homotrimetallic (Ln1)3 and (Ln2)3 heli-
cates are easily assigned by comparison with pure samples
(Figure 4a and e), whilst those of the heterotrimetallic com-
plexes are ascribed to the remaining signals according to
1) their symmetry (C3-symmetrical Ln1Ln1Ln2 and
Ln2Ln2Ln1 exhibit four signals of equal intensity, while
D3-symmetrical Ln1Ln2Ln1 and Ln2Ln1Ln2 generate two
signals) and 2) their evolution with changing Ln1:Ln2 ratio
(Figure 4b±d). The resulting picture is in entire agreement
with ESI-MS data. Further scalar and dipolar correlations
allow the complete analysis of the 1H NMR data (Table S2,
Supporting Information), while careful integrations of
the signals provide reliable relative concentrations for
each complex (Table 1; Tables S3, S4, Supporting Informa-
tion).
Interestingly, we observe for the five pairs La/Lu, La/Y,


La/Sm, Sm/Lu and Sm/Y (whereby Ln1 is the larger Ln)
that the C3-symmetrical Ln1Ln2Ln2 and D3-symmetrical
Ln1Ln2Ln1 helicates, in which the central site is occupied by
the smaller lanthanide, are systematically less stable than
the other complexes, and thus appear as minor species
under our experimental conditions (Table 1). Substantial
overlap of the H5 and H6 signals prevents determination of
the speciation for Y/Lu. Taking the log(bLn33 ) values deter-
mined by spectrophotometry for the Ln3 helicates as initial
estimations, the formation constants for each homo-
[log(bLn;exptl33 ), Eq. (1)] and heterotrimetallic helicate
[log(bLn


jLnkLnl ;exptl
33 , Eq. (2)] observed in solution can be adjust-


ed with the program MINEQL+ [15] by fitting their relative
experimental ratios determined by 1H NMR spectroscopy
for different Ln1:Ln2 ratios (Table 1; Tables S3 and S4, Sup-
porting Information). Within experimental error, identical
log(bLn;exptl33 ) are obtained for the same homotrimetallic com-
plexes contributing in different pairs (e.g., log(bLa;exptl33 ) deter-


Figure 2. a) ESI-MS spectrum obtained for a mixture of L9 (3 equiv, 5¥10�4m) with La(CF3SO3)3 (1.5 equiv)
and Lu(CF3SO3)3 (1.5 equiv) in acetonitrile, showing the adduct ions [(La)3�x(Lu)x(L9)3(CF3SO3)n]


(9�n)+ (n=1±
6). b) Part of the ESI-MS spectrum for n=3; * corresponds to analogous complexes in which one terminal car-
boxamide is hydrolysed, Otf�=CF3SO3


�).


Figure 3. 1H NMR spectra recorded at 500 MHz for different La:Lu
ratios in CD3CN ([L9]tot=10�2m, [Ln]tot :[L9]tot=3:3, 298 K): La:Lu=
a) 3:0, b) 2:1, c) 1.5:1.5, d) 1:2, e) 0:3.
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mined for the La/Y, La/Sm or La/Lu pairs). The formation
constants are collected in Table 2.


3Ln3þ þ 3L9Ð ½Ln3ðL9Þ3	9þ logðbLn;exptl33 Þ ð1Þ


½Lnj	3þ þ ½Lnk	3þ þ ½Lnl	3þ þ 3L9Ð


½LnjLnkLnlðL9Þ3	9þ logðbLnjLnkLnl ;exptl33 Þ
ð2Þ


Speciation and formation constants for paramagnetic homo-
and heterotrimetallic helicates : To substantiate possible rec-
ognition processes in the triple-stranded helicates occurring
along the lanthanide series, ultrafast-relaxing paramagnetic
trivalent ions with representative ionic sizes were selected
(Ln1=Nd, Eu, Yb) for investigating the formation constants
of additional heterotrimetallic complexes with Ln2=La, Lu.
Although paramagnetic shifts improve the separation of the
1H NMR signals originating from the different complexes in
equilibria, the concomitant contribution of the electron-in-
duced nuclear relaxation limits the detection of intramolecu-
lar {1H-1H} scalar and {1H-1H} dipolar interactions. More-
over, the significant contact and pseudocontact shifts ob-
served for H5 and H6[16] complicate 1) their straightforward
assignment in heterotrimetallic helicates and 2) quantitative
analysis of the speciation in solution (Figure S2, Supporting
Information). We thus resorted to the detailed model-free
analysis of paramagnetic 1H NMR data previously applied
to the homotrimetallic complexes for the, a priori, calcula-
tion of paramagnetic 1H NMR shifts for the heterotrimetal-
lic species.[16] The chemical shift dexptlijkl of a proton i in
LnjLnkLnl is given by Equation (3), in which ddiai is the dia-
magnetic shift measured in the analogous homotrimetallic
La, Y or Lu complex, FihSzij,k,l is the through-bond contact
shift limited to a single site (j, k or l), and CkB


2central1


0 G1
i +


CjB
2terminal2


0 G2
i + ClB


2terminal3


0 G3
i are the three additive through-


space pseudocontact contributions induced by the three
paramagnetic ions.[16,17]


dexptlijkl ¼ ddiai FihSzij;k;l þ CkB
2central1


0 G1
i þ CjB


2terminal2


0 G2
i þ ClB


2terminal3


0 G3
i


ð3Þ


If we consider the crystal structure of [Eu3(L9)3]
9+ to be


an acceptable structural model for homo- and heterotrime-
tallic helicates in solution along the complete lanthanide
series,[12] we can use the set of contact terms Fi (i.e. , Fermi
constants), structural factors Gni (n=1±3) and crystal-field
parameters reported for the homotrimetallic helicates
(B2central


0 (Ce-Tb)=�45, B2central


0 (Dy-Yb)=�33, B2terminal


0 (Ce-Tb)=
�67 and B2terminal


0 (Dy-Yb)=�61 ppmä3)[16] for calculating the
1H NMR spectra of the heterotrimetallic complexes with
Equation (3). For instance, dexptlijkl for D3-symmetrical
YbLaYb can be predicted with simplified Equation (4),
while that of LuNdLu can be predicted with the simplified


Figure 4. Part of the 1H NMR spectra highlighting the signals of protons
H5 and H6 for different La:Lu ratios in CD3CN ([L9]tot=10�2m,
[Ln]tot :[L9]tot=3:3, 298 K): La:Lu=a) 3:0, b) 2:1, c) 1.5:1.5, d) 1:2, and
e) 0:3. *= [La3(L9)3]


9+ , += [LaLaLu(L9)3]
9+ , #= [LuLaLu(L9)3]


9+ , *=


[Lu3(L9)3]
9+ .


Table 1. Mole fractions of homo- and heterotrimetallic helicates [(Ln1)x(Ln
2)3�x(L9)3]


9+ (x=0, 1, 2, 3) observed by 1H NMR spectroscopy in CD3CN for
Ln1:Ln2:L9=1.5:1.5:3 ([L9]tot=10�2m, 298 K).


Ln1 Ln2 Dri [ä]
[a] [Ln13L3]


9+ [Ln1Ln2Ln1L3]
9+ [Ln1Ln1Ln2L3]


9+ [Ln2Ln1Ln2L3]
9+ [Ln1Ln2Ln2L3]


9+ [Ln23L3]
9+ DGexptl


½Eq: ð6Þ	 [kJmol
�1]


La Lu 0.184 0.13 <0.01 0.39 0.44 <0.01 0.04 �8.9
La Yb 0.174 0.04 <0.01 0.23 0.56 0.14 0.03 �11.9
La Y 0.141 0.07 <0.01 0.36 0.51 0.03 0.04 �10.3
Nd Lu 0.131 0.10 0.03 0.37 0.38 0.04 0.08 �7.7
Sm Lu 0.100 0.13 <0.01 0.36 0.41 0.06 0.04 �8.4
La Eu 0.096 0.04 <0.01 0.32 0.58 <0.01 0.07 �10.5
Eu Lu 0.088 0.19 0.06 0.43 0.23 0.07 0.02 �9.1
La Sm 0.084 0.08 <0.01 0.37 0.46 <0.01 0.10 �7.6
Sm Y 0.057 0.12 <0.01 0.39 0.35 0.05 0.10 �6.4
Y Lu 0.043 ± ± ± ± ± ± ±


[a] Dri= rLn1�rLn2 for nine-coordinate ionic radii taken from reference [22].
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Equation (5), because the Bleaney factors vanish for diamag-
netic ions (CLa=CLu=0).[17]


dcalcdiYbLaYb¼ddiaiLuLaLuþ F terminal
i hSziYb þ CYbB


2terminal


0Ln¼Dy�Yb
ðG2


i þG3
i Þ ð4Þ


dcalcdiLuNdLu ¼ ddiaiLuLaLuþ Fcentral
i hSziNd þ CNdB


2central


0Ln¼Ce�Tb
G1


i ð5Þ


Good correlations are obtained between calculated and
experimental 1H NMR data for each heterotrimetallic com-
plex, and thus lead to complete assignment of their signals
(Table 3; Table S2, Supporting Information). Subsequent in-
tegrations of the signals provide a reliable speciation
(Table 1; Tables S3, S4, Supporting Information); this eventu-
ally leads to stability constants for the La/Eu, Nd/Lu, Eu/Lu
and La/Yb pairs (Table 2) and confirms the preferred loca-
tion of the smaller LnIII of the pair in the terminal sites
(Table 1).


Modelling the thermodynamic assembly of heterotrimetallic
helicates (Ln1)x(Ln


2)3�x (Ln
1, Ln2=La, Nd, Sm, Eu, Yb, Lu,


Y; x=1, 2): A straightforward model considers the triple-
stranded trimetallic helicates as receptors made up of three
wrapped strands defining two terminal nine-coordinate N6O3


sites and one central nine-coordinate N9 site with respective
absolute affinities ktLn and kcLn reflecting the specific free
energy of complexation for each site (i.e., log(ktLn) and
log(kcLn) are proportional to DG, Scheme 1). At the concen-
trations used for NMR studies, no significant decomplexation
occurs, and the stoichiometric ratio used ensures that the
three sites are quantitatively occupied by LnIII ions. Interac-
tions between a pair of adjacent metal atoms (electrostatic
repulsion, mechanical coupling) is modelled by a single free-
energy term DE, expressed as a Boltzmann factor uLn1Ln2=
exp(�DELn1Ln2/RT), as previously described for multiple pro-
tonation or complexation processes (Scheme 1).[18]


Table 2. Experimental log(bLn;exptl33 ) and calculated log(bLn;calcd33 ) formation constants for the complexes [(Ln1)x(Ln
2)3�x(L9)3]


9+ (x=0, 1, 2, 3) observed by
1H NMR spectroscopy in CD3CN at 298 K.


Ln1, Ln2 Compound log(bLn;exptl33 ) log(bLn;calcd33 )�0.1 Ln1, Ln2 Compound log(bLn;exptl33 ) log(bLn;calcd33 )�0.1
NMR[a] Model B Model C NMR[a] Model B Model C


La, ± La3 34.6�0.2 ± 34.6 Nd, Lu LuNdLu 35.2�0.1 34.4 35.0
34.3�1.2[b] ± 0.131[e] NdLuLu 34.4�0.1 34.7 34.4


Nd, ± Nd3 34.8�0.1 ± 34.8 Sm, Lu SmLuSm ± 34.7 34.3
35.0�1.1[b] ± 0.100[e] SmSmLu 35.4�0.1 35.0 35.2


Sm, ± Sm3 35.0�0.1 ± 35.0 LuSmLu 35.3�0.1 34.5 34.9
Eu, ± Eu3 34.9�0.1 ± 34.9 SmLuLu 34.5�0.1 34.8 34.6


34.8�1.6[b] ± La, Eu LaEuLa ± 34.7 33.9
Y, ± Y3 34.7�0.1 ± 34.6 0.096[e] LaLaEu 35.4�0.1 35.0 35.4


35.0�1.2[b, c] ± EuLaEu 35.6�0.1 34.8 35.5
Yb, ± Yb3 34.4�0.1 ± 34.5 LaEuEu ± 35.1 34.7


34.5�1.8[b, d] ± Eu, Lu EuLuEu 34.6�0.2 34.7 34.4
Lu, ± Lu3 34.2�0.3 ± 34.2 0.088[e] EuEuLu 35.4�0.2 35.0 35.1


33.9�0.3[b] ± LuEuLu 35.0�0.2 34.4 34.7
La, Lu LaLuLa ± 34.5 33.4 EuLuLu 34.4�0.2 34.7 34.6
0.184[e] LaLaLu 35.3�0.1 34.8 35.3 La, Sm LaSmLa ± 34.7 34.1


LuLaLu 35.3�0.1 34.3 35.3 0.084[e] LaLaSm 35.2�0.1 35.0 35.3
LaLuLu ± 34.6 34.1 SmLaSm 35.6�0.1 34.9 35.5


La, Yb LaYbLa ± 34.5 33.5 LaSmSm ± 35.2 34.8
0.174[e] LaLaYb 35.2�0.1 34.8 35.4 Sm, Y SmYSm ± 34.9 34.5


YbLaYb 35.6�0.1 34.5 35.5 0.057[e] SmSmY 35.4�0.1 35.2 35.3
LaYbYb 34.4�0.1 34.8 34.3 YSmY 35.3�0.1 34.8 35.1


La, Y LaYLa ± 34.6 33.6 SmYY 34.5�0.1 35.1 34.8
0.141[e] LaLaY 35.4�0.1 34.9 35.4 Y, Lu YLuY ± 34.5 34.5


YLaY 35.6�0.1 34.7 35.6 0.043[e] YYLu ± 34.8 34.8
LaYY 34.4�0.1 35.0 34.4 LuYLu ± 34.4 34.4


Nd, Lu NdLuNd 34.2�0.1 34.6 34.1 YLuLu ± 34.7 34.6
0.131[e] NdNdLu 35.2�0.1 34.9 35.2


[a] Determined from the fit of NMR data (see text). [b] Obtained by direct spectrophotometric titrations of L9 with LnIII, from ref. [12]. [c] Measured
for Ln=Ho, which has a very similar ionic radius.[12] [d] Measured for Ln=Tm, which has a very similar ionic radius.[12] [e] Dri= rLn1�rLn2 [ä]: nine-coor-
dinate ionic radii taken from reference [22].


Table 3. Experimental dexptlijkl and calculated dcalcdijkl
1H NMR shifts for selected paramagnetic heterotrimetallic complexes [LnLaLn(L9)3]


9+ [Eq. (4)] and
[LuLnLu(L9)3]


9+ [Eq. (5)] in CD3CN at 298 K (numbering in Figure 1).


Compound H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 Me17 Me18 Me19 Me20


[EuLaEu(L9)3]
9+ dexptliEuLaEu 8.67 8.47 8.19 7.70 8.84 10.99 7.35 5.86 4.14 6.00 4.89 2.00 0.11 0.42 3.51


dcalcdiEuLaEu 8.44 8.07 7.49 7.14 7.04 14.81 7.90 4.89 4.31 6.80 5.32 1.68 1.01 0.40 3.05
[YbLaYb(L9)3]


9+ dexptliYbLaYb 9.41 9.52 9.11 8.41 12.77 19.36 7.70 6.68 5.28 5.13 3.75 2.70 �1.75 �0.15 7.53
dcalcdiYbLaYb 9.96 9.88 9.10 8.41 12.79 19.50 8.77 7.17 3.17 5.07 4.34 2.92 �1.10 �0.89 7.22


[LuNdLu(L9)3]
9+ dexptliLuNdLu 9.83 10.38 8.68 7.18 �0.06 3.41 6.57 6.75 7.90 7.90 7.36 2.50 1.13 0.83 0.31


dcalcdiLuNdLu 9.58 10.46 7.75 6.61 0.69 4.66 7.18 7.43 8.12 8.05 7.51 1.64 1.58 0.90 0.44
[LuEuLu(L9)3]


9+ dexptliLuEuLu 5.71 3.50 5.80 7.33 10.86 7.55 7.15 7.59 8.72 8.44 7.96 1.70 0.44 1.26 0.84
dcalcdiLuEuLu 5.45 2.21 5.81 7.27 13.06 6.66 7.36 7.74 8.48 8.32 7.79 1.42 1.22 1.12 0.70
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Model A–a simple statistical binomial distribution : The
least sophisticated model considers that both the terminal
and central sites display identical absolute affinities, which
do not vary along the lanthanide series (ktLn=k


c
Ln=k). More-


over, the interaction between adjacent sites is identical for
any pair along the lanthanide series. Under these conditions,
the speciation of (Ln1)x(Ln


2)3�x (x=0±3) in solution at
[L9]tot=10�2m follows a statistical binomial distribution that
depends on the Ln1:Ln2=p1:p2 ratio (p1 + p2=1.0). We
expect the following distribution for the mole fraction of
each specific helicate: X((Ln1)x(Ln


2)3�x)= s(p1)
x(p2)


(3�x), in
which s is the degeneracy given in Figure 1. This translates
into X(Ln1)3=X(Ln


2)3=X(Ln
1Ln2Ln1)=X(Ln2Ln1Ln2)=


0.125 and X(Ln1Ln1Ln2)=X(Ln2Ln2Ln1)=0.25 for a mix-
ture containing equal quantities of Ln1 and Ln2 (i.e., p1=
p2=0.5). Comparison with the experimental distributions
obtained for Ln1:Ln2=1.5:1.5 (Table 1) shows only poor cor-
relations, mainly resulting from the reluctance of the smaller
lanthanide of each pair (Ln2) to occupy the central site. In-
terestingly, the formation of the heterotrimetallic helicates
according to global Equation (6) is systematically favoured,
with �11.9 kJmol�1DGexptl


½Eq: ð6Þ	�6.4 kJmol�1 (Table 1),
which can be compared with the statistical values
DGbinomial


½Eq: ð6Þ	 =�5.4 kJmol�1 calculated for the binomial distri-
bution at 298 K.


ðLn1Þ3 þ ðLn2Þ3 Ð ðLn1Þ2Ln2 þ Ln1ðLn2Þ2 ð6Þ


A similar trend has been reported for the formation of
the heterobimetallic helicates HHH-[Ln1Ln2(L8)3]


6+ , which
display a monotonous increase of the deviation from the bi-
nomial distribution for the equilibrium (Ln1)2 +
(Ln2)2Ð2Ln1Ln2 with increasing difference in ionic radii
Dri= rLn1�rLn2.[10] The deviations thus increases from
D(DG)=DGexptl


eq �DGbinomial
eq =0 kJmol�1 for the Eu/Tb pair


to D(DG)=�7.4 kJmol�1 for the La/Lu pair.[10] In our case,
deviations in the range �6.5 kJmol�1D(DG)=
DGexptl


½Eq: ð6Þ	�DGbinomial
½Eq: ð6Þ	 �1.0 kJmol�1 can be calculated for the


heterotrimetallic helicates (Table 1). However, we do not
detect a straightforward correlation between D(DG) and
Dri ; this reflects the increased possibilities offered by trime-
tallic helicates for accommodating different metal ions. We
conclude that model A is oversimplified and cannot account
for the subtle recognition processes occurring in heterotri-
metallic complexes.


Model B–a simple statistical distribution including size-dis-
criminating effects : Although the log(bLn;exptl33 ) only marginal-
ly vary along the lanthanide series for [Ln3(L9)3]


9+ ,[12] small
changes may affect the statistical binomial distribution of
heterotrimetallic helicates, and model B simply extends
model A by considering identical absolute affinities for the
terminal and central sites which can vary along the lantha-
nide series (ktLn=k


c
Ln=kLn). This approach was recently suc-


cessfully applied by Delangle et al. to rationalise the distri-
bution of the heterotrimetallic sandwich complexes
[(Ln1)x(Ln


2)3�x(L7-3H)2(H2O)6]
3+ , in which the three metal


coordination spheres are identical.[8] Equation (7) holds for
the calculation of the stability constants of
[(Ln1)x(Ln


2)3�x(L9)3]
9+ , in which log(bLn;exptl33 ) is the experi-


mental formation constant of the homotrimetallic helicate
[Ln3(L9)3]


9+ , and the term log(s) explicitly expresses the
contribution of the increased entropy resulting from the
number of different arrangements allowed in the heterotri-
metallic complexes (degeneracy given in Figure 1).


logðbLn;calcdB33 ½ðLn1ÞxðLn2Þ3�x	Þ ¼
1
3
½x � logðbLn1Ln1Ln1 ;exptl33 Þ


þð3�xÞ � logðbLn2Ln2Ln2 ;exptl33 Þ	 þ logðsÞ
ð7Þ


The minor variations in log(bLn;exptl33 ) along the lanthanide
series provides almost identical calculated formation con-
stants for the homo- and heterotrimetallic species
log(bLn;calcdB33 ) in agreement with the single average stability
constant considered in model A (Table 2). Consequently, the
distributions calculated for a ratio Ln1:Ln2=1.5:1.5
(Table S5, Supporting Information) are systematically close
to the binomial distribution obtained with model A, and
DGcalcdB


½Eq: ð6Þ	 do not deviate from the statistical binomial value
(DGbinomial


½Eq: ð6Þ	 =�5.4 kJmol�1). This model remains inadequate
for rationalising our experimental data and we deduce that
specific recognition processes occur at each site that cannot
be modelled by the average size-discriminating effect evi-
denced in the homotrimetallic helicates.


Model C–a statistical distribution including size-discriminat-
ing effects for each specific site : The application of statistical
thermodynamics to the model depicted in Scheme 1 for two
metal sites displaying different affinities ktLn¼6 kcLn in combi-
nation with size-discriminating effects along the lanthanide
series (ktLn1¼6 ktLn2 and kcLn1¼6 kcLn2) leads to Equations (8)±(13)
for the microscopic thermodynamic constants of each trime-
tallic helicate (Ln1)x(Ln


2)3�x with the simplification that
uLn1Ln2=uLn1Ln1=uLn2Ln2=u. Each microscopic constant thus
corresponds to the products of the absolute affinities of
each occupied site, modulated by 1) the interaction parame-
ter u for each adjacent pair in the final helicate and 2) the
degeneracy factor s given in Figure 1, as similarly used for
protonation reactions.[18] Note that model C reduces to
model B when ktLn1=k


c
Ln1 and ktLn2=k


c
Ln2, and to model A


when ktLn1=k
c
Ln1=k


c
Ln2=k


c
Ln2.


bLn
1Ln1Ln1


33 ¼ ðktLn1Þ2 � kcLn1 � u2 ð8Þ


Scheme 1. Schematic representation of the triple-stranded helicates
[Ln3(L9)3]


9+ used for thermodynamic modelling.
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bLn
1Ln1Ln2


33 ¼ 2 � ktLn1 � kcLn1 � ktLn2 � u2 ð9Þ


bLn
1Ln2Ln1


33 ¼ ðktLn1Þ2 � kcLn2 � u2 ð10Þ


bLn
1Ln2Ln2


33 ¼ 2 � ktLn1 � kcLn2 � ktLn2 � u2 ð11Þ


bLn
2Ln1Ln2


33 ¼ ðktLn2Þ2 � kcLn1 � u2 ð12Þ


bLn
2Ln2Ln2


33 ¼ ðktLn2Þ2 � kcLn2 � u2 ð13Þ


Only five of these equations are mathematically inde-
pendent, and we can thus theoretically extract the four pa-
rameters ktLn1, k


t
Ln2, k


c
Ln1 and k


c
Ln2 for a given Ln


1/Ln2 pair for
which all four heterotrimetallic species are observed in solu-
tion and their formation constants estimated by 1H NMR
spectroscopy [u cannot be obtained as an independent pa-
rameter, since Eqs. (8)±(13) are all multiplied by the same
factor u2] . However, such a statistical description requires
an over-determined system for extracting physically mean-
ingful parameters,[18] and for most Ln1/Ln2 pairs, only a par-
tial set of formation constants is at hand for the heterotri-
metallic helicates (Table 2). To maximise the ratio between
experimental data and fitted parameters, we simplified the
model by 1) neglecting the interaction between two adjacent
lanthanides (DE=0 and u=1) and 2) incorporating in the
fitting process the formation constants bLn;exptl23 of the unsatu-
rated complexes [Ln2(L9)3]


6+ determined by spectrophoto-
metric titration[12] [Eqs. (14) and (15) take into account the
two possible arrangements in which the metal ions occupy
either the two terminal sites or the central site and one ter-
minal site in [Ln2(L9)3]


6+].[18] Under these conditions and
depending on the specific Ln1/Ln2 pair, we have considered
5±7 independent experimental stability constants (and their
associated equations) for extracting the four parameters
ktLn1, k


t
Ln2, k


c
Ln1 and k


c
Ln2 by using nonlinear least-squares tech-


niques (Table 4).[19] Good agreement is obtained for similar
parameters extracted from the analyses of different pairs,
which supports the reliability of the fitting process.


bLn
1Ln1


23 ¼ ðktLn1Þ2 þ 2 � ktLn1 � kcLn1 � u ð14Þ


bLn
2Ln2


23 ¼ ðktLn2Þ2 þ 2 � ktLn2 � kcLn2 � u ð15Þ


The formation constants log(bLn
jLnkLnl ;calcdC


33 ) calculated with
ktLn and k


c
Ln listed in Table 4 and Equations (8)±(13) are in


good agreement with the accessible experimental data ob-
tained by spectrophotometry and 1H NMR spectroscopy
(Table 2). Moreover, the heterotrimetallic complexes that
are not detected by NMR spectroscopy (and for which no
experimental formation constant is available) systematically
display calculated bLn


jLnkLnl ;calcdC
33 which are approximately


one order of magnitude smaller than the related constants
for the complexes (Ln1)x(Ln


2)3�x observed by
1H NMR spec-


troscopy. The distributions calculated for a ratio Ln1:Ln2=
1.5:1.5 and [L9]tot=10�2m (Table 5) show a satisfying corre-
lation with the experimental data according to the limited
sophistication of model C (Figure 5). Consequently, the
DGcalcdC


½Eq: ð6Þ	 values calculated for each Ln1/Ln2 pair with this
model (�11.0 kJmol�1DGexptl


½Eq: ð6Þ	�6.4 kJmol�1, Table 5)


Table 4. Absolute affinities for the terminal (log(ktLn)) and central
(log(kcLn)) metal sites in the triple-stranded helicates [Ln3(L9)3]


9+ , ob-
tained with model C.


Ln rLn [ä]
[a] log(ktLn) log(kcLn)


La 1.216 12.50(5) 9.59(8)
Nd 1.163 12.83(5) 9.18(8)
Sm 1.132 12.93(5) 9.09(8)
Eu 1.120 12.98(5) 8.94(8)
Y 1.075 13.01(5) 8.61(8)
Yb 1.042 12.97(5) 8.51(8)
Lu 1.032 12.88(5) 8.44(8)


[a] rLn=nine-coordinate ionic radii taken from reference [22].


Table 5. Mole fractions of homo- and heterotrimetallic helicates [(Ln1)x(Ln
2)3-x(L9)3]


9+ (x=0, 1, 2, 3) calculated with model C for Ln1:Ln2:L9=
1.5:1.5:3.0 ([L9]tot=10�2m, 298 K).


Ln1 Ln2 Dri [ä]
[a] [Ln13L3]


9+ [Ln1Ln2Ln1L3]
9+ [Ln1Ln1Ln2L3]


9+ [Ln2Ln1Ln2L3]
9+ [Ln1Ln2Ln2L3]


9+ [Ln23L3]
9+ DGcalcdC


½Eq: ð6Þ	 [kJmol
�1]


La Lu 0.184 0.08 0.01 0.39 0.47 0.03 0.03 �10.7
La Yb 0.174 0.08 0.01 0.39 0.48 0.03 0.03 �11.0
La Y 0.141 0.08 0.01 0.39 0.47 0.03 0.04 �10.4
Nd Lu 0.131 0.12 0.03 0.38 0.31 0.10 0.08 �7.0
Sm Lu 0.100 0.11 0.05 0.34 0.25 0.15 0.11 �6.3
La Eu 0.096 0.09 0.01 0.38 0.41 0.06 0.06 �8.7
Eu Lu 0.088 0.12 0.07 0.32 0.22 0.18 0.12 �5.9
La Sm 0.084 0.08 0.02 0.35 0.37 0.08 0.09 �7.8
Sm Y 0.057 0.11 0.04 0.35 0.27 0.14 0.10 �6.4
Y Lu 0.043 0.13 0.12 0.26 0.13 0.24 0.12 �5.4


[a] Dri= rLn1�rLn2 for nine-coordinate ionic radii taken from reference [22].


Figure 5. Plots of the experimental mole fractions of
[(Ln1)x(Ln


2)3�x(L9)3]
9+ determined by 1H NMR spectroscopy as a func-


tion of the corresponding mole fraction calculated with model C. The
dotted line estimates the quality of this correlation.
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closely match the experimental values for each pair
(�11.9 kJmol�1DGcalcdC


½Eq: ð6Þ	�6.4 kJmol�1, Table 1).
The variation of log(kcLn) along the lanthanide series dis-


plays an inverted electrostatic trend[7a] leading to a de-
creased affinity of the central site for smaller lanthanides
(Figure 6a). This behaviour is reminiscent of the corre-


sponding abrupt decrease in formation constants reported
for the monometallic model of the central N9 site
[Ln(L10)3]


3+ , which is attributed to intramolecular inter-
strand stacking interactions preventing the contraction of
the cavity required for accommodating heavy LnIII ions.[20] A
parallel effect occurs in [Ln3(L9)3]


9+ ; this explains the reluc-
tance of the smaller Ln2 to occupy the central site and the
associated negligible quantities of Ln1Ln2Ln1 and Ln1Ln2Ln2


helicates detected by 1H NMR spectroscopy (Table 1). On
the other hand, log(ktLn) displays a concave dependence
along the lanthanide series with a maximum affinity around
Ln=Y (Figure 6b; the ionic radius of YIII is similar to that
of HoIII).[22] This trend has no precedent in the monometallic
model of the facial N6O3 site in [Ln(L11)]


3+ , which displays
a weak standard electrostatic trend.[21] We tentatively attrib-
ute the specific bowl-shaped dependence of log(ktLn) to
structural constraints induced by the adjacent central site in
the wrapping process of the strands (i.e., mechanical cou-
pling). However, possible variations of the intermetallic in-
teractions for each specific Ln1/Ln2 cannot be ruled out, and
a definitive interpretation requires the extraction of explicit
uLn1Ln2 parameters.


Since DGcalcdC
½Eq: ð6Þ	 for the global equation are complicated


functions of kcLn and ktLn [Eq. (16), whereby bLn
jLnkLnl


33 are
given by Eqs. (8)±(13)], their non-monotonous and different
dependences on Dri= rLn1�rLn2 (Figure 6) prevent any
straightforward correlations between DG[Eq. (6)] and Dri, in
contrast to the monotonous decrease of this parameter with
increasing Dri previously observed for the analogous bime-
tallic complexes HHH-[(Ln)2(L8)3]


6+ .[10]


DGcalcdC
½Eq: ð6Þ	¼�RTflnðbLn1Ln1Ln233 þ bLn


1Ln2Ln1


33 Þ þ lnðbLn1Ln2Ln233


þbLn
2Ln1Ln2


33 Þ�lnðbLn1Ln1Ln133 Þ�lnðbLn2Ln2Ln233 Þg
ð16Þ


Interestingly, we can rationally predict the speciation for
any Ln1/Ln2 pairs for which individual kcLn and k


t
Ln values are


reported in Table 4. Application of Equations (8)±(13) for
the Y/Lu pair provides calculated formation constants
log(bLn


jLnkLnl ;calcdC
33 ) for the (Y)x(Lu)3�x (x=0±3) complexes


with very similar magnitudes (34.2 log(bLn
jLnkLnl ;calcdC


33 )
34.8, Table 2), which translates into a speciation very close
to the binomial distribution (Table S5, Supporting Informa-
tion). The concomitant existence in acetonitrile of six struc-
turally related diamagnetic complexes in comparable con-
centrations explains the very complicated 1H NMR spectra
observed for the Y/Lu pair, which escape detailed analysis.
This peculiar situation results from the similar preferences
of both Ln1=Y and Ln2=Lu for the terminal site and their
reluctance to enter the central site (Table 4, Figure 6).


Characterisation and isolation of a specific heterotrimetallic
complex–EuLaEu : We now explore distortions from the


Figure 6. Absolute affinities for a) the central site (log(kcLn)) and b) the
terminal sites (log(ktLn)) in the triple-stranded trimetallic helicates
[Ln3(L9)3]


9+ as a function of the reciprocal nine-coordinate ionic radii.
The trend lines are only guides for the eye.
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thermodynamic speciation that
can occur during the crystalli-
sation (i.e., isolation) process.
We selected the La/Eu pair,
because its specific kcLn and k


t
Ln


favour formation of the
heterotrimetallic EuLaEu spe-
cies. For a stoichiometric ratio
La:Eu=1:2 and [L9]tot=10�2m
in acetonitrile, we calculate
that EuLaEu (48%), Eu3
(23%) and LaLaEu (19%) are
the major components of the
mixture, while LaEuEu (8%)
and La3 + LaEuLa (2%) can
be neglected, in agreement
with 1H NMR data (Table S3,
Supporting information). Slow
diffusion of tert-butyl methyl
ether into this mixture produ-
ces only amorphous powders,
but the replacement of aceto-
nitrile with nitromethane, a
solvent with similar dielectric
and complexation characteris-
tics (the experimental distribu-
tion found in CD3NO2 by
1H NMR spectroscopy is simi-
lar within experimental error
to that found in CD3CN) pro-
vides X-ray-quality prisms of
[La0.96Eu2.04(L9)3](CF3-
SO3)9(CH3NO2)9 (1). The crys-
tal structure of 1 consists of
discrete [EuLaEu(L9)3]


9+ ions,
uncoordinated triflate anions
and solvent molecules. The
anions and solvent molecules are partially disordered, but
show no other features of interest. In contrast to [Eu3(L9)3]-
(CF3SO3)9(CH3CN)9(H2O)2, which crystallises in the triclinic
crystal system, space group P1≈ (Z=2),[12] the analogous het-
erotrimetallic complex 1 crystallises in the monoclinic crystal
system, space group P21/c, and these complexes are thus not
isostructural. However, the molecular structures of the two
ions [EuLaEu(L9)3]


9+ and [Eu3(L9)3]
9+ are very similar,


except for two significant differences (Figure 7, Table 6).
First, the less distorted overall shape of the triple helix for
EuLaEu implies 1) reduced bending (Eu¥¥¥La¥¥¥Eu 177.97(4)8
vs Eu¥¥¥Eu¥¥¥Eu 173.71(1)8 in Eu3)


[12] and 2) more regular po-
sitioning of the metal ions along the helical axis (Eu1¥¥¥La1
9.105(1) and La1¥¥¥Eu2 9.126(1) ä vs Eu2¥¥¥Eu1 9.3165(7) and
Eu1¥¥¥Eu3 9.0762(7) ä).[12] Second, the coordination sphere
of the central site primarily occupied by La1 is significantly
expanded, with average La�N(benzimidazole) (2.66(2) ä)
and La�N(pyridine) (2.66(1) ä) bond lengths that are signifi-
cantly longer than those reported for the central Eu1 in
[Eu3(L9)3]


9+ (2.59(1) and 2.58(2) ä, respectively).[12] This ex-
pansion of the cavity fairly matches that expected for the re-
placement of nine-coordinate EuIII (rCN¼9


Eu =1.120 ä)[22] in Eu3


with LaIII (rCN¼9
La =1.216 ä)[22] and confirms the location of a


lanthanum atom in the central site of EuLaEu. In this con-
text, the almost identical bond lengths and coordination
spheres observed for the terminal sites in both trimetallic
helicates justify the systematic location of EuIII in the termi-
nal sites.
A thorough scrutiny of the helical wrapping of the strands,


based on the calculation of pitches Pij for the nine successive
helical portions F1±F9 (as previously described for
[Eu3(L9)3]


9+ , Table S6, Supporting Information),[12] shows
only minor structural changes in the global shape when EuIII


occupying the central site in [Eu3(L9)3]
9+ is replaced with


LaIII in [EuLaEu(L9)3]
9+ . This indicates that the crystals of 1


may indeed contain mixtures of the very similar complexes
LaLaEu, EuLaEu and Eu3, which correspond to 90% of the
speciation in solution before crystallisation. Each metal site
in 1 was thus refined with adjustable population parameters
(PP) characterising the dual introduction of EuIII or LaIII.
Convergence occurs when the two terminal sites are occu-
pied by about 90% EuIII and 10% LaIII (PPEu1=0.88(3),
PPLa11=0.12(3) and PPEu2=0.90(3), PPLa22=0.10(3)), while
the central site contains 74(3)% of LaIII and 26(3)% of EuIII,


Figure 7. a) Optimised superimposition of the molecular structures of [EuLaEu(L9)3]
9+ (blue) and


[Eu3(L9)3]
9+ (red) viewed perpendicular to the pseudo-C3 axis. b) Perspective view of one strand showing the


atomic numbering scheme and the disorders affecting strand c.
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thus leading to the global formula [La0.96Eu2.04(L9)3]
9+ . Al-


though the R factor and goodness of fit are slightly im-
proved relative to the original refinement considering
[EuLaEu(L9)3]


9+ as a pure complex, the structural parame-
ters (bond lengths, bond angles and torsion angles) are iden-
tical within statistical uncertainties for both refinements, and
the data reported in this contribution correspond to those
obtained for [La0.96Eu2.04(L9)3](CF3SO3)9(CH3NO2)9 (1). This
result strongly suggests that the crystal structure indeed re-
flects the crystallisation of [EuLaEu(L9)3]


9+ as the major
component with co-crystallisation of non-negligible quanti-
ties of [LaLaEu(L9)3]


9+ and [Eu3(L9)3]
9+ . Elemental analy-


ses of the metal content by ICP-MS after mineralisation of
crystals of 1 gave a Eu:La ratio of 2.23(3):1, which translates
into the formula [La0.93Eu2.07(L9)3]


9+ , in fair agreement with
X-ray analysis. Finally, we used high-resolution emission
spectroscopy to establish the specific occupancy of the dif-
ferent sites with luminescent EuIII in crystals of 1. A previ-
ous detailed photophysical investigation of pure [Eu3-
(L9)3](CF3SO3)9 ascribed the Eu-centred


5D0!7F0 transition
originating from the two equivalent terminal EuN6O3 sites
to band t (17219 cm�1 at 5 K), and that from the central
EuN9 site to band c (17238 cm


�1 at 5 K).[12] Since the intrin-
sic concentration of the terminal sites in [Eu3(L9)3]


9+ is
twice that of the central site and the quantum yield associat-
ed with the central EuN9 chromophore is smaller than that
of EuN6O3,


[12] the intensity of the emission originating from
the central site Fc is significantly weaker than that from the
terminal sites Ft (Figure 8). Gaussian decomposition of the
two 5D0!7F0 transitions observed in the emission spectrum
of [Eu3(L9)3]


9+ obtained on broadband excitation of the
Eu(5D2) level at 15 K (ñexc=21468 cm�1, Figure 8a) leads to
Fc/(Fc + Ft)=0.27, which can be used with Equation (17)
for calibrating the ratio of the emission efficiency factor 1


associated with each site: 1c/1t=0.74.


Fc
Fc þ Ft


¼ 1c
1c þ 21t


¼ 0:27 ð17Þ


The emission spectrum of the heterotrimetallic helicate 1
(Figure 8b) is similar to that recorded for [Eu3-
(L9)3](CF3SO3)9 (Figure 8a), except for the much smaller
ratio Fc/(Fc + Ft)=0.094. The observation of a faint residual
emission from the central site at 17238 cm�1 confirms the
partial replacement of non-emissive LaIII by luminescent
EuIII, in agreement with X-ray analysis. According to the


Table 6. Selected distances [ä] and angles [8] for [La0.96Eu2.04(L9)3](CF3SO3)9(CH3NO2)9 (1) and [Eu3(L9)3](CF3SO3)9(CH3CN)9(H2O)2.
[12]


[EuLaEu(L9)3]
3+ [Eu3(L9)3]


3+ [12]


intermetallic distances
Eu1¥¥¥La1 9.105(1) Eu1¥¥¥Eu2 9.3165(7)
Eu2¥¥¥La1 9.126(1) Eu1¥¥¥Eu3 9.0762(7)
Eu1¥¥¥Eu2 18.228(1) Eu2¥¥¥Eu3 18.3650(9)


bond lengths ligand a ligand b ligand c ligand a ligand b ligand c
La1�N1 2.64(1) 2.69(1) 2.64(1) Eu1�N1 2.61(1) 2.56(1) 2.61(1)
La1�N2 2.69(1) 2.67(1) 2.62(1) Eu1�N2 2.53(1) 2.59(1) 2.60(1)
La1�N8 2.65(1) 2.66(1) 2.67(1) Eu1�N8 2.60(1) 2.58(1) 2.59(1)
Eu1�O1 2.37(1) 2.37(1) 2.46(1) Eu2�O1 2.38(1) 2.38(1) 2.41(1)
Eu1�N4 2.53(1) 2.58(1) 2.67(1) Eu2�N4 2.60(1) 2.55(1) 2.64(1)
Eu1�N6 2.60(1) 2.65(1) 2.57(1) Eu2�N6 2.59(1) 2.65(1) 2.65(1)
Eu2�O2 2.46(1) 2.41(1) 2.37(1) Eu3�O2 2.38(1) 2.40(1) 2.41(1)
Eu2�N10 2.61(1) 2.61(1) 2.54(1) Eu3�N10 2.57(1) 2.67(1) 2.59(1)
Eu2�N12 2.57(1) 2.60(1) 2.62(1) Eu3�N12 2.60(1) 2.57(1) 2.57(1)


angles
Eu1¥¥¥La1¥¥¥Eu2 177.97(4) Eu2¥¥¥Eu1¥¥¥Eu3 173.71(1)


Figure 8. Gaussian decomposition of the Eu(5D0!7F0) transitions origi-
nating from the terminal (band t) and central (band c) metal sites in the
emission spectra of a) [Eu3(L9)3]


9+ and b) [EuLaEu(L9)3]
9+ (ñexc=


21468 cm�1, 15 K).
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original speciation of complexes in solution before crystalli-
sation, EuLaEu (48%) and Eu3 (23%) are the two major
components in the mixture, and co-crystallisation may quali-
tatively explain the observation of some EuIII occupying the
central site. Equation (18) holds for a binary mixture of
(1�a) (EuLaEu) + a (Eu3) in the solid state, and a=0.28
can be calculated, since 1c/1t=0.74. This finally translates
into a global stoichiometry [La(1�a)Eu(2+a)(L9)3]


9+ =


[La0.72Eu2.28(L9)3]
9+ , which does not agree with the elemen-


tal analysis.


Fc
Fc þ Ft


¼ a1c
a1c þ 2 1t


¼ 0:094 ð18Þ


We deduce that the third significant component LaLaEu
of the original solution (19%) is also incorporated in the
final crystals; this consequently introduces some non-emis-
sive LaIII in the terminal sites. Taking the average popula-
tion parameter of the lanthanum atom found by X-ray anal-
ysis in the terminal sites (PPLa(terminal)�0.1), we calculate that
LaLaEu contributes 20% in the solid-state mixture, while
(1�a) (EuLaEu) + a (Eu3) accounts for the remaining
80%. Equation (19) thus holds, and we obtain a=0.32 with
1c/1t=0.74.


Fc
Fc þ Ft


¼ 0:8a � 1c
0:8a � 1c þ 1:8 1t


¼ 0:094 ð19Þ


This translates into PPEu(central)=0.8a=0.26 and a global
composition [La(1.2�0.8a)Eu(1.8+0.8a)(L9)3]


9+=[La0.94Eu2.06(L9)3]
9+,


which agrees with both elemental analysis and X-ray diffrac-
tion data. The combination of the three techniques (X-ray
diffraction, elemental analysis, high-resolution emission
spectroscopy) eventually demonstrates that in the crystal of
1 [EuLaEu(L9)3]


9+ (54%) is co-crystallised with [LaLaEu-
(L9)3]


9+ (20%) and [Eu3(L9)3]
9+ (26%); this closely reflects


the calculated speciation in the original liquor (48, 19,
23%). We conclude that no significant enrichment occurs
during the crystallisation process of the triple-helical com-
plexes [(La)x(Eu)3�x(L9)3]


9+ , which display sufficiently simi-
lar characteristics for their statistical incorporation into the
crystal lattice.


Conclusion


Our investigation of the formation of the homo- and hetero-
trimetallic helicates [(Ln1)x(Ln


2)3�x(L9)3]
9+ (x=0±3) demon-


strates that the classical statistical thermodynamic models A
and B, which consider identical affinities for the terminal
and central sites, fail to rationalise the speciation in solution
and the associated thermodynamic formation constants. The
assignment of different absolute affinities to the terminal
(ktLn) and the central (kcLn) sites is evidently a consequence
of the respective coordination spheres N6O3 and N9 provid-
ed by the wrapped strands in [Ln3(L9)3]


9+ , but their estima-
tion strongly depends on the sophistication of the statistical
thermodynamic model. Our preliminary set of data collected
for seven different ions along the lanthanide series (La, Nd,


Sm, Eu, Yb, Lu, Y), of which the heterotrimetallic com-
plexes of only ten pairs have been explored, leads us to ne-
glect the interaction parameter uLn1Ln2=exp(�DELn1Ln2/
RT)=1 (model C), and the resulting ktLn and k


c
Ln display in-


triguing, but continuous, dependence on the lanthanide size
along the series. As expected from previous studies on the
monometallic triple-helical model [Ln(L10)3]


3+ ,[20] the cen-
tral nine-coordinate N9 site in [Ln3(L9)3]


9+ favours complex-
ation of large LnIII ions and thus leads to a reverse electro-
static trend (Figure 6a). However, the peak of selectivity
around Ln=Ho (Figure 6b) observed for the terminal site
has no precedent in the monometallic model [Ln(L11)]3+ ,[21]


and its definitive interpretation should await until sufficient
non-correlated thermodynamic data are available for ex-
tracting reliable interaction parameters uLn1Ln2. Although a
satisfying fit of the available micro- and macroscopic ther-
modynamic formation constants for [(Ln1)x(Ln


2)3-x(L9)3]
9+


was obtained with the rough sets of kcLn and k
t
Ln (collected in


Table 4), explicit values for the interaction parameters
uLn1Ln2 remain crucial for rationalising fine recognition pro-
cesses resulting from intermetallic electronic, electrostatic or
mechanical coupling. Preliminary attempts to extract a
mean parameter uLn1Ln2=uLn1Ln1=uLn2Ln2=u¼6 1, together
with the absolute affinities for some favourable Ln1/Ln2


pairs [i.e. , pairs for which seven independent stability con-
stants are available, Eqs. (8)±(15)] show drastic correlations
between the fitted parameters and no significant improve-
ment of the quality of the thermodynamic model. A more
sophisticated description thus requires simultaneous consid-
eration of the formation constants for the analogous mono-
metallic [Ln(L12)3]


3+ (bLn13 ) and bimetallic helicates
[(Ln1)x(Ln


2)2�x(L12)3]
6+ (x=0, 1, 2; bLn


1Ln2


23 ),[15] because bLn13
and bLn


1Ln2


23 depend only on ktLn and uLn1Ln2 The combination
of mono-, bi- and trimetallic thermodynamic data should
give sets of 12 independent equations for each Ln1/Ln2 pair
from which at least five parameters (including uLn1Ln2) could
be reasonably extracted, and research along this line is in
progress. Interestingly, model C can be easily extended and
adapted for numerous types of supramolecular polymetallic
assemblies obtained under thermodynamic equilibria, thus
opening perspectives for the rational programming and
preparation of heterometallic complexes exhibiting novel
functions resulting from specific intermetallic communica-
tions.[13,23] In this context, the predicted and observed isola-
tion of about 50% of [EuLaEu(L9)3]


9+ from a well-defined
mixture highlights the potential and limitation of this ap-
proach, because the different heterotrimetallic helicates are
too similar to allow selective crystallisation of one particular
complex. In other words, the preparation of heterometallic
triple-stranded helicates depends on our capacity 1) to com-
bine different sites along the strands displaying specific af-
finities for LnIII and 2) to rationalise intermetallic couplings
which are responsible for further ultrafine tuning and selectivity.


Experimental Section


Solvents and starting materials were purchased from Fluka AG (Buchs,
Switzerland) and used without further purification unless otherwise
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stated. Acetonitrile was distilled from CaH2. The ligand 2,6-bis{1-ethyl-5-
{1-ethyl-2-[6-(N,N-diethylcarbamoyl)pyridin-2-yl]benzimidazol-5-methyl-
ene}benzimidazole-2-yl}pyridine (L9) was prepared according to a litera-
ture procedure.[12] The triflate salts Ln(CF3SO3)3¥xH2O (Ln=La±Lu)
were prepared from the corresponding oxides (Rhodia, 99.99%). The Ln
content of solid salts was determined by complexometric titrations with
Titriplex III (Merck) in the presence of urotropine and xylene orange.[24]


Preparation of the complexes [(Ln1)x(Ln
2)3�x(L9)3]


9+ (Ln1, Ln2=La, Nd,
Sm, Eu, Yb, Lu, Y; x=0, 1, 2, 3). L9 (7.25 mg, 7î10�6 mol),
Ln1(CF3SO3)3¥xH2O and Ln2(CF3SO3)3¥xH2O in variable proportions
(condition: [Ln1]+ [Ln2]= [Lntot]=7î10�6 mol) were mixed in dichloro-
methane/acetonitrile (1/1, 2 mL). After stirring for 3 h at room tempera-
ture, the solution was evaporated, dried under vacuum and the solid resi-
due dissolved in CD3CN (700 mL). The resulting solution was equilibrated
for 48 h at 298 K prior to 1H NMR measurement. For ESI-MS spectra,
the final solutions were diluted with acetonitrile (13.3 mL) to give
[L9]tot=5î10�4m.


Crystal structure determination of [La0.96Eu2.04(L9)3](CF3SO3)9(CH3NO2)9
(1): Slow diffusion of tert-butyl methyl ether into a mixture of La(CF3-
SO3)3:Eu(CF3SO3)3:L9=1:2:3 ([L9]tot=10�2m) in nitromethane provided
X-ray-quality prisms of [La0.96Eu2.04(L9)3](CF3SO3)9(CH3NO2)9 (1). Eu2.04-
La0.96C207H222N48O51F27S9; Mr=5443.7; m=0.81 mm�1, 1exptl=1.397 gcm�3,
monoclinic, P21/c, Z=4, a=21.8000(14), b=33.5750(13), c=
35.5235(18) ä, b=95.339(7)8, V=25888(2) ä3; transparent prism, 0.052î
0.17î0.46 mm, mounted on a quartz fiber with protective oil. Cell dimen-
sions and intensities were measured at 200 K on a Stoe IPDS diffractom-
eter with graphite-monochromated MoKa radiation (l=0.7107 ä);
119897 measured reflections, 2qmax=44.78, 32909 unique reflections of
which 14460 were observable [ jFo j>4s(Fo)]; Rint=0.095 for 85737
equivalent reflections. Data were corrected for Lorentzian and polarisa-
tion effects and for absorption (min/max transmission=0.8180/0.9579).
The structure was solved by direct methods (SIR97),[25] and all other cal-
culations were performed with the XTAL[26] and ORTEP[27] programs.
Full-matrix least-squares refinement based on F using weights of 1/
[s2(Fo) + 0.00015(F2o)] gave final R=0.061, wR=0.063 and S=1.52(1) for
2956 variables and 15775 contributing reflections. The final difference
electron density map showed a maximum of +1.70 and a minimum of
�1.27 eä�3. The hydrogen atoms were placed in calculated positions and
contributed to Fc calculations. The population parameters of the metal
sites Eu1, La1 and Eu2 (major) were refined (Eu1, La1, Eu2=0.88(3),
0.74(3), 0.90(3)), and those of the respective La11, Eu11, La22 (minor)
were constrained to be complementary to unity. No restriction was ap-
plied between the population parameters of the terminal Eu1 and Eu2
atomic sites. The anisotropic displacement parameters of the minor sites
were constrained to be identical to those of the major sites. The methyl
C61b, ethyl C58c-C59c and diethylamide N13c-C52c-C53c-C54c-C55c
groups (14 atoms) were disordered, and each group was refined on two
distinct positions with PP=0.5 and isotropic displacement parameters.
The anions were refined with anisotropic displacement parameters,
except for the nine carbon atoms, and restraints on bond lengths and
angles. The solvent molecules were located on 14 sites (4 sites with PP=
1 and 10 sites with PP=0.5) and refined with isotropic displacement pa-
rameters and restraints on bond lengths and angles. On account of the
ambiguity in the location of the methyl groups, the hydrogen atoms of
the nitromethane solvent molecules were not calculated. CCDC 218566
(1) contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or
deposit@ccdc.cam.uk).


Spectroscopic and analytical measurements : IR spectra were obtained
from KBr pellets with a Perkin±Elmer 883 spectrometer. 1H NMR spec-
tra were recorded on a Broadband Varian Gemini 300 and on a Brucker
DRX-500 spectrometer at 298 K. Chemical shifts are given in ppm versus
TMS. The relative proportion of each complex was determined by inte-
gration of the 1H NMR signals at different Ln1:Ln2:L9 ratios. The associ-
ated stability constants were estimated from distributions simulated with
the program MINEQL+ .[15] ESI-MS spectra were recorded from 5î
10�4m acetonitrile solutions with plastic microchips (DiagnoSwiss, Month-
ey, Switzerland) used as single-use infusion devices[28] on a triple-quadru-
pole linear ion trap mass spectrometer (QqLIT)[29] (Q TRAP, AB/MDS


Sciex, Concord, Canada). Microchips were cut into a V shape at one end
of the channel (120 mm in width, 45 mm in height and 1 cm in length), and
a polypropylene reservoir was placed on the other end. The open-ended
tip was positioned and centred with a home-made source 2 mm in front
of the MS front plate. A voltage of 3.5 to 3.8 kV was applied to 50 mL of
sample in the reservoir with a platinum electrode (front plate: 1 kV).
Mass spectra were acquired either as full-scan Q1 (unit mass resolution)
averaged over typically 30 s, or as enhanced-resolution (ER) spectra cen-
tred on the mass of interest by using the linear ion trap with a trap fill
time of 5 ms and a LIT scan rate of 250 Ths�1 averaged over 30 s. The ex-
perimental procedures for high-resolution, laser-excited luminescence
measurements have been published previously.[30] Solid-state samples
were finely powdered, and low temperature (295±5 K) was achieved by
means of a Cryodyne Model 22 closed-cycle refrigerator from CTI Cryo-
genics. Luminescence spectra were corrected for the instrumental func-
tion, but not excitation spectra. The metal contents of the complex were
determined by ICP-MS (HP 4500 ICP MS) after oxidative mineralisation
of the sample (standard solutions: Eu and La 1.0 mgmL�1 in 2% aqueous
nitric acid (Acros)).
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Crystal Refinement and Magnetic Structure of KNi4(PO4)3: A Novel Example
of Three Interacting Magnetic Sub-Lattices


MarÌa-Luisa LÛpez, Cristina Durio, Abdelaali Daidouh, Carlos Pico, and
MarÌa-Luisa Veiga*[a]


Introduction


Solid transition-metal compounds are of considerable inter-
est, because they display a plethora of remarkable electrical
and magnetic properties. The most studied systems are the
transition-metal oxides, with many of them exhibiting no-
ticeable magnetic properties related with either low dimen-
sionality,[1,2] or frustration effects[3] and spin-ice materials,[4]


for example. Thus, the understanding of complex electronic
and magnetic properties in materials in which electrons are
on the edge of itinerant to localised transition needs a clear
knowledge of the fundamental magnetic properties of sim-
pler materials, such as the electronic insulators, which could
provide useful models to study those more difficult systems.


In this sense, phosphate oxosalts of transition-metal cat-
ions are quite close to oxides, because they show a wide
range of connections between metal polyhedra, in general
with very opened structures, that give rise to various poten-
tial applications. Many of them are related to solid-state de-
vices for lithium batteries as electrodes or electrolytes, with
LiFePO4 and LiFe3(PO4)3


[5,6] being some representative ex-
amples. On the other hand, transition-metal cations can


define three-dimensional condensed frameworks that exhibit
interesting cooperative magnetic interactions.[7±10] In particu-
lar, the complex structural chemistry of several orthophos-
phates of general formula AM4(PO4)3 (A=alkali metal,
M=divalent metal cation) has been studied for many
years,[11±17] and different crystal structures have been de-
scribed.


Phosphates with the above stoichiometry possess ortho-
rhombic symmetries with quite similar unit cell parameters,
which mainly depend on the cation sizes (Table 1). Never-
theless, noticeable differences in metal coordination polyhe-
dra and in their connectivities are encountered; this implies
varied physical properties. Unfortunately, even if good crys-
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Fax number: (+34)913-944-352
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Abstract: KNi4(PO4)3 has been synthe-
sised following a method previously re-
ported by some of us and studied on
the basis of magnetization and neutron
powder diffraction (NPD) data. Mag-
netization measurements suggest the
coexistence of ferromagnetic (FM) and
antiferromagnetic (AFM) interactions:
magnetization versus magnetic field
curves present a remanent magnetiza-


tion of around 2.15 mB at T=2 K. The
magnetic structure of the KNi4(PO4)3
has been determined at low tempera-
ture from the NPD data. These mea-
surements show that there are three


magnetic sub-lattices of Ni2+ ions,
which interact through common
oxygen or phosphate groups, giving rise
to FM and AFM couplings. The result-
ing interactions are FM in nature. Such
a complex behaviour could provide an
interesting model to analyse magnetic
interactions in more condensed sys-
tems, such in mixed metal oxides.


Keywords: magnetic properties ¥
neutron diffraction ¥ nickel ¥


Table 1. Othophosphates of general formula AM4(PO4)3.


Space a [ä] b [ä] c [ä] Ref.
group


KFe4(PO4)3 Pmnn 6.273 16.513 9.808 [11]
(single crystal)


NaMg4(PO4)3 Pnma 9.883 6.345 15.240 [12]
(single crystal)


NaNi4(PO4)3 Amam 9.892 14.842 6.357 [13]
(single crystal)


KMn4(PO4)3 Pmcn 6.550 16.028 9.977 [14]
(single crystal)


ANi4(PO4)3 Pmnn 6.148 16.210 9.474 [15, 16]
A=Na, K (polycrystal) (this paper)


KMn4(PO4)3 Pmnn 6.554 16.049 9.977 [15, 16]
(polycrystal)


(NH4)Mn4(PO4)3 Pnnm 9.885 16.745 6.464 [17]
(single crystal)
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tals for X-ray structure determination were obtained, pow-
dered pure phases were not prepared in most cases. This
fact precludes carrying out further studies on properties
and, in consequence, their applications cannot be envisaged.


From the isolation and characterisation of a good number
of phases of the system AM4(PO4)3, we noted that some of
them showed remarkable electrical and magnetic proper-
ties.[15,16] We pointed out that the complex behaviour of
these materials needed the knowledge of their magnetic
structure in order to provide a complete interpretation for
it.


The aim of present work is to report the room-tempera-
ture crystal structure refinement and the low-temperature
magnetic structure of KNi4(PO4)3, carried out by high-reso-
lution neutron powder diffraction (NPD). From these results
its magnetic behaviour is analysed on the basis of coexisting
Ni-O-Ni superexchange with super±superexchange (Ni-O-
O-Ni) magnetic interactions mediated by phosphate groups
(NiOn-PO4-NiOm). The magnetic structures of other related
derivatives of manganese and cobalt are under study and
will be reported in due course.


Results and Discussion


Crystal structure refinement : The refinement of the
KNi4(PO4)3 crystallographic structure was carried out from a
high-resolution NPD pattern collected at room temperature
with l=1.911 ä. The data were fitted using the pattern
matching routine of the program Fullprof,[18] in the Pnnm
space group, taking the parameters previously reported by
some of us[15,16] as a starting point. The structural refinement
was performed in this space group and the good agreement
between the observed and calculated patterns is shown in
Figure 1. The structural parameters calculated in the refine-
ment are gathered in Table 2.


We also tried the space group Amam in which
NaNi4(PO4)3 phosphate[13] had been described from single-
crystal data, but no good fitting was achieved. Therefore no
change of space group is detected with respect our previous
results from XRD data.


In this refinement three independent crystallographic sites
for the nickel and phosphorus atoms are present in the com-
pound. The final refined positional and thermal parameters
are given in Table 3. The main interatomic distances, angles


and bond valence sums (BVS) around cations for the potas-
sium nickel orthophosphate are listed in Table 4. The potas-
sium cations adopt a six-fold coordination in a distorted
trigonal prism. The three kinds of Ni atoms are arranged in
distorted trigonal bipyramids, labelled Ni1, and in octahe-
dra, Ni2 and Ni3. The phosphorus atoms form tetrahedral
polyhedra that are slightly distorted. As we can see in
Table 4, in all cases, their bond length mean values and the
BVS×s are in good agreement with the sum of the ionic
radii[19] and calculated valence for all atoms, respectively.


The projection of the overall structure in the bc plane
(Figure 2) shows its complexity, which can be rationalized as
being made up of [Ni4(PO4)3] groups connected in such a
way that tunnels parallel to the a axis are formed in which
the potassium cations are located. The Ni�O framework will
be the primary focus of this description in order to rational-


Figure 1. Observed (circle), calculated (solid line), and difference (at the
bottom) neutron diffraction (D1A, ILL) profiles of KNi4(PO4)3 at room
temperature. Vertical marks correspond to the position of the allowed re-
flections for the crystallographic structure.


Table 2. Details of full-profile refinements from neutron diffraction pat-
tern at room temperature for KNi4(PO4)3.


space group Pnnm
a [ä] 9.474(9)
b [ä] 16.203(8)
c [ä] 6.145(7)
V [ä3] 943.55(7)
Z 4
reflections 577
parameters 71
Rp=� jyi,obsvd�(1/c)yi,calcd j /�yi,obsvd 5.04
Rwp= {�wI jyi,obsvd�(1/c)yi,calcd j 2/�wi[yi,obsvd]


2}1/2 6.69
Rb= [� j Iobsd�Icalcd j ]/�Iobsd 4.31
c2 5.71


Table 3. Final refined positional and thermal parameters from the neu-
tron diffraction pattern (D1A) at room temperature for KNi4(PO4)3.


Atom Site x y z b [ä2]


K 4g 0.7966(6) 0.033(1) 0.5 1.77(2)
Ni1 4g 0.5345(7) 0.091(9) 0 0.90(6)
Ni2 4g 0.9872(6) 0.1423(2) 0 0.79(7)
Ni3 8h 0.2486(9) 0.2040(6) 0.2508(1) 1.07(2)
P1 4g 0.5407(5) 0.1633(7) 0.5 1.36(2)
P2 4g 0.9555(8) 0.2204(4) 0.5 0.63(1)
P3 4g 0.2091(1) 0.0356(1) 0 1.19(1)
O1 4g 0.3787(7) 0.1337(7) 0.5 1.08(1)
O2 4g 0.1135(5) 0.2242(1) 0.5 1.02(1)
O3 8h 0.5887(3) 0.1169(4) 0.2996(8) 1.08(8)
O4 4g 0.3941(4) 0.1883(7) 0 1.26(1)
O5 4g 0.6105(4) 0.2509(2) 0.5 0.94(1)
O6 4g 0.8657(9) 0.0445(1) 0 1.40(1)
O7 8h 0.1587(4) 0.090(2) 0.1975(1) 0.95(8)
O8 8h 0.8928(5) 0.1817(2) 0.7070(8) 1.42(1)
O9 4g 0.3638(7) 0.0209(2) 0 1.53(1)
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ize the magnetic behaviour. This framework can be decom-
posed in three different fragments for clarity. The Ni3 ar-
rangement defines one-dimensional chains of edge-shared
octahedra along the c axis that condense with Ni2 isolated
octahedra to form layers parallel to the ac plane (Figure 2b).
These Ni2O6 octahedra, which are situated between the Ni3
chains, share two edges with one chain (left) and two of the
vertices with two apical oxygens on the other adjacent Ni3
chain (right) to form an extended lattice along the a axis.
The trigonal bipyramids (or pseudo-square pyramids) Ni1O5


share an equatorial edge (Figure 2c) and these units are
linked to the Ni3/Ni2 layers through the third equatorial
corner and an oxygen atom of the edge-shared Ni3 chains in
order to extend the Ni�O framework along the b axis. Final-
ly, Ni12O8 dimers are also connected to Ni2O6 isolated octa-
hedra through PO4 tetrahedra by sharing corners, thus form-
ing Ni�O/PO4 layers in the bc plane (Figure 2d). Note that
shared corners of PO4 tetrahedra lie in the plane and their
fourth corner alternately points towards and away from the
above layers and belongs to the common edge of the
(Ni3O8)¥ chains. Therefore, two parallel edge-shared


(Ni3O8)¥ chains are orientated
approximately orthogonal to
each other with respect to their
square planes, but are not in
direct contact (see Figure 2a,b).


Magnetic properties : Variable
temperature magnetic suscepti-
bility measurements of
KNi4(PO4)3 have been carried
out on a powdered sample over
the temperature 4.2±300 K
range. Figure 3 shows the tem-
perature dependence of the
magnetic susceptibility and its
reciprocal for this compound.
At temperatures above 50 K
the thermal evolution of cm fol-
lows a Curie±Weiss law,
cm=Cm/(T�q), with Cm=


1.4 emuKmol�1 Ni2+ , and q=


0.82 K. From the difference be-
tween the experimental
(3.34 mB) and theoretical
(2.83 mB) values of the magnetic
moments encountered, some
magnetic interactions between
the paramagnetic Ni2+ ions are
to be expected.


Below 50 K, the molar mag-
netic susceptibility increases no-
ticeably with decreasing tem-
perature and reaches a maxi-
mum at 7 K, indicating that a
long magnetic order is estab-
lished at this temperature.
Figure 4 shows the cmT versus
T curve, and we can observe


that the cmT product increases when temperature decreases,
showing a transition at the Nÿel temperature of 40 K
and reaching a sharp maximum at 20 K. This behaviour
can be attributed to the dominant magnetic exchange inter-
action of ferromagnetic (FM) in nature.[20] However, it
s interesting to note a more complex behaviour, evidenced
by the maxima observed in the cm graph, that can be
attributed to a weakly antiferromagnetic (AFM) compo-
nent.[21]


The presence of the above FM component is confirmed
by the magnetization versus magnetic field measurements
shown in Figure 5. In the isothermal magnetization curve
corresponding to T=2 K a remanent magnetization is ob-
served, its value being around 2.15 mB per formula unit. Al-
though some magnetization still remains at T=14 K, around
1.78 mB per formula unit, at higher temperatures, for instance
at 50 K (not shown), the field dependence of the magnetiza-
tion is linear and no hysteresis is observed; this indicates a
paramagnetic behaviour. The hysteresis loops do not satu-
rate even at fields as high as 50 kOe suggesting that an
AFM component is also present.


Table 4. Main interatomic distances [ä], angles [8] and bond valence sums around cations for KNi4(PO4)3.


KO6


K�O3 2.691(5) î2 K�O7 2.761(6) î2 K�O8 2.873(1) î2
mean 2.775
Shannon[a] 2.78
valence sum 1.07 1


P1O4 P(2)O4 P3O4


P1�O1 1.544(1) P2�O2 1.498(9) P3�O6 1.479(1)
P1�O3 1.512(6) î2 P2�O4 1.588(1) P3�O7 1.576(6) î2
P1�O5 1.565(1) P2�O8 1.538(4) î2 P3�O9 1.586(1)
mean 1.533 mean 1.541 mean 1.554
Shannon[a] 1.57 Shannon[a] 1.57 Shannon[a] 1.57
valence sum 5.02(5) valence sum 4.94(5) valence sum 5.11(6)


Ni1O5 dimers Ni2O6 isolated Ni3O6 chains


Ni1�O3 1.954(5) î2 Ni2�O5 2.087(5) Ni3�O1 2.026(5)
Ni1�O4 2.051(8) Ni2�O6 1.958(8) Ni3�O2 2.023(5)
Ni1�O9 1.985(8) Ni2�O7 2.197(5) î2 Ni3�O4 2.083(5)
Ni1�O9 2.067(8) Ni2�O8 2.109(5) î2 Ni3�O5 2.159(5)


Ni3�O7 2.058(5)
Ni3�O8 2.315(5)


mean 2.002 mean 2.109 mean 2.111
Shannon[a] 2.03 Shannon[a] 2.10 Shannon[a] 2.10
valence sum 1.97(1) valence sum 1.89(1) valence sum 1.92(1)


Ni1O5 dimers Ni2O6 isolated Ni3O6 chains


O3-Ni1-O3 140.3(9) O5-Ni2-O6 178.2(7) O1-Ni3-O2 81.2(5)
O3-Ni1-O4 91.3(8) O5-Ni2-O7 83.9(5) î2 O1-Ni3-O4 97.8 (1)
O3-Ni1-O9 109.8(8) O5-Ni2-O8 89.1(5) î2 O1-Ni3-O5 174.7(3)
O3-Ni1-O9 92.9 O6-Ni2-O7 178.2(7)î2 O1-Ni3-O7 98.2(1)
O4-Ni1-O9 85.2(8) O6-Ni2-O8 89.9(7) O1-Ni3-O8 85.8(6)
O4-Ni1-O9 167.5(4) O7-Ni2-O7 67.7(4) O2-Ni3-O4 176.8(3)
O9-Ni1-O9 82.3(5) O7-Ni2-O8 155.4(3) î2 O2-Ni3-O5 95.8(5)


O7-Ni2-O8 88.2(7) î2 O2-Ni3-O7 90.1(2)
O8-Ni2-O8 115.3(4) O2-Ni3-O8 108.8(7)


O4-Ni3-O5 84.8(8)
O4-Ni3-O7 93.0(2)
O4-Ni3-O8 68.1(7)
O5-Ni3-O7 86.1(1)
O5-Ni3-O8 90.9(4)
O7-Ni3-O8 161.1(2)


[a] Shannon ionic radii, see reference [19].
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Magnetic structure determination : Figure 6 shows the NPD
patterns collected at 300 and 5 K. By comparing both pat-
terns noticeable changes are observed in certain Bragg re-


flections, which are all permitted in the space group Pnnm.
From the pattern acquired at T=5 K some of them, such as
the (101), (200), (301) and (400) reflections, start to be ob-


Figure 2. Crystal structure of KNi4(PO4)3. Colour codes: Ni1 blue, Ni2 green, and Ni3 yellow polyhedra; PO4 groups dark tetrahedra. a) Polyhedral view
of the crystal structure of KNi4(PO4)3 in the [100] direction. b) Connections between (Ni3O8)¥ chains and Ni2O6 octahedra in the [010] direction. c) Con-
nections between (Ni3O8)¥ chains and (Ni12O6) dimers. d) Connections between (Ni12O8) dimers and Ni2O6 octahedra through PO4 groups.


Figure 3. Temperature dependence of molar magnetic susceptibility (cm)
and inverse (1/cm) for KNi4(PO4)3.


Figure 4. Temperature dependence of cmT for KNi4(PO4)3.


Figure 5. Magnetization versus magnetic field for KNi4(PO4)3 at two tem-
peratures: dark circle T=2 K and open circle T=14 K.


Figure 6. Observed neutron diffraction patterns of KNi4(PO4)3 at 300 K
(line) and 5 K (dots).
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served and others, such as the (230) and (112)/(022)/(051)
reflections, increase in intensity. Thus the NPD pattern at
room temperature is characteristic of only the nuclear scat-
tering and the observed variations should be due to magnet-
ic interactions, according to the above magnetic measure-
ments.


This behaviour corresponds to the onset of a magnetic or-
dering in good agreement with previous studies in related
systems.[22] All magnetic peaks can be indexed with a propa-
gation vector k= (000), referring to the room-temperature
unit cell, indicating that both the magnetic and nuclear cells
are similar.


Group theory analysis : The possible magnetic structures
compatible with the Pnnm crystal symmetry have been eval-
uated with help of Bertaut×s macroscopic theory,[23] which
allows one to determine the symmetry constraints between
each magnetic moment of all Ni2+ belonging to the same
general crystallographic positions. Nevertheless, the present
problem is quite complex, because the magnetic cations
occupy three different crystallographic sites, giving rise to
three magnetic sub-lattices that seem to interact simultane-
ously: one of them arises from general sites 8h (named Ni3
in Table 3) and the remaining nickel cations are located in
the special sites 4g (labelled as Ni1 and Ni2). By using the
method developed by Bertaut and taking into account the
restrains imposed by the independent symmetry elements of
the space group Pnnm along the three directions x, y and z,
the orientations of the magnetic moments in every sub-lat-
tice were calculated. The basis vectors obtained for each ir-
reducible representation Gi, according to the projection op-
erator method, are reported in Table 5.


The agreement between the observed and calculated dif-
fraction patterns for each possible magnetic structure has
been tested. After checking all of these solutions, it was
found that the best fitting was obtained from (Cx, Fy, 0) for
Ni1, and (0, Fy, 0) for Ni2, both located on special sites 4g,
and from (Cx, Fy, 0) for Ni3, which are placed on general
sites 8h. The discrepancy factors and the calculated magnet-
ic moments are shown in Table 6. For this solution, the good
agreement between the observed and calculated patterns at


T=5 K can be seen in Figure 7. The best refinement corre-
sponds to the magnetic structure of KNi4(PO4)3 depicted in
Figure 8.


As it was above described, the crystal structure is built by
arrangements of three types of entities formed by nickel
polyhedra sharing corners and edges, and linked by PO4 iso-
lated tetrahedral units. Let us recall how such entities are ar-
ranged in the crystal structure:


1) Ni3 octahedral chains run parallel to the c axis.
2) Ni2 isolated octahedra are linked to the Ni3 chains,


forming triangular groups (being around 608 the angles
Ni(3)-Ni2-Ni3).


3) Ni1 form trigonal bipyramidal dimers that link parallel
to the above-mentioned Ni3/Ni2 chains.


In the magnetic structure (see Figure 8) all these main en-
tities interact as follows:


1) Ni3 octahedral chains show a FM component along the
y direction and, with respect to the x component, the
magnetic structure consists of FM chains that are antifer-
romagnetically coupled (Figure 8b).


2) Ni2 isolated octahedra possess a unique FM component
along the y direction. Between Ni3 and Ni2 a non-collin-
ear arrangement is found, consistent with the edge-
shared triangular Ni2+ arrangement, which is marked in
Figure 8a for clarity.


Table 5. Basis vectors for Pnnm and k=0. Atomic positions for Ni1 and
Ni2: 1. (x,y,0); 2. (�x, �y, 0); 3. ( �x+ 1=2, y+


1=2,
1=2); 4. (x+


1=2, �y+ 1=2,
1=2); and for Ni3: 1. (x,y,z); 2. (�x, �y, z); 3. ( �x+ 1=2, y+


1=2, �z+ 1=2); 4.
(x+ 1=2, �y+ 1=2, �z+ 1=2).


[a,b]


Ni1 and Ni2 Ni3


x y z x y z
G1 A G ± A G C
G2 G A ± G A F
G3 ± ± A C F A
G4 ± ± G F C G
G5 ± ± C
G6 ± ± F
G7 C F ±
G8 F C ±


[a] F=S1+S2+S3+S4 ; A=S1�S2�S3+S4; G=S1�S2+S3�S4 ; C=S1+


S2�S3�S4. [b] Two sets of positions related by 1≈ .


Table 6. Magnetic moment and discrepancy factors associated with the
models for T=5 K.[a]


Cx Fy Az m [mB]


Ni1 �1.07(4) 1.42(3) ± 1.78
Ni2 0 �1.98(4) ± 1.98
Ni3 1.18(3) �1.77(6) 0 2.12


[a] Rm=5.40, RB=4.31.


Figure 7. Observed and calculated neutron diffraction patterns of
KNi4(PO4)3 at 5 K and difference between them.
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3) Ni1 trigonal bipyramidal dimers are ferromagnetically
ordered in the ab plane.


4) Finally, both entities, Ni3 and the next neighbours Ni1,
are antiferromagnetically coupled.


Although the overall refined model is FM, the arrange-
ment of the moments allows the existence of a weak AFM
component in both x (between Ni3 atoms) and y directions
(i.e., between Ni1 and Ni3 neighbouring atoms).


Conclusions


In the magnetization versus magnetic field measurements
(see Figure 5) a remanent magnetization is observed at T=2
and 14 K; this is in good agreement with the above magnetic
structure model determined from NPD data. In the low-
temperature structure a strong magnetic component devel-


ops along the b direction. However, a maximum is observed
at around 7 K that can be attributed to an AFM coupling
between Ni3 and Ni1.


The ordered magnetic moments obtained at 5 K, 1.78 mB


for Ni1, 1.98 mB for Ni2, and 2.12 mB for Ni3, agree well with
those expected for Ni atoms in the divalent oxidation state,
Ni2+ , with S=1 (ordered moment 2 mB). The refined mag-
netic moments of the Ni2+ ions in an octahedral environ-
ment are always higher than those with a bipyramidal trigo-
nal geometry. The slight observed differences can be attrib-
uted to the distinct crystal effects.[24]


The magnetic structure of KNi4(PO4)3 shown in Figure 8
consists of AFM arrangements between the (Ni3O8)¥ octa-
hedral chains and (Ni12O8) dimers, in trigonal bipyramidal
coordination, with their magnetic moments orientated on
the ab plane. On the other hand, the fact that the Ni2 sub-
lattice becomes ordered according to the basis functions of
the same irreducible representation, as occurs in the Ni3
sub-lattice, implies that the Ni2 sub-lattice ordering is prob-
ably provoked by the local magnetic field created by the or-
dered Ni3 moments on the Ni2 sites. Recall that the Ni2
atoms are located between two chains of (Ni3O8)¥ sharing
edges or corners. With respect to the x component, it is in-
teresting to note that both (Ni3O8)¥ chains are antiferro-
magnetically coupled, giving way to a zero magnetic field at
the Ni2 site. Therefore, the ferromagnetic y component of
the Ni3 atoms gives rise to a non-zero magnetic field at the
Ni2 sites and is the responsible for the Ni2 sub-lattice order-
ing. Something similar has been described for NdMnO3.


[25]


Spontaneous static ordering of the magnetic moments at
low temperatures is caused by exchange interactions be-
tween the moments, making it energetically favourable for
them to align either parallel or anti-parallel. Superexchange
interactions are well understood for a simple cation±anion±
cation pathway with interactions strongly AFM for a linear
1808 Ni-O-Ni bond angle and FM for an angle of 908. The
higher value observed up to now for FM interactions in NiII


compounds is 1048.[26]


The magnetic structure of KNi4(PO4)3 allows us to estab-
lish several exchange pathways[20,27,28] (see Figure 9):


1) Superexchange intradimer interactions through oxygen
atoms involving metal dx2�y2 orbitals from edge-sharing
nickel polyhedra, both in (Ni12O8) trigonal bipyramidal


Figure 8. Magnetic structure model of KNi4(PO4)3 showing the three Ni
sub-lattices and their respective moments.


Figure 9. Exchange pathways for KNi4(PO4)3.
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dimers and in (Ni3O8)¥ octahedral chains. Shorter Ni3-
O4-Ni3 bond lengths (2î2.08 ä and angle 95.58) offer a
stronger FM exchange pathway than Ni3-O5-Ni3 bonds
(2î2.15 ä and 92.28); hence, this gives rise to a more ef-
ficient orbital overlap. In the same way, in the (Ni12O8)
units, in which the angles are only somewhat higher
(97.78) intradimer FM couplings are also favourable.


2)AFM superexchange interactions between (Ni12O8)
dimers and their neighbour chains, through the O4
atoms or PO4 groups, are favoured by the higher bond
angle Ni3-O4-Ni1 (1228) and the relatively short bond
lengths (2.05 ä; Figure 9). Connections between the Ni3
chains and Ni1 dimers, as well as between Ni2 isolated
octahedra and Ni1 dimers, are also available through the
bonding phosphate groups (i.e. , Ni1-O-P-O-Ni3 or Ni1-
O-P-O-Ni2, respectively). In this sense, weak M-O-P-O-
M superexchange between octahedra occurs in KBaFe2-
(PO4)3


[29] between 4.2 and 3.9 K, and stronger interac-
tions are observed in Na3Fe2(PO4)3,


[30] NaFeP2O7
[31]and


Fe3(PO4)2,
[32] with Nÿel temperatures of 29, 47 and 44 K,


respectively. As the magnetic ordering temperature of
KNi4(PO4)3 is closer (40 K) it would seem more likely
that the superexchange pathways through the PO4 group
will not be negligible.


3) Superexchange interactions between (Ni3O8)¥ chains
and (Ni2O6) isolated octahedra may operate through the
O7 and O8 atoms, with the former providing the greatest
opportunity for orbital overlap Ni3-O7-Ni2 (bond
lengths 2.19, 2.05 ä and angle 908). Therefore, FM inter-
actions between them must be operative.


4) The presence of dimers (Ni12O8) seems to be responsible
for the interchains FM coupling of (Ni3O8)¥ and, in con-
sequence, for the overall ferromagnetism of the struc-
ture.


The magnetic structures of other related derivatives of
manganese (KMn4(PO4)3) and cobalt (KCo4(PO4)3) show re-
markable differences with this phase of nickel and also be-
tween themsleves; the results will be reported in due course.


Experimental Section


Polycrystalline samples of KNi4(PO4)3 were prepared by the ™liquid mix∫
technique[33] from powdered mixtures of KNO3, Ni(NO3)2¥6H2O, and
(NH2)2HPO4 (all reactants were supplied by Merck, Germany), in stoi-
chiometric ratios. The samples were obtained by firing in alumina cruci-
ble at temperatures above 1173 K for 24 h.


Neutron powder diffraction data were performed at different tempera-
tures on the D1A high-resolution powder diffractometer (l=1.9110 ä)
at the Institute Laue±Langevin (Grenoble, France). Diffraction patterns
were analysed by the Rietveld[34] method and the Fullprof program.[18]


The magnetic susceptibility measurements were performed in a commer-
cial superconducting quantum interference device magnetometer, Quan-
tum Design Magnetic Properties Measurement System 5S, on powder
samples in a temperature range from 1.8 K to 300 K under an applied
magnetic field of 5000 Oe. The magnetic field isothermal variations up to
50 kOe were obtained with the aid of a Quantum Design Physical Prop-
erties Magnetic System, which allowed for the experimental setting of
highly homogeneous magnetic field at specific temperatures.
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Photocontrolled Release and Uptake of a Porphyrin Guest by
Dithienylethene-Tethered b-Cyclodextrin Host Dimers


Alart Mulder,[a] Amela Jukovic¬,[a] Fijs W. B. van Leeuwen,[a] Huub Kooijman,[b]


Anthony L. Spek,[b] Jurriaan Huskens,*[a] and David. N. Reinhoudt*[a]


Introduction


One of the ultimate challenges in chemistry is to obtain ex-
ternal control over molecular properties. This is especially
true for the field of synthetic receptor molecules.[1] External
control over the selectivity of receptors gives access to tuna-
ble host molecules and ideally enables the release and/or
uptake of guest molecules to be induced at will. Clear exam-


ples can be found among reported work on switchable
cation receptors, which has led to tunable receptor mole-
cules that enable the controlled release and transport of cat-
ions.[2] In anlalogy to this work on cation receptors, Ueno
et al. modified cyclodextrins with photoswitchable azoben-
zene moieties to obtain photocontrollable receptor mole-
cules for small hydrophobic guests.[3] Cyclodextrins are of
special interest because of their ability to complex hydro-
phobic substrates in aqueous solutions, which leads to their
application in a wide variety of fields such as pharmaceuti-
cals, artificial enzymes, and biomimetic materials.[4] A varie-
ty of photoswitchable cyclodextrins have been synthesized,
but only marginal differences in binding affinity have been
observed[3b±e] for the different configurations of the photo-
switchable unit, except in an early study by Ueno.[3a] More
recently, considerable interest in cyclodextrin dimers teth-
ered by tunable linkers has arisen.[5±8] Cyclodextrin dimers
are able to bind a large variety of guest molecules with rela-
tively high binding constants compared to those of the
parent cyclodextrins.
Ueno et al. were the first to report a tunable cyclodextrin


dimer.[5] By tethering two b-cyclodextrin cavities with an
azobenzene linker, they produced a photoswitchable b-cy-
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Abstract: Two photoswitchable dithien-
ylethene-tethered b-cyclodextrin dimers
were synthesized to function as host
molecules with an externally control-
lable binding affinity. The cyclodextrin
cavities of these dimers are linked
through their secondary sides by a pho-
tochromic dithienylethene unit that is
connected to the secondary rim either
directly (4) or through propyl spacers
(9). Irradiation with light switches
these dimers between a relatively flexi-
ble (open) and a rigid (closed) form.
The binding properties of the dimers
depend on the configuration of the di-
thienylethene spacer, as is shown by
microcalorimetry performed with tetra-


kis-sulfonatophenyl porphyrin (TSPP)
as a guest molecule. The differences in
binding properties are most pro-
nounced for the more rigid dimer 4,
which binds TSPP 35 times more
strongly in the open form (4 a) than in
the closed form (4 b). The values found
for the enthalpy of binding (DH8) indi-
cate that this difference in binding is
due to the loss of cooperativity be-
tween the two b-cyclodextrin cavities


in the closed form. Molecular modeling
shows that 4 b is not able to bind TSPP
effectively in both cyclodextrin cavities.
The open and closed forms of the more
flexible dimer 9 show no substantial
difference in their binding of TSPP.
Thermodynamic values indicative of
strong binding of TSPP by two b-cyclo-
dextrin cavities were measured for
both forms of the dimer, and molecular
modeling confirms that both are flexi-
ble enough to tightly bind TSPP. The
binding differences between the forms
of dimer 4 allow the photocontrolled
release and uptake of TSPP, which ren-
ders control of the ratio of complexed
to free TSPP in solution possible.


Keywords: cooperative
phenomena ¥ cyclodextrins ¥ molec-
ular recognition ¥ photochromism ¥
porphyrinoids
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clodextrin dimer. However, no guest species were found
that displayed selectivity for one of the two configurations
of the dimer.
The groups of Wu[6] and Liu[7] have synthesized b-cyclo-


dextrin dimers containing oligo(ethylenediamine) tethers.
Upon coordination of metal ions, the tether flexibility of
these dimers is altered, which results in a change in binding
affinity. However, the dimers display only marginal differen-
ces in binding properties towards the guest molecules stud-
ied thus far.
Breslow et al. presented a nice example of a cyclodextrin


dimer able to release guest molecules. Two b-cyclodextrin
cavities were tethered through a photocleavable linker.[8] Ir-
radiation of a dimer±guest complex led to the cleavage of
the linker and the precipitation of the guest molecule. How-
ever, these dimers were destroyed irreversibly upon photoir-
radiation.
The use of a photoswitchable tether between the two cy-


clodextrin cavities is probably the most elegant choice for
production of a tunable cyclodextrin dimer: photons are
used to induce a switch between the two forms of the dimer
without the need for additives to initiate switching, and with
the proper choice of tether the photochromic switching
process is fully reversible.
Among the photochromic molecules suitable for imple-


mentation in a photoswitchable receptor, dithienylethenes
are the most promising. Dithienylethenes are photoswitcha-
ble molecules that are able to undergo thermally irreversi-
ble, fatigue-resistant, photochromic cyclization reactions
that interconvert the molecule between two defined states:
a relatively flexible open form and a rigid closed form.[9,10]


Dithienylethenes have been successfully exploited in the
synthesis of photoswitchable saccharide[11] and alkali metal
ion receptors.[12] In the open form, the two thiophene rings
are capable of folding into a parallel conformation, which
allows (possibly cooperative) interaction between the two
thiophene-appended moieties. In the closed form, these moi-
eties are spaced apart from each other in a rigid conforma-
tion.[11±13] On the basis of this work, we reasoned that dithie-
nylethenes could be used to photochemically tune the rela-
tive positions of two cyclodextrin cavities within a cyclodex-
trin dimer and thus could enable us to reversibly switch the
molecule between mono- and ditopic binding and thereby
achieve substantial differences in binding affinity.
Herein we report our findings on b-cyclodextrin dimers


tethered by a dithienylethene linker.[14] We have prepared
two dithienylethene-tethered b-cyclodextrin dimers (4 and
9) with different connectivities between the cyclodextrins
and the photochromic units (Scheme 1). In dimer 4, the di-
thienylethene moiety is attached directly at the secondary
sides of the b-cyclodextrin cavities, which leads to a relative-
ly rigid dimer with most of its rotational freedom in the di-
thienylethene spacer. Any change in the flexibility of the
photochromic spacer may therefore lead to a change in con-
formational freedom of the dimer. As an alternative, the
more flexible dimer 9 was synthesized, with the dithienyle-
thene unit and the secondary sides of the b-cyclodextrin cav-
ities separated by propyl spacers. The binding behavior of
the dimers was studied by isothermal titration microcalorim-


etry and UV/Vis spectroscopy. Molecular modeling was
used as a supportive tool to help explain the differences in
binding affinities.


Results and Discussion


Synthesis and characterization of the b-cyclodextrin dimers :
The synthesis of the b-cyclodextrin dimers is outlined in
Scheme 1. Dimer 4, in which the dithienylethene moiety is
connected directly to the secondary rim of the cyclodextrin
cavity, was synthesized from b-cyclodextrin amine 1 and
5,5’-(dicarboxydithienyl)cyclopentene[15] (2). 3-amino-3-
deoxy-heptakis(6-O-tert-butyldimethylsilyl)-b-cyclodextrin[16]


(1) was used as a precursor for dimer 4 to ensure selective
and rigid coupling of the dithienylethene unit directly onto
the secondary side of the b-cyclodextrin. Amide coupling of
1 and 2 with HBTU as a coupling agent gave the tert-butyl-
dimethylsilyl (TBDMS)-protected dimer 3 in 65% yield.
Subsequent deprotection of the primary hydroxy groups by
treatment with trifluoroacetic acid gave the water-soluble
dimer 4 in near-quantitative yield.
The modified sugar unit of the b-cyclodextrin amine 1 is


altrosidic, whereas the remaining sugar units are glucosidic,
which gives rise to a somewhat distorted b-cyclodextrin
cavity.[17] The altrose unit in dimer 4 adopts a 4C1 conforma-
tion in aqueous solution, as shown by the measurement of
its coupling constant (3J12=4.1 Hz) in the


1H NMR spectrum
of 4. This value sharply contrasts the 3J coupling constant,
3J12=7.3 Hz, found for the altrose unit in dimer 3, which is
indicative of an axial±axial coupling and implies that the al-
trose unit is in the more stable 1C4 conformation. In aqueous
solution, the conformational free energies of the 4C1 and


1C4
conformations of a-d-altrose are nearly identical.[18] It ap-
pears that hydrophobic interactions between the dithienyl-
ethene unit and the b-cyclodextrin cavity force the confor-
mational equilibrium of the altrose unit towards the 4C1 con-
formation, in which the dithienylethene spacer is directed
towards the cavity. Similar results have been reported by
Nolte et al.[19] for b-cyclodextrin dimers with a flexible hy-
drophobic alkyl spacer as a linker. In aqueous solution,
these dimers form self-inclusion complexes, with the hydro-
phobic alkyl tether included in one of the b-cyclodextrin
cavities. However, there is no evidence for the formation of
a self-inclusion complex of our dimer 4. It is most likely that
the dithienylethene spacer is positioned partly over the
cavity rather than buried inside the cavity. The close proxim-
ity of the chiral cyclodextrin cavities is probably also respon-
sible for the observed nonequivalence of the two diastereo-
topic protons of the cyclopentene bridge in the dithienyl-
ethene linker.
Dimer 9 was synthesized from 2 and mono-(2-O-(3-ami-


nopropyl)-2-deoxy-heptakis(6-O-tert-butyldimethyl-silyl)-b-
cyclodextrin (7) by a method analogous to that used for
dimer 4. The b-cyclodextrin propylamine 7 was synthesized
by selective deprotonation of the more acidic C2-OH group
of b-cyclodextrin derivative 5.[20] Treatment of 5 with LiH
and reaction with 1.1 equivalent commercially available 3-
bromopropylphthalimide gave a statistical mixture of un-
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reacted 5 and mono- and bis-functionalized cyclodextrin
species. Separation by column chromatography gave the
monophthalimide 6 in 26% yield. Alkylation of the OH
groups of cyclodextrin does not alter the stereochemistry of
the glucose units and leaves the shape of the cavity un-
changed. Removal of the phthalimide moiety by treatment
with hydrazine gave the b-cyclodextrin propylamine 7 in
90% yield after column chromatography. b-Cyclodextrin de-
rivative 7 has previously been synthesized by alkylation of
the 2-O-position with 3-azidopropyl tosylate and subsequent
reduction of the azide functionality to an amine by treat-
ment with H2 and Pd/C.


[21] However, we prefer the alterna-
tive synthesis route depicted in Scheme 1 because of the
ease of purification of the statistical mixture by column
chromatography and the commercial availability of the pro-
pylamine precursor. Coupling of 2 and 7 gave a 69% yield
of the TBDMS-protected dimer 8, which was converted into
the water-soluble dimer 9 in near-quantitative yield.
The diastereotopic hydrogen atoms of the cyclopentene


bridge in dimer 9 appear as a single signal in the 1H NMR
spectrum of the compound. It appears that introduction of
the propyl chains spaces the b-cyclodextrin cavities and the


dithienylethene unit apart and thereby reduces the influence
of the chiral cyclodextrin cavities on the diastereotopic hy-
drogen atoms.


Switching behavior of the dimers : The photochromic behav-
ior of the dimers was studied by irradiation of the com-
pounds with a high-pressure mercury lamp with band-pass
filters. Photochemical reactions were monitored by UV/Vis
and 1H NMR spectroscopy. The absorption spectrum of
dimer 9 (Figure 1) is very similar to that of dimer 4[14] and is
typical for the type of dithienylethene moiety used for the
spacing of the dimers.[15] Aqueous solutions of the open
forms of both dimers showed strong absorption in the UV
region, with absorption maxima at 267 and 254 nm for
dimers 4 a and 9 a, respectively. The colorless aqueous solu-
tions turned red upon irradiation at 313 nm and an absorp-
tion band appeared around 344 nm, together with a broad
absorption band in the visible region of the absorption spec-
tra with a maximum at 524 nm for both dimer 4 b and 9 b.
UV/Vis spectra recorded before reaching the photosta-


tionary state showed sharp isosbestic points indicative of the
presence of only two, interchanging species. This deduction


Scheme 1. Synthesis routes for dimers 4 and 9. i) HBTU, DIPEA, THF; ii) TFA; iii) LiH, n-(3-bromopropyl)phthalimide, THF; iv) H2NNH2¥H2O, EtOH.
DIPEA=N,N-diisopropylethylamine; HBTU=O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate; THF= tetrahydrofuran;
TFA= trifluoroacetic acid.
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was confirmed by 1H NMR spectra showing a clean conver-
sion into a single new product with C2 symmetry upon irra-
diation. The signals of the thienyl hydrogen atoms under-
went a very pronounced upfield chemical shift (1.0 ppm for
dimer 4 and 0.7 ppm for dimer 9), which indicates loss of
the aromatic character of the thienyl moiety. These spectral
changes are characteristic for the formation of the closed
forms of the dimers. As a result of the nonzero absorption
of the closed forms in the UV region, both ring-closure and
ring-opening take place during photoexcitation in the UV
region, which leads to formation of a photostationary state
mixture. The absorption spectrum of the PSS mixture of 9 a/
9 b is shown in Figure 1. The composition of this mixture
can be obtained by 1H NMR spectroscopy or by modeling
the UV/Vis spectra (see below). For both dimers, the PSS
formed upon irradiation at l=313 nm consisted of 25%
open and 75% closed form. The PSS mixtures are stable at
room temperature in the dark. Irradiation of the PSS mix-
tures with visible light (l>460 nm) led to the disappearance
of the absorption bands in the visible region and completely
restored the absorption spectra of the open forms, which in-
dicates that the photochemical ring-opening/ring-closure
process is fully reversible. The inset in Figure 1 shows the
absorption at 524 nm during alternate irradiation at l=


313 nm and at l>460 nm. Such alternated switching did not
lead to any noticeable decomposition of the photochromic
unit after five cycles, which demonstrates the excellent fati-
gue-resistance[9] of compounds 4 and 9. The results obtained
with dimers 4 and 9 are comparable to those obtained with
similar dithienylethene switches and indicate that the cou-
pling and close proximity of the cyclodextrin cavities does
not interfere with the switching process and that the charac-


teristics of the dithienylethene tether are maintained in the
cyclodextrin dimers.[15]


UV/Vis modeling : Modeling of the UV/Vis spectra of a
dimer to directly determine the composition of a mixture of
its open and closed forms is an easy and practical alternative
to the generally used method of integration of the character-
istic thiophene proton signals in the 1H NMR spectra. The
UV/Vis spectra were modeled by fitting a set of Gaussians
to the absorption bands in the spectra of the open forms of
the dimers. We assumed that the bands with decreasing in-
tensity that appear between 250 and 310 nm stem only from
the open forms. Spectra of irradiated samples were fitted
with this set of Gaussians for the open form and with a
second set of Gaussians below 250 nm and at around 350
and 520 nm that represent the closed form of the dimer. By
fitting ten or more UV/Vis spectra of each dimer recorded
at different irradiation times (313 nm), the extinction coeffi-
cients and the full absorption spectra of the closed forms of
the dimers could be calculated (see Table 1).
The top part of Figure 2 shows the recorded and modeled


absorption spectra of the open form and PSS mixture of
dimer 4, and the calculated absorption spectrum of the
closed form 4 b. The sets of Gaussians that constitute the
calculated absorption spectra of the open and closed forms
of 4 are shown in the lower half of Figure 2. Equally good
fits were obtained for dimer 9 (data shown in Table 1).
Knowledge of the extinction coefficients of both the open


and closed forms of the dimers allowed us to determine the
ratio of open to closed forms present from a single UV/Vis
spectrum. Control experiments showed a good correlation
between ratios determined by integration of the thiophene
peaks in 1H NMR spectra and those found by modeling the
UV/Vis spectra.[22]


Complexation studies : We used meso-tetrakis(4-sulfonato-
phenyl)porphyrin (TSPP) as a guest molecule for the bind-
ing studies. The binding of TSPP by b-cyclodextrin[23] and b-
cyclodextrin dimers[19,24] has been well studied. TSPP is es-
pecially interesting because of its symmetry, which imposes
a well-defined symmetrical binding mode on the molecule.
TSPP has four sulfonatophenyl moieties attached to the por-
phyrin ring, which functions as a flat and rigid platform. The
four sulfonatophenyl moieties offer a total of four available
binding sites for cyclodextrin complexation. Previous studies
have shown, however, that native b-cyclodextrin binds TSPP
in a 2:1 ratio and complexes two opposite 4-sulfonatophenyl
moieties.[23a] Complexation of two adjacent binding sites is
sterically less favorable and gives rise to weaker complexa-
tion.[25]


Figure 1. Absorption spectra of 9 (19 mm) in water before (9 a, c) and
after (9a/9 b photostationary state (PSS) mixture, g) photoirradiation
with 313 nm light. The inset depicts the absorbance at 524 nm during al-
ternate irradiation at 313 and over 460 nm.


Table 1. Parameters for the sets of Gaussians used for fitting the absorption spectra of 4 and 9.[a]


4 a 4b 9a 9b
lmax width emax lmax width emax lmax width emax lmax width emax


195.5 57.2 23.7 171.3 105.6 12.6 197.2 26.5 25.2 207.5 15.9 17.2
266.3 14.0 17.6 208.6 10.0 10.6 251.8 19.1 15.2 264.5 34.8 11.5
315.2 11.5 4.3 343.2 15.3 10.0 286.9 19.4 11.2 346.1 19.7 11.4


521.2 47.4 11.5 520.3 48.2 11.7


[a] lmax [nm], width [nm], emax [10
3 cm�1


m
�1].
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Binding of TSPP by the open and closed forms of the
dimers 4 and 9 was studied by using isothermal titration mi-
crocalorimetry. The binding curves of the open forms of the
dimers were fitted to a 1:1 binding model with the associa-
tion constant, K, and the binding enthalpy, DH8, as inde-
pendent fitting parameters. To determine the thermodynam-
ic binding parameters for the binding of TSPP by the closed
forms of the dimers, 4 b and 9 b, calorimetric studies were
performed with mixtures of the open and closed forms of
each dimer. The compositions of the mixtures were deter-
mined beforehand by UV/Vis spectroscopy in combination
with the UV/Vis modeling technique described above. Bind-
ing curves obtained for these mixtures were fitted by calcu-
lating the net heat effects for the binding of TSPP to the
open form of the dimer from the composition of the mixture
and the binding parameters obtained from the titration of
TSPP with the open form, while optimizing the binding con-
stant and enthalpy of the closed form. For comparison, mi-
crocalorimetry experiments were performed to study the
complexation of TSPP by native b-cyclodextrin. The ob-
tained thermodynamic parameters are summarized in
Table 2.
In Figure 3, the net heat evolved per injection of TSPP is


plotted against the molar ratio of guest to host for the titra-
tions of TSPP with dimer 4. Titration of TSPP with the open
form of the dimer, 4 a, gave a binding curve typical of 1:1
complex formation (Figure 3, top). The obtained thermody-
namic parameters (K and DH8) are indicative of a strongly
bound 1:1 complex in which both b-cyclodextrin cavities par-


ticipate in binding; the measured K value is substantially
larger than that for the binding of b-cyclodextrin to TSPP
and the binding enthalpy is close to double that measured
with a single cyclodextrin cavity. The negative entropy value
accompanying the binding of TSPP by 4 a can be attributed
to enthalpy±entropy compensation[26] and restriction of the
mobility of the spacer in the dimer upon binding to the
guest molecule.
The plot in the bottom half of Figure 3 shows the titration


curve for the titration of TSPP with the PSS mixture of the
open and closed forms of dimer 4. The shape of the ob-
tained titration curve suggests the presence of two superim-
posed binding curves, as witnessed by an inflection point at
a concentration ratio of around 0.3 and another slight inflec-
tion at a ratio of around 1. The former value nicely corre-
sponds to the fraction of the open form of 4 a in the PSS


Figure 2. Top: measured (markers) and modeled (lines) absorption
curves of 4 (19 mm) in water (4 a, &; PSS mixture of 4 a/4b, ~; 4 b, c).
Bottom: Set of Gaussians (b) that constitute the calculated absorption
spectra (c) of 4 a (left) and 4 b (right).


Table 2. Thermodynamic parameters of the complexation of TSPP by
the open and closed forms of 4 and 9, as determined by isothermal titra-
tion microcalorimetry at 298 K.


K DG8 DH8 TDS8
host (m�1) (kcalmol�1) (kcalmol�1) (kcalmol�1)


b-CD[a] (3.1�0.4)î104 �6.1�0.1 �4.3�0.2 1.8�0.3
4a (3.3�0.4)î106 �8.9�0.1 �12.8�0.4 �3.9�0.5
4b (9.7�1.3)î104 �6.8�0.1 �5.3�1.1 1.5�1.2
9a (3.3�0.2)î106 �8.9�0.1 �11.8�0.8 �2.2�0.9
9b (1.2�0.2)î106 �8.3�0.1 �11.2�1.0 �2.9�1.1


[a] bcyclodextrin.


Figure 3. Heat evolved per injection of TSPP plotted against the [TSPP]/
[4] ratio and fit (solid line) to a 1:1 binding model for the calorimetric ti-
trations of TSPP with 4a (top) and with the PSS mixture of 4 (bottom) in
water at 298 K. For the PSS mixture, the calculated contributions to the
heat profile made by the binding of TSPP by 4 a (b) and 4 b (g) are
shown.
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mixture. We therefore attribute the initial strong binding in-
dicated by the binding curve to binding of TSPP to the open
form of the dimer. A fit of the titration curve (as described
above) taking into account the previously determined pa-
rameters for the binding of the open form of the dimer, 4 a,
gave the thermodynamic parameters for the binding of
TSPP with the closed form, 4 b. As can be seen from Table 2
and is evident from the titration curves, there is a marked
difference between the binding of TSPP with the open form
of dimer 4 and that with the closed form. The binding con-
stant for binding of TSPP to the open form, 4 a, is greater
than that for binding to the closed form, 4 b, by a factor of
35. In fact, all the thermodynamic parameters of the binding
of TSPP by the closed dimer 4 b are indicative of a single b-
cyclodextrin±TSPP interaction and are in the same range as
the thermodynamic values obtained for the complexation of
TSPP by native b-cyclodextrin. These results suggest that
the closed form does not sterically allow 1:1 binding of the
dimer to TSPP with both cavities strongly binding a sulfona-
tophenyl ring in a cooperative fashion.
With the introduction of the propyl spacer between the b-


cyclodextrin cavities and the dithienylethene moiety in
dimer 9, the difference in binding affinity between the open
and closed forms is lost. As can be seen from the thermody-
namic parameters obtained for the binding of TSPP with 9 a
and 9 b (Table 2), very similar binding enthalpy and entropy
values were obtained for both the open and closed forms of
dimer 9. The measured binding enthalpies indicate that both
dimers bind TSPP through two b-cyclodextrin cavities. It
seems that the flexible propyl spacers provide enough rota-
tional freedom for the dimers to overcome the rigidity im-
posed by closure of the dithienylethene moiety. As observed
for 4 a, dimers 9 a and 9 b have negative binding entropies. It
appears that the strong binding employing both cavities re-
stricts the mobility of both host and guest within the com-
plex.
Nolte et al. have found both 1:1 and 2:2 binding modes


for the binding of TSPP by b-cyclodextrin dimers.[24b] Flexi-
ble alkyl-chain-tethered b-cyclodextrin dimers displayed
mostly 1:1 binding, whereas the sigmoidal shape of the fluo-
rescence titration curve for the binding of TSPP by a rela-
tively rigid 2,2’-bipyridine-tethered b-cyclodextrin dimer was
explained by a 2:2 binding mode. The inflection point in our
calorimetric titration curves does not exclude the possibility
of 2:2 binding. A 2:2 binding mode would, however, be ex-
pressed as a higher concentration dependence of binding
than that observed with a 1:1 binding mode. To determine
the binding modes of the open and closed forms of dimers 4
and 9, all titrations were performed at three different con-
centrations. For all four dimers, the obtained titration curves
were best fitted with a 1:1 binding model. Additional fluo-
rescence titrations were performed with the relatively rigid
open dimer 4 a and the results are shown in Figure 4. The
binding of TSPP by the cavities of dimer 4 a resulted in an
exponential decrease in fluorescence intensity and a titration
curve that corresponds to the formation of a 1:1 complex.
No sigmoidal character of the titration curve was observed
that would imply a 2:2 binding mode. A fit of the curve to a
1:1 model gave a binding constant of 1î107m�1, which is in


good agreement with the binding constant found by micro-
calorimetry. The shape of the titration curve for the binding
of TSPP by 4 b could not be determined. Fluorescence titra-
tions performed with a PSS mixture of 4 were dominated by
the more strongly binding 4 a.
Another point for consideration when studying b-cyclo-


dextrin dimer±TSPP complexes is the binding geometry of
the guest. Both syn and anti 1:1 binding geometries have
been observed in complexes of b-cyclodextrin dimers with
TSPP depending on the tether length and flexibility.[24b] The
peak splitting of the porphyrin ring protons in the 1H NMR
spectrum of such a complex can be used to elucidate the
binding geometry of TSPP with the cyclodextrin dimer.
However, the complexes of TSPP with our dimers 4 a and
9 a have very complicated 1H NMR spectra in which both
the signals from TSPP and those of the dithienylethene moi-
eties of the dimers show extensive splitting and broadening.
Even at �10 8C in a mixture of MeOD and D2O the spectra
are too complicated and the signals too broad to be exploit-
ed for assignment of the binding geometry. CPK (space-fill-
ing) models suggest that dimers 4 and 9 are able to bind
TSPP in the sterically less demanding anti geometry, both in
their open and closed forms. It is therefore likely that both
dimers bind TSPP in an anti fashion and that the relatively
slow exchange process and possibly asymmetric positioning
of the dithienylethene units over the porphyrin face lead to
the complicated 1H NMR spectra.


Molecular modeling : Molecular modeling was used to fur-
ther validate our interpretation of the complexation differ-
ences observed between the dimers. The b-cyclodextrin
dimer models were built by using the data for b-cyclodextrin
available from the Cambridge Crystallographic Database
and the X-ray crystal structure of 5,5’-(dialdehydodithienyl)-
cyclopentene, which is a precursor used for the synthesis of
2 (Figure 5).
Figure 6 shows the energy-minimized structures of the


complexes of TSPP with the open and closed forms of
dimers 4 and 9. The structure obtained for the complex of
the open dimer 4 a with TSPP (Figure 6, top left) suggests
that the dimer is able to form a strong complex with TSPP
that employs both cyclodextrin cavities. The rotational free-


Figure 4. Fluorescence titration curve and 1:1 binding model fit for the
complexation of TSPP (2.0î10�7m) by 4a.
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dom in the open form of the dithienylethene moiety allows
the dimer to fold over the porphyrin guest and enables both
b-cyclodextrin cavities to participate in binding. Most impor-
tantly, both cavities are shifted well over the sulfonatophen-
yl moieties and even over part of the porphyrin base and
therefore shield the most hydrophobic parts of TSPP from
the bulk water. The more hydrophilic sulfonate groups stick
out from the primary sides of the b-cyclodextrin cavities.
The structure obtained for the closed form of the dimer,


4 b, complexed with TSPP (Figure 6, top right) indicates that
the b-cyclodextrin cavities are spaced too far apart from
each other by the rigid closed form of the dithienylethene
tether to allow both cavities to contribute to the binding of
TSPP to the same extent as in 4 a. The dithienylethene
moiety is situated diagonally over the porphyrin base in the
minimized structure, which minimizes the distance between
the two b-cyclodextrin cavities. Nevertheless, even in this
conformation it is impossible for both cavities to completely
shift over the sulfonatophenyl rings or to interact with and
shield the porphyrin base fully. This model corroborates the
conclusions made from the calorimetric data for TSPP and
4 b that their binding is mainly due to a single b-cyclodex-
trin±sulphonatophenyl interaction, possibly with a small con-


tribution from the second b-cyclodextrin cavity. It is likely
that the guest moves back and forth between the two cavi-
ties in the complex with 4 b.
Dimers 9 a and 9 b are both able to tightly bind TSPP


(Figure 6, bottom). In both complexes, both b-cyclodextrin
cavities are shifted partly over the porphyrin base, which en-
sures strong interaction with and shielding of the hydropho-
bic parts of the guest molecule. The flexible propyl spacers
between the dithienylethene moiety and the b-cyclodextrin
cavities are able to compensate for the rigidity imposed by
the closed dithienylethene switch and allow the b-cyclodex-
trin cavities to come into close proximity with each other,
which enables the dimer to tightly bind TSPP. The similar
binding modes found for the binding of TSPP by the open
and closed forms of dimer 9 are reflected in the similar ther-
modynamic parameters found for complex formation by
these dimers.


Phototriggered release and uptake : UV/Vis spectroscopy
allows real-time determination of the ratio of uncomplexed
to complexed TSPP upon irradiation of dimer/TSPP mix-
tures. The absorption maximum of TSPP is red-shifted and
the absorbance decreases upon complexation by cyclodex-
trin.[23b] Figure 7 shows part of the absorption spectra of
TSPP complexed with dimers 4 a and 9 a upon irradiation at
313 nm. The absorption maximum at 413 nm of TSPP in
aqueous solution was red-shifted to 418 and 420 nm upon
addition of the dimers 4 a and 9 a, respectively, which is indi-
cative of complex formation between TSPP and the dimers.
The absorption peak of complexed TSPP decreased upon ir-
radiation of its complex with dimer 4 a at 313 nm, and simul-
taneously absorption by uncomplexed TSPP increased; an
isosbestic point was observed at 416 nm (Figure 7, top).


Upon closing of the dithienyl-
ethene moiety, TSPP appears
to be released from the b-cy-
clodextrin dimer. This result is
in agreement with the data ob-
tained by microcalorimetry,
which indicates that TSPP is
strongly bound by 4 a at the
concentrations used for the
UV/Vis measurement, whereas
the closed form 4 b does not
significantly bind TSPP at
these concentrations.
Irradiation of the complex


of dimer 9 a and TSPP at
313 nm did not lead to any
noteworthy release of TSPP
(Figure 7, bottom). A slight in-
crease in the absorbance at
420 nm was observed, which
might indicate that the molec-
ular environment around the
complexed TSPP molecule
changes upon closing of the di-
thienylethene tether, but the
absorbance by uncomplexed


Figure 5. X-ray crystal structure of 5,5’-(dialdehydodithienyl)cyclopen-
tene. Hydrogen atoms are omitted for clarity.


Figure 6. CHARMM-minimized structures of the complexes of TSPP with dimers 4 and 9.
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TSPP at 413 nm remained constant during the experiment.
From these results it can be concluded that both the open
and closed forms of dimer 9 bind TSPP strongly at these
concentrations, which is in good agreement with the micro-
calorimetric data.
Figure 8 depicts the absorbance of dimer 4 a and uncom-


plexed TSPP at their absorption maxima (267 and 413 nm,
respectively) upon alternate irradiation of a 1:1 solution of
dimer 4 and TSPP (both 2.0î10�6m) at 313 nm and at above
460 nm. Irradiation at 313 nm led to the conversion of 4 a
into 4 b, which resulted in a decrease in absorbance by 4 a.


At the same time, TSPP was released from the b-cyclodex-
trin cavities, which led to an increase in the absorbance of
free TSPP. Irradiation of the solution with visible light re-
generated the open form of the dimer and simultaneously
led to the uptake of uncomplexed TSPP from solution until
the initial equilibrium between TSPP and 4 a was completely
restored. Control experiments showed no significant reduc-
tion of the absorbance of free TSPP during irradiation at
313 or 460 nm. As is evident from Figure 8, the release and
uptake cycle can be repeated several times without signifi-
cant degradation. Within the limits of this system, any ratio
of free to uncomplexed TSPP can be achieved simply by
tuning the relative amounts of 4 a and 4 b, which can be
regulated by photoirradiation.


Conclusions


The tethering of two b-cyclodextrin cavities with a dithienyl-
ethene moiety gives access to photoswitchable b-cyclodex-
trin dimers. These dimers can be switched between a rela-
tively flexible (open) and a more rigid (closed) form by irra-
diation with light. The switching properties of the dithienyl-
ethene unit are unaffected by covalent linkage to the b-cy-
clodextrin cavities and the switching process is completely
reversible and fatigue resistant. Depending on the molecular
architecture, the switching of the dithienylethene unit be-
tween the open and closed forms can lead to a change in the
binding affinity of the dimer for specific guest molecules.
The rigidity of the connection between the dithienylethene
tether and the b-cyclodextrin cavities plays an important
role in this effect. A certain amount of rigidity is required to
allow substantial transfer of the switching effect taking place
in the dithienylethene unit to the b-cyclodextrin dimer as a
whole. Effective transfer of the switching process can be
achieved by direct coupling of the photochromic unit to the
rim of the b-cyclodextrin cavity and differences in binding
affinity between the open and closed form are then ob-
tained. This difference in affinity in turn allows the photo-
controlled release and uptake of guest molecules to and
from solution and thus makes full control over the ratio of
complexed to free guest molecules in solution possible. Pho-
toswitchable b-cyclodextrin dimers such as 4 are interesting
candidates for use as photocontrollable (drug) delivery sys-
tems and might find application in, for example, photo-
dynamic cancer therapy.[8,27]


Experimental Section


Materials and methods : All chemicals were used as received, unless
stated otherwise. Solvents were purified according to standard laboratory
methods.[28] Thin-layer chromatography was performed on aluminum
sheets precoated with silica gel 60 F254 (Merck). The cyclodextrin spots
were visualized by dipping the sheets in 5% sulfuric acid in ethanol and
subsequent heating. Chromatographic separations were performed on
silica gel 60 (Merck, 0.040±0.063 mm, 230±240 mesh). 3-Amino-3-deoxy-
heptakis(6-O-tert-butyldimethylsilyl)-b-cyclodextrin (1),[16] 5,5’-dicarboxy-
dithienylethene (2),[15] and heptakis(6-O-tert-butyldimethylsilyl)-b-cyclo-
dextrin (5)[16] were prepared according to literature procedures.


Figure 7. Absorption spectra (0±25 min) of 2-mm solutions of TSPP com-
plexed with 4 a (top) and 9 a (bottom) in water upon irradiation at l=
313 nm. The spectrum of 2 mm TSPP in water is also shown (g).


Figure 8. Absorbance at 267 (&, absorption maximum of 4a) and 413 nm
(*, absorption maximum of uncomplexed TSPP) of a 2-mm solution of
the complex of 4a with TSPP upon alternate irradiation at 313 and
>460 nm.
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MALDI-TOF mass spectra were recorded on a PerSpective Biosystems
Voyager-DE-RP MALDI-TOF mass spectrometer. NMR spectra were
recorded at 25 8C with a Varian Inova 300 spectrometer. 1H NMR
(300 MHz) chemical shifts are given relative to residual CHCl3
(7.25 ppm) or HDO (4.65 ppm). 13C NMR (75 MHz) chemical shifts are
given relative to CDCl3 (77 ppm) or to CH3OD (used as an external stan-
dard for samples measured in D2O).


All synthesized compounds containing the dithienylethene moiety are
light-sensitive and were therefore handled exclusively in the dark in
brown-stained glassware.


TBDMS-protected dithienylethene-tethered b-cyclodextrin dimer 3 :
HBTU (218 mg, 0.58 mmol) and DIPEA (0.17 mL, 0.96 mmol) were
added to a cooled solution of 2 (67 mg, 0.19 mmol) in dry THF (50 mL).
The solution was stirred for 30 min and then allowed to warm to room
temperature. Compound 1 (929 mg, 0.48 mmol) was added and the solu-
tion was stirred for 2 days at room temperature. The solvent was re-
moved in vacuo and chloroform was added. The solution was washed
twice with 1m HCl and brine. After removal of the solvent, the crude
product was purified by gradient column chromatography (ethyl acetate/
ethanol/water, 100:2:1 to 100:8:4) to give 3 (open form) as a white
powder in 65% yield. 1H NMR (CDCl3): d=8.15 (d, J=6.6 Hz, 2H), 6.96
(s, 2H), 5.06±4.73 (m, 14H), 4.53 (d, J=7.3 Hz, 2H), 4.21±3.41 (m, 66H),
3.28 (t, J=9.2 Hz, 2H), 2.99 (quintet, J=7.3 Hz, 2H), 2.48 (quintet, J=
7.3 Hz, 2H), 1.96 (t, J=7.3 Hz, 2H), 1.84 (s, 6H), 0.93±0.81 (m, 124H),
0.05±0.00 ppm (m, 84H); 13C NMR (CDCl3): d=166.2, 143.9, 136.1,
134.9, 133.1, 132.1, 104.3, 102.0±100.2, 82.6±79.2, 73.9±71.6, 62.5±60.4,
53.6, 37.3, 29.3, 26.0±25.8, 18.3, 14.5, �4.8±�5.5 ppm; MS (MALDI-
TOF): m/z : calcd for [M+Na]+ : 4199.0; found: 4199.8.


Dithienylethene-tethered b-cyclodextrin dimer 4 a : TBDMS-protected
dimer 3 (210 mg, 0.05 mmol) was dissolved in trifluoroacetic acid
(25 mL). The solution was stirred at room temperature for 10 min. The
solvent was removed in vacuo. Methanol was added and evaporated in
vacuo to azeotropically remove any residual trifluoroacetic acid. The resi-
due was dissolved in water and washed three times with diethylether.
After freeze-drying, dimer 4a was obtained as a white solid in 99%
yield. 1H NMR (D2O): d=7.79 (s, 2H), 5.11±5.02 (m, 14H), 4.72 (br s,
2H), 4.22±4.15 (m, 4H), 3.93±3.51 (m, 64H), 3.14 (quintet, J=7.1 Hz,
2H), 2.77 (quintet, J=7.1 Hz, 2H), 2.37 (t, J=7.3 Hz, 2H), 1.98 ppm (s,
6H); 13C NMR (D2O): d=166.8, 143.2, 140.3, 137.9, 136.4, 134.8, 106.5,
105.2±104.8, 85.0±84.3, 78.1, 76.6±74.6, 70.9, 63.5±63.3, 54.0, 41.8, 25.8,
17.3 ppm; MS (MALDI-TOF): m/z : calcd for [M+Na]+ : 2601.8; found:
2602.1.


Mono-(2-O-(3-propylphthalimide))-heptakis-(6-O-tert-butyldimethylsil-
yl)-b-cyclodextrin (6): A solution of silylated b-cyclodextrin 5 (8.6 g,
4.4 mmol, dried for 5 h at 0.05 mmHg, 80 8C) and LiH (31 mg, 4.0 mmol)
in THF (250 mL) was stirred at room temperature for 18 h, followed by
1 h at reflux. A solution of N-(3-bromopropyl)phthalimide (1.1 g,
4.0 mmol) in THF (50 mL) was added dropwise to the reaction mixture,
which was kept at reflux for 2 h. The solvent was evaporated in vacuo
and the residue was dissolved in CHCl3 and washed twice with water and
once with brine. The organic phase was dried over MgSO4 and filtered.
The solvent was evaporated in vacuo and the residue was purified by gra-
dient column chromatography (ethyl acetate/ethanol/water, 100:2:1 to
50:7:4) to give 6 as a white powder in 26% yield. 1H NMR (CD3OD):
d=7.78 (dd, J=5.5 and 3.3 Hz, 2H), 7.70 (dd, J=5.5 and 3.3 Hz, 2H),
5.03 (d, J=3.3 Hz, 1H), 4.86 (d, J=3.3 Hz, 6H), 3.96±3.46 (m, 34H), 3.36
(dd, J=9.7 and 3.3 Hz, 6H), 3.25 (t, J=1.8 Hz, 1H), 3.17 (dd, J=9.7 and
3.3 Hz, 1H), 1.94 (quintet, J=6.3 Hz, 2H), 0.87±0.84 (m, 63H), 0.03±
0.00 ppm (m, 42H); 13C NMR (CD3OD): d=169.7, 135.1, 133.0, 123.0,
103.5, 101.8, 82.7, 82.1, 74.3±73.3, 71.0, 62.9, 58.1, 35.6, 30.4, 29.6, 26.5,
18.3, �4.6±�4.7 ppm; MS (MALDI-TOF): m/z : calcd for [M+Na]+ :
2145.0; found: 2144.8.


Mono-(2-O-(3-aminopropyl))-heptakis-(6-O-tert-butyldimethylsilyl)-b-cy-
clodextrin (7): Hydrazine monohydrate (0.3 mL, 5.7 mmol) was added to
a solution of 6 (1.2 g, 0.6 mmol, dried for 5 h at 0.05 mmHg, 80 8C) in
EtOH (50 mL). The solution was stirred at reflux for 8 h. The solvent
was evaporated in vacuo and CHCl3 was added. The organic phase was
washed with 1m aqueous HCl, 1m aqueous NaOH, and brine. The sol-
vent was evaporated in vacuo and the residue was purified by gradient
column chromatography (ethyl acetate/ethanol/water, 100:2:1 to 50:15:8)


to give 7 as a white powder in 90% yield. 1H NMR (CDCl3): d=5.06 (d,
J=2.6 Hz, 1H), 4.92±4.85 (m, 6H), 4.18±3.35 (m, 38H), 3.22 (dd, J=10.3
and 2.6 Hz, 1H), 2.29 (br s, 2H), 0.86±0.84 (m, 63H), 0.05±0.00 ppm (m,
42H); 13C NMR (CDCl3): d=102.0±100.2, 97.7, 82.6±79.2, 73.9±71.6,
62.5±60.4, 40.0, 27.4, 26.0±25.8, 18.3, 14.2, �5.1±�5.5 ppm; MS (MALDI-
TOF): m/z : calcd for [M+H]+ : 1991.0; found: 1990.8.


TBDMS-protected dithienylethene-tethered b-cyclodextrin dimer 8 :
HBTU (95 mg, 0.25 mmol) and DIPEA (0.07 mL, 0.46 mmol) were
added to a cooled solution of 2 (30 mg, 0.09 mmol) in dry dimethylforma-
mide (50 mL). The solution was stirred for 30 min and then allowed to
warm to room temperature. Compound 7 (420 mg, 0.21 mmol) was added
and the solution was stirred for 3 days at room temperature. The solvent
was removed in vacuo and chloroform was added. The solution was
washed twice with 1m HCl and brine. After removal of the solvent, the
crude product was purified by gradient column chromatography (ethyl
acetate/ethanol/water, 100:2:1 to 100:8:4) to give 8 (open form) as a
white powder in 69% yield. 1H NMR (CDCl3): d=7.47 (s, 2H), 4.90±4.89
(m, 14H), 3.94±3.32 (m, 76H), 3.12 (d, J=8.8 Hz, 2H), 2.96 (quintet, J=
7.3 Hz, 2H), 2.75 (quintet, J=7.3 Hz, 2H), 2.14 (t, J=7.3 Hz, 2H), 1.96
(s, 6H), 1.86 (br s, 2H), 1.75 (br s, 2H), 0.84±0.81 (m, 124H), 0.04±
0.00 ppm (m, 84H); 13C NMR (CDCl3): d=163.4, 140.6, 136.8, 135.2,
134.3, 130.1, 102.4±101.9, 100.1, 81.8±80.7, 73.8±71.8, 61.6±60.6, 38.3, 37.6,
31.9, 29.6, 25.8±25.6, 18.3, 14.6, 14.0, �5.2±�5.3 ppm; MS (MALDI-
TOF): m/z : calcd for [M+Na]+ : 4319.3; found: 4320.0.


Dithienylethene-tethered b-cyclodextrin dimer 9 a : TBDMS-protected
dimer 8 (155 mg, 0.04 mmol) was dissolved in trifluoroacetic acid
(25 mL). The solution was stirred at room temperature for 10 min. The
solvent was removed in vacuo. Methanol was added and evaporated in
vacuo to azeotropically remove any residual trifluoroacetic acid. The resi-
due was dissolved in water and washed three times with diethylether.
After freeze-drying, dimer 9a was obtained as a white solid in 97%
yield. 1H NMR (D2O): d=7.30 (s, 2H), 5.24 (d, J=3.3 Hz, 2H), 5.10±5.07
(m, 12H), 4.10±3.53 (m, H), 3.46 (d, J=7.7 Hz, 2H), 2.83 (quintet, J=
7.1 Hz, 4H), 2.36 (s, 6H), 2.14 (t, J=7.1 Hz, 2H), 1.93 ppm (br s, 4H);
13C NMR (D2O): d=164.2, 140.6, 136.0, 135.2, 133.7, 129.0, 101.6±100.2,
81.8±80.4, 73.0±71.2, 59.9±59.6, 38.3, 28.7, 22.6, 13.5 ppm; MS (MALDI-
TOF): m/z : calcd for [M+Na]+ : 2717.9; found: 2717.9.


UV/Vis spectroscopy: UV/Vis spectra were recorded on a Hewlett Pack-
ard HP 8452 UV/Vis spectrophotometer. Irradiation experiments were
performed in situ by irradiation of the samples in a 1-cm quartz cuvette
in the UV/Vis setup by using a 200-W mercury lamp with a 313-nm
band-pass or a 460-nm high-pass filter.


Preparation of PSS mixtures : Solutions of the open form of the dimer
(1±10 mm) in Millipore water in a 1-cm quartz cuvette were irradiated
with a high-intensity mercury lamp for 10±15 min. UV/Vis spectra of di-
luted samples were used to follow the photochromic reaction. Once the
PSS was reached, samples were freeze-dried to give the PSS mixture as a
purple solid.


Calorimetry : Calorimetric titrations were performed at 25 8C on a Micro-
cal VP-ITC titration microcalorimeter. Sample solutions were prepared
in pure water (Millipore Q2). Titrations were performed by adding ali-
quots of a guest solution to the host solution. The titrant typically con-
tained 0.1±1 mm guest, while the cell solutions contained 10±100 mm host.
All calorimetric titrations were corrected for dilution heats by subtrac-
tion of the calorimetric dilution experiment results from the calorimetric
titration experiment results. The titration results were analyzed with a
least-squares curve fitting procedure.


Crystal structure determination : Crystals of 5,5’-(dialdehydodithienyl)cy-
clopentene were obtained by slow diffusion of methanol into a solution
of 5,5’-(dialdehydodithienyl)cyclopentene in dichloromethane. Crystal
data: C17H16O2S2, Mr=316.44, brown crystal, 0.15î0.15î0.30 mm, ortho-
rhombic, space group Pbcn (no. 60), a=10.9081(10), b=8.2278(10), c=
17.231(2) ä, V=1546.5(3) ä3, Z=4, 1calcd=1.359 gcm


�3, F(000)=664,
mMoKa=0.345 mm


�1. 42400 reflections were measured on a Nonius Kap-
paCCD diffractometer on a rotating anode (lMoKa=0.71073 ä, T=150 K,
qmax=27.5 8), 1776 of which were unique (Rint=0.0361). The structure
was solved with the SHELXS86 program.[29] 120 parameters, which in-
cluded all hydrogen atom coordinates and anisotropic displacement pa-
rameters for all non-H atoms, were refined with the SHELXL-97 pro-
gram.[30] The displacement parameters of the hydrogen atoms were cou-
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pled to the equivalent displacement parameters of their carrier atoms.
The refinement converged at wR2=0.0790, w�1=s2(F2o) + (0.0400P)2 +


0.61P (where P= (Max(F2o,0) + 2F2c)/3), R1=0.0288 (for 1628 Fo>
4s(Fo)), S=1.067, �0.24<D1<0.29e ä�3.


CCDC-220072 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or form the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(+44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).


Molecular mechanics calculations : Initial structures, created by manual
modification of X-ray crystal structures of b-cyclodextrin and 5,5’-dialde-
hydodithienylethene, as well as visualizations were carried out with the
Quanta 97 software.[31] Parameters were taken from Quanta 97 and point
charges were assigned with the charge-template option. Residual charge
was smoothed on carbon and nonpolar hydrogen atoms to provide over-
all neutral residues. A distance-dependent relative permittivity was ap-
plied, with e=1. No cut-offs were used on the nonbonded interactions.
Energy minimizations of the structures were performed in a solvent box
of water molecules by using the steepest descent and adopted basis set
Newton±Raphson methods until the root mean square of the energy gra-
dient was less than 0.001 kcalmol�1ä�1.


Acknowledgement


This work was financially supported by the Council for the Chemical Sci-
ences of the Netherlands Organization for Scientific Research (CW-
NWO; A.M.: CW-programmasubsidie 700.98.305; A.L.S.). We are grate-
ful to J. J. D. de Jong and L. N. Lucas (University of Groningen, The
Netherlands) for stimulating discussions and their help with the real-time
UV/Vis measurements. We thank Dr. P. Berthault and Dr. N. Birlirakis
(CEA Saclay, France) for performing high-resolution NMR experiments
on dimer 4 and its TSPP complex.


[1] J. H. Hartley, T. D. James, C. J. Ward, J. Chem. Soc. Perkin Trans. 1
2000, 3155.


[2] a) S. Shinkai, O. Manabe, Top. Curr. Chem. 1984, 121, 67; For a
more recent review, see: b) M. V. Alfimov, O. A. Fedorova, S. P.
Gromov, J. Photochem. Photobiol. A 2003, 158, 183.


[3] a) A. Ueno, H. Yoshimaru, R. Saka, T. Osa, J. Am. Chem. Soc.
1979, 101, 2779; b) A. Ueno, Y. Tomita, T. Osa, Tetrahedron Lett.
1983, 24, 5245; c) A. Ueno, M. Fukushima, T. Osa, J. Chem. Soc.
Perkin Trans. 2 1990, 1067; d) M. Fukushima, T. Osa, A. Ueno,
Chem. Lett. 1991, 709; e) F. Hamada, M. Fukushima, T. Osa, M.
Ikeda, F. Toda, A. Ueno, Macromol. Chem. Rapid Commun. 1993,
14, 287.


[4] J. Szejtli, Chem. Rev. 1998, 98, 1743.
[5] T. Aoyagi, A. Ueno, M. Fukushima, T. Osa, Macromol. Rapid


Commun. 1998, 19, 103.
[6] Y. Liu, C. T. Wu, G. P. Xue, J. Li, J. Inclusion Phenom. Macrocyclic.


Chem. 2000, 36, 95.
[7] a) Y. Liu, C.-C. You, T. Wada, Y. Inoue, Tetrahedron Lett. 2000, 41,


6869; b) Y. Liu, Y. Chen, H. Y. Zhang, S.-X. Liu, X.-D. Guan, J.
Org. Chem. 2001, 66, 8518; c) Y. Liu, C.-C. You, B. Li, Chem. Eur. J.
2001, 7, 1281; d) Y. Liu, L. Li, H.-Y. Zhang, Y. Song, J. Org. Chem.
2003, 68, 527.


[8] a) A. Ruebner, Z. Yang, D. Leung, R. Breslow, Proc. Natl. Acad.
Sci. USA 1999, 96, 14692; b) S. D. P. Baugh, Z. Yang, D. K. Leung,
D. M. Wilson, R. Breslow, J. Am. Chem. Soc. 2001, 123, 12488.


[9] M. Irie, Chem. Rev. 2000, 100, 1685.
[10] B. L. Feringa, Molecular Switches, Wiley-VCH, Weinheim, 2001.
[11] M. Takeshita, K. Uchida, M. Irie, Chem. Commun. 1996, 1807.
[12] a) M. Takeshita, M. Irie, Tetrahedron Lett. 1998, 39, 613; b) M. Take-


shita, M. Irie, J. Org. Chem. 1998, 63, 6643; c) M. Takeshita, C. F.
Soong, M. Irie, Tetrahedron Lett. 1998, 39, 7717; d) S. H. Kawai, Tet-
rahedron Lett. 1998, 39, 4445.


[13] M. Irie, O. Miyataka, K. Uchida, T. Eruguchi, J. Am. Chem. Soc.
1994, 116, 9894.


[14] Preliminary results obtained with dimer 4 have been reported in: A.
Mulder, A. Jukovic, L. N. Lucas, J. van Esch, B. L. Feringa, J. Husk-
ens, D. N. Reinhoudt, Chem. Commun. 2002, 2734.


[15] L. N. Lucas, J. J. D. de Jong, J. H. van Esch, R. M. Kellogg, B. L. Fer-
inga, Eur. J. Org. Chem. 2003, 155.


[16] E. van Dienst, B. H. M. Snellink, I. von Piekartz, M. H. B. Grote
Gansey, F. Venema, M. C. Feiters, R. J. M. Nolte, J. F. J. Engbersen,
D. N. Reinhoudt, J. Org. Chem. 1995, 60, 6537.


[17] D.-Q. Yuan, K. Ohta, K. Fujita, Chem. Commun. 1996, 821.
[18] J. F. Stoddart, Stereochemistry of Carbohydrates, Wiley Interscience,


London, 1971, pp. 87±89.
[19] F. Venema, H. F. M. Nelissen, P. Berthault, N. Birlirakis, A. E.


Rowan, M. C. N. Feiters, R. J. M. Nolte, Chem. Eur. J. 1998, 4, 2237.
[20] M. J. Pregel, E. Buncel, Can. J. Chem. 1991, 69, 130.
[21] H. F. M. Nelissen, M. C. Feiters, R. J. M. Nolte, J. Org. Chem. 2002,


67, 5901.
[22] Typical data obtained with a 5-mm aqueous solution of dimer 4 in


an NMR tube irradiated at 313 nm for 2.5 h: 1H NMR spectroscopy:
34% open form and 66% closed form; UV/Vis spectroscopy and
modeling: 33% open form, 67% closed form.


[23] a) K. Kano, R. Nishiyabu, T. Asada, Y. Kuroda, J. Am. Chem. Soc.
2002, 124, 9937; b) X.-P. Wang, J.-H. Pan, S.-M. Shuang, Spectro-
chim. Acta A 2001, 57, 2755; c) J. M. Ribo, J.-A. Farrera, M. L.
Valero, A. Virgili, Tetrahedron 1995, 51, 3705.


[24] a) J. J. Michels, R. Fiammengo, P. Timmerman, J. Huskens, D. N.
Reinhoudt, J. Inclusion Phenom. Macrocyclic. Chem. 2001, 41, 163;
b) F. Venema, A. E. Rowan, R. J. M. Nolte, J. Am. Chem. Soc. 1996,
118, 257.


[25] J. S. Manka, D. S. Lawrence, J. Am. Chem. Soc. 1990, 112, 2440.
[26] M. V. Rekharsky, Y. Inoue, Chem. Rev. 1998, 98, 1875.
[27] a) E. D. Sternberg, D. Dolphin, C. Bruckner, Tetrahedron 1998, 54,


4151; b) C. E. Stilts, M. I. Nelen, D. G. Hilmey, S. R. Davies, S. O.
Gollnick, A. R. Oseroff, S. L. Gibson, R. Hilf, M. R. Detty, J. Med.
Chem. 2000, 43, 2403; c) W. B. Edwards, D. E. Reichert, D. A.
d×Avignon, M. J. Welch, Chem. Commun. 2001, 1312; d) J. G. Moser,
I. Rose, B. Wagner, T. Wieneke, A. Vervoorts, J. Inclusion Phenom.
Macrocyclic. Chem. 2001, 39, 13.


[28] D. D. Perrin, W. F. L. Armarego, Purification of Laboratory Chemi-
cals, 3rd ed., Pergamon, Oxford, 1989.


[29] G. M. Sheldrick, SHELSX86 program for crystal structure determi-
nation, University of Gˆttingen, Germany, 1986.


[30] G. M. Sheldrick, SHELSX-97 program for crystal structure refine-
ment, University of Gˆttingen, Germany, 1997.


[31] Quanta 97, Molecular Simulations, Waltham, USA.


Received: September 24, 2003 [F5567]


Chem. Eur. J. 2004, 10, 1114 ± 1123 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1123


Photoswitchable b-Cyclodextrin Dimers 1114 ± 1123



www.chemeurj.org






Metal Ion Complexation: A Route to 2D Templates?


Steven De Feyter,*[a] Mohamed M. S. Abdel-Mottaleb,[a, c] Norbert Schuurmans,[b]


Bas J. V. Verkuijl,[b] Jan H. van Esch,*[b] Ben L. Feringa,[b] and Frans C. De Schryver[a]


Introduction


Due to the continuing need for miniaturization in electron-
ics, the field of ™nano∫-electronics and surface ™nano∫-pat-
terning has received considerable attention lately. Despite
the extraordinary success of current techniques for micro-
fabrication, new and alternative techniques are highly desir-
able. To comply with the demands set by the reduced size of
the functional parts, it is of importance to control the order-
ing of the ™components∫ on a surface. Several approaches
exist, of which the so-called top-down approaches are the
most popular, involving photolithography, electron beam
lithography,[1] and ™soft lithography∫.[2] In a top-down type
approach, the sharp tip of an STM or an atomic force micro-
scope (AFM) can be used in several lithography modes to
form patterns on the nanoscale.[3±14]


As a bottom-up alternative, self-assembly – the sponta-
neous organization of molecules into stable, structurally


well-defined aggregates – has been put forward as a possi-
ble paradigm for generating nanoscale templates under am-
bient conditions.[15±22] Although the principles of self-assem-
bly apply to both physisorbed and chemisorbed monolayers,
the latter approach has been most extensively applied for
decorating surfaces, leading to patterns in which molecules
such as alkane derivatives stand almost upright.[23] Tailoring
the chemical composition along the alkyl chain allows the
patterning of organic monolayers on the nanometer scale,[24]


and this has also been shown for systems at the liquid/air in-
terface, where the molecules lie with their long axes parallel
to the substrate.[25,26] Self-assembly has also been used to di-
rectly form a nanotemplate that does not require further
manipulation by an SPM probe. Based on metal complexa-
tion, examples have been reported of the formation of well-
defined coordination arrays on surfaces (metallo-grids),
which were found to possess interesting electronic, magnet-
ic, and structural properties.[27,28] These coordination arrays
were based on the self-assembly of nitrogen-containing li-
gands and a suitable metal ion.[29±31] Furthermore, by varying
the molecular structure of the complex, a variation in the
molecular orientation was observed. These experiments also
show the possibility of building locally addressable storage
devices for molecular electronics. Other examples include
the self-assembly of metal-organic coordination complexes
and networks.[32±35]


Our research is directed towards the development of new
approaches for decorating surfaces at the supramolecular
level,[36±38] and to use these patterns for the spatial organiza-
tion of functional groups, such as addressable groups, cata-
lytically active groups, and so on. The rigidity and direction-
ality of the metal coordination mode of bipyridines make
them among the most ubiquitous constituents of supra-
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Abstract: The two-dimensional ordering of a number of 2,2’-bipyridine derivatives
at the liquid/solid interface has been investigated by scanning tunneling microsco-
py. By appropriate functionalization of the bipyridine units, their intermolecular
distance can be tuned, which has proved to be crucial for complexation with metal
ions. The in situ addition of metal salts (Pd2+ , Cu2+), leading to the formation of
metal-bipyridine complexes, has a dramatic influence on the two-dimensional or-
dering of the molecules and suggests that these complexes could be used as tem-
plates.
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molecular assemblies.[39±43] Bipyridines have been widely
used for the realization of discrete, highly ordered nano-
structures based on transition metal coordination.[44] Based
on their rich chemical properties we have chosen bipyridine-
derived molecules as a basis for template formation, that is,
the controlled 2D spatial disposition of metal centers that
can act as anchor points for further functionalization.
Herein, we explore ™in situ∫ the bipyridine unit as a com-


plexation scaffold in physisorbed films at the liquid/solid
and air/solid interfaces, and investigate the restructuring
effect of adding metal salts to the adlayer. Previously, we
have reported the complexation of palladium acetate with
bipyridine units anchored on graphite, as visualized by scan-
ning tunneling microscopy.[38] We have now extended the
previous studies by investigating the effect of the intermo-
lecular distance between the bipyridine units on their com-
plexation properties at a surface. We have also considered
symmetry-related effects, and have explored the complexa-
tion of different metal ions.


Results and Discussion


Two-dimensional patterns of bipyridine derivatives: Urea
groups are a robust motif for the formation of extended rib-
bons of hydrogen-bonded molecules. Compounds containing
two urea groups separated by a spacer are particularly inter-
esting, since they can form up to eight hydrogen bonds with
neighboring molecules.[45±49] From previous studies, it is clear
that the intermolecular distance is often dictated by hydro-
gen bonding between the urea functionalities.[45±49] On the
basis of these previous findings, it was anticipated that the
aromatic moieties would not lie flat in relation to the sub-
strate, but rather would be tilted due to the limited space
available.[42] On the one hand, such an orientation could pro-
mote metal ion complexation at the liquid/solid interface,
but on the other hand, the dominance of the hydrogen
bonds might complicate the metal ion complexation. Moti-
vated by these expectations and uncertainties, the 2D pack-
ing pattern of 1 (chemical structure: Scheme 1) at the liquid/
solid interface was investigated. Upon applying a drop of a


saturated solution of 1 in 1-phenyloctane or 1-octanol to the
surface of graphite (HOPG), a well-ordered monolayer is
spontaneously formed at the liquid/solid interface
(Figure 1). The image is submolecularly resolved, which en-


ables the identification of the different functionalities within
the molecules. The molecules are ordered in rows, and the
width of such a row (lamella) is indicated by DL1. The bipyr-
idine moieties appear as bright bands (black arrow) in the
middle of the lamellae. They form an angle of 70�28 with
respect to the lamella axis. The urea groups appear as two
bright lines (small arrows) on either side of the bipyridine
moiety. The alkyl chains are fully extended and form an
angle of 81�18 with respect to the lamella axis. There is no
indication of interdigitation. The intermolecular distance be-
tween two successive molecules within a lamella was found
to be 4.6�0.3 ä, which is in good agreement with the inter-
molecular distances found in other urea-containing sys-
tems[45±48] and is indicative of the formation of hydrogen
bonds between the urea groups. Based on the packing pa-
rameters, a proposed model for the observed packing is de-
picted in Figure 1B. In this model, as expected, the intermo-
lecular distance does not allow the bipyridine moieties to lie


flat on the surface, and there-
fore a tilted arrangement is in-
ferred. There is no information
as to whether the nitrogen
atoms of the pyridine moieties
are oriented towards the
graphite or the solution, nor
on the eventual cisoid or trans-
oid conformation adopted by
the bipyridine.[50]


Urea-free bipyridine deriva-
tives have also been investigat-
ed, the reason being that the
absence of the urea groups
puts less constraints on the in-
termolecular distance between
adjacent bipyridine moieties,
and thereby might affect theScheme 1. Chemical structures of the bipyridine derivatives.


Figure 1. A) STM image of a monolayer composed of molecules of 1 at
the liquid/solid interface. Bipyridine moieties appear as a bright tape in
the middle of the lamella (big arrow), while the urea groups appear as
two bright lines on either side of the bipyridine moieties (small arrows).
DL1 indicates a lamella. The image size is 10.8î10.8 nm2; Iset = 0.4 nA,
Vset = �0.304 V. B) A packing model for the monolayer observed in A).
The bipyridine moieties are assumed to be tilted off the surface.
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metal ion complexation. Upon applying a drop of a solution
of 2 in 1-phenyloctane to a graphite surface, a physisorbed
monolayer is spontaneously formed at the liquid/solid inter-
face.[38] Figure 2 shows an image of such a monolayer, as ob-


served by STM. The image is submolecularly resolved,
which enables us to identify the two aromatic rings of the bi-
pyridine moiety (indicated by the two big arrows) as well as
the aliphatic chains. The lamella is defined by two black
troughs, which are characteristic for terminal methyl groups
(indicated by the two small arrows). The bipyridine moieties
form an angle of 64�28 while the aliphatic chains form an
angle of 49�28, with respect to the lamella axis. For clarity,
one molecular model of 2 has been superimposed on the
STM image. Based on the contrast of the bipyridine moiet-
ies in the STM images it is obvious that all the molecules
are equivalent along the lamella axis, and their chains
appear to be fully extended. A molecular model of the ob-
served packing is shown in Figure 2B. The distance between
two neighboring molecules within a lamella measured along
the lamella axis (a) is 6.9�0.3 ä, and the distance between
equivalent points in abutting lamellae DL1 is 51.0�1.6 ä.
Note that the intermolecular distance is much larger (about
a 50% increase) compared to that in the case of 1. The
packing parameters acquired from the STM image indicate
that the bipyridine moieties are adsorbed parallel to the
graphite plane, and that there is no interdigitation of the ali-
phatic chains from neighboring lamellae. Again, the data do
not provide information on the conformation of the bipyri-
dine units. In Figure 2B, a cis conformation has been arbi-
trarily assumed, as this conformation will allow metal com-
plexation.
In addition to the aforementioned highly uniform mono-


layers, some monolayers with packing irregularities were ob-
served for 2 at the liquid/solid interface. Figure 3A and Fig-
ure 3B show lamellae of different widths. The small lamella
shows the same packing pattern of 2 as observed in Fig-
ure 2A. In Figure 3A, two white arrows indicate what we
believe to be the two pyridyl rings of the bipyridine moieties
within a small lamella. The wider lamella (DL2 = 59�


1.5 ä) consists of rows of two molecules of 2 stacked along
the lamella direction. Instead of just two lines of bright
structures, three bright lines are visible. Two molecular
structures are superimposed on the image for clarity. In this
case, the bipyridine moieties are supposed to lie head-to-
head with one alkyl chain per bipyridine moiety adsorbed
on the graphite surface while the other alkyl chain is
thought to be dangling in the supernatant solution (in this
tentative model, only one alkyl chain is shown). At present,
we have no explanation for this counterintuitive observation
and cannot rule out the possibility that the bipyridine unit
may be partly tilted or even that part of the ™visible∫ alkyl
chain close to the bipyridine unit appears brighter because it
is slightly lifted off the substrate. The width of the core in
this case (18.2�1.3 ä) is consistent with this assumption.
To investigate the origin of the packing irregularities ob-


served in the monolayers of 2 and the effect of molecular
symmetry on the 2D ordering, monolayer formation by 3,
bearing only one alkyl chain (see Scheme 1), was investigat-
ed at the liquid/solid interface. Figure 4 shows an STM
image of the monolayer of 3 observed at the liquid/solid in-
terface. The lamellar structure of the monolayer is evident.
The bipyridine moieties appear as bright bands in the
middle of the lamella and the alkyl chains appear as some-


Figure 2. A) STM image of a monolayer of 2 physisorbed at the liquid/
solid interface. Big arrows point to the aromatic rings of a bipyridine
moiety; small arrows define the lamella boundaries. One molecular
model is superimposed for clarity. The difference in contrast of the alkyl
chains on either side of the bipyridine cores is due to a scanning artefact.
The image area is 9.1î9.1 nm2; Iset = 1.2 nA, Vset = �0.244 V. B) Molec-
ular model of the monolayer, with a = 6.9�0.3 ä, DL1 = 51.0�1.6 ä.
A cis conformation of the bipyridine units has been assumed arbitrarily.


Figure 3. A) STM image of 2 showing two lamellae of different widths.
Arrows indicate the rings of the bipyridine units. Two molecular struc-
tures are superimposed on the STM image for clarity. DL2 indicates the
width of the wider lamella. The image size is 9î9 nm2; Iset = 1.2 nA,
Vset = �0.242 V. B) STM image of 2 showing a change in the packing
pattern within the same lamella. Single and double bipyridine moieties
stacked along the lamella direction are indicated by big arrows. The
image size is 10.6î10.6 nm2; Iset = 1.2 nA, Vset = �0.476 V.


Figure 4. STM image of a monolayer of 3 at the liquid/solid interface. A
lamellar structure is evident. The molecules are adsorbed in two different
packing patterns, head-to-tail (DL1 = 25.5�1.2 ä) and tail-to-tail (DL2


= 35.7�0.9 ä). Six molecular structures are superimposed on the STM
image. The image area is 15.2î15.2 nm2; Iset = 0.8 nA, Vset = �0.436 V.
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what darker than the bipyridine moieties. In this image, mol-
ecules adopt a head-to-tail packing as indicated by DL1


(25.5�1.2 ä) or a tail-to-tail packing as indicated by DL2


(35.7�0.9 ä). The intermolecular distance between neigh-
boring molecules along a lamella axis is 6.5�0.4 ä. The
alkyl chains are not interdigitated.
In addition to the head-to-tail (DL1) and tail-to-tail (DL2)


packings, double-core lamellae can be observed in the mon-
olayer (Figure 5A: patterned arrows). In this case, the mole-


cules are lying head-to-head. The core width is 16.7�1.1 ä,
which is in good agreement with the width of two bipyridine
moieties, whereas the width of a single core is 8.6�0.9 ä.
Note that this core width (double core of 3) is identical
(within experimental error) to the double-core width in the
case of monolayers of 2 at the liquid/solid interface. The in-
termolecular distance between neighboring molecules along
the lamella is 6.8�0.5 ä. Thus, there is no significant differ-
ence between lamellae with a head-to-head and those with a
head-to-tail arrangement with respect to intermolecular dis-
tance. The alkyl chains are not interdigitated. In addition to
the single-core and double-core lamellae observed for 3 at
the liquid/solid interface, triple-core lamellae are also ob-
served. Figure 5C shows a monolayer with such packing. A
double-core lamella is indicated by the patterned arrows,
while a triple-core lamella is indicated with black arrows. In
the latter case, for the molecule adsorbed in the middle of
the core, the alkyl chain will not be adsorbed on the surface.
Thus, it is expected that the chain will be dangling in the su-


pernatant solution. The width of the core (28.7�1.5 ä) con-
firms the proposed packing. The predominant packing, how-
ever, is the head-to-tail mode. These data confirm the pack-
ing irregularities observed for 2 and indicate that they are
intrinsic properties of alkylated bipyridines.


Complexation with metal ions : Once the two-dimensional
ordering of the bipyridine derivatives was established, we
proceeded to investigate their complexation with metal ions
at the liquid/solid interface. A drop of a concentrated solu-
tion of the chosen metal ion was added in situ to the pre-
formed bipyridine monolayer. In the case of 1, in situ addi-
tion of complexed metal ions (Pd(OAc)2, PdCl2, Cu(OAc)2,
and CuCl2) in 1-phenyloctane solutions did not result in any
observable change in either the contrast or the packing pat-
tern and parameters of the monolayers of 1. Ex situ com-
plexation of 1 did not result in the formation of a monolayer
with different packing. Apparently, the close packing of the
bipyridine moieties does not leave enough space for metal
complexation to occur, and, most probably, the gain in free
energy that would be achieved by metal complexation
would not compensate for the loss of eight hydrogen bonds
in the bipyridine-bis(urea) lamellae. Such a change in pack-
ing pattern would be necessary for the formation of the
complex, and to allow for the accommodation of the metal
atom within the monolayer. Another possibility might be
the desorption of the complexed molecules from the sur-
face.
After the successful imaging of monolayers of 2 at the 1-


phenyloctane/graphite interface, a drop of a solution of
Pd(OAc)2 in 1-phenyloctane was applied. Within a couple of
minutes, a spontaneous change in the monolayer packing
pattern could be observed. Figure 6A shows an STM image
of such a monolayer of 2 after the addition of Pd(OAc)2.
Two domains can be identified, domain A with a packing
pattern similar to that previously observed for 2 (Figure 2A)
and domain B with a new packing pattern, which is attribut-
ed to a bipyridine-metal complexed monolayer. In do-
main B, the core-to-core distance between abutting lamellae
(DL2 = 35.1�1.3 ä) is smaller than that previously ob-
served for 2 (DL1 = 51.0�1.6 ä). At the domain boundary,
increased mobility of the molecules in some locations is evi-
dent (arrows). Figure 6B shows a large-scale image of the
different domains observed after the addition of Pd(OAc)2.
Domains A, B, C, and D are assigned to the uncomplexed
monolayer, while domain E corresponds to a complexed
monolayer. It should be noted that the co-existence of com-
plexed and uncomplexed domains is only observed immedi-
ately after the addition of the complexing agent Pd(OAc)2.
In time, only monolayers with a packing pattern similar to
that of domain B in Figure 6A (or domain E in Figure 6B)
are observed. After the addition of the complexing agent,
no packing irregularities were observed in the monolayer.
Figure 6C shows an STM image of the monolayer with


the new packing pattern. The image is submolecularly re-
solved, which again enables us to identify the aliphatic
chains as well as the complexation sites. The bipyridine moi-
eties cannot be discerned; instead, well-defined big bright
structures appear (bright). The distance between two succes-


Figure 5. A) STM image of a monolayer of 3 at the liquid/solid interface.
Head-to-tail (DL1) and tail-to-tail (DL2) packings are observed. Single-
core and double-core lamellae are observed (patterned arrows). The
image area is 11.5î11.5 nm2; Iset = 0.8 nA, Vset = �0.4 V. B) Packing
model of the area indicated in A). C) STM image of a monolayer of 3 at
the liquid/solid interface. A double-core lamella (patterned arrows) and a
triple-core lamella (black arrows) can be observed. The image area is
11.5î11.5 nm2; Iset = 0.8 nA, Vset = �0.5 V. D) Packing model for the
area indicated in C).
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sive bright structures measured along the lamella axis (a) is
9.4�0.1 ä, which is significantly larger than the distance of
6.9�0.3 ä between bipyridine moieties before the addition
of Pd(OAc)2. A change in the packing pattern of the ali-
phatic chains occurs too, and the chains appear to be inter-
digitated. The data suggest that one bipyridine unit com-
plexes to each metal complex. This can be explained as fol-
lows: the distance between the neighboring molecules in-
creases to 9.4 ä in order to accommodate the Pd(OAc)2
moieties, causing the aliphatic chains to interdigitate in
order to reduce the free space in the monolayer, as is re-
vealed by the large decrease in distance between adjacent
rows of bipyridine units (DL2 = 35.1�1.3 ä). It must be
noted that the orientation of the aliphatic chains with re-
spect to the lamellar axis changes from 49�28 to 87�28
after addition of Pd(OAc)2. To further clarify the packing
pattern, two complexed molecules have been superimposed
on the STM image. A molecular model of the observed
monolayer packing is shown in Figure 6D.
Furthermore, in situ complexation of 2 with various com-


plexed metal ions such as PdCl2, Cu(OAc)2, and CuCl2 was
successfully accomplished. Figure 7A and Figure 7B are
STM images of [Pd(Cl)2(C19bipyC19)] monolayers. The
STM images reveal a similar pattern as found for
[Pd(OAc)2(C19bipyC19)] monolayers, with the same unit
cell parameters. Figure 6C and Figure 6D show characteris-
tic STM images of [Cu(OAc)2(C19bipyC19)] monolayers,
while Figure 7E and Figure 7F show the corresponding


images for [Cu(Cl)2(C19bipyC19)]. Again, the unit cell pa-
rameters are not significantly changed. This is quite remark-
able given that the nature of the counterion is also different.
This robustness in the complexation pattern formed is prom-
ising for future complexation experiments, allowing fine-
tuning of the complexation properties by using different
transition metals. In the case of the in situ addition of the
metal complex, the new packing is thought to arise following
desorption and readsorption of the molecules in close prox-
imity to the surface.
To accurately compare the behavior of 3 with that of 2 at


the liquid/solid interface, complexation of the former with
Pd(OAc)2 was also investigated. A spontaneous change in
the packing was observed, as depicted in Figure 8A. The
molecules are packed in a lamellar-type structure, in which
the alkyl chains are interdigitated; two arrows indicate a la-
mella. Figure 8B also shows an STM image of the com-
plexed monolayer of 3. The intermolecular distance between
neighboring molecules along the lamella is 9.2�0.5 ä. This


Figure 6. A) STM image showing a monolayer of 2 physisorbed at the
liquid/solid interface after addition of Pd(OAc)2. Domain A, uncom-
plexed. Domain B, complexed. DL1 = 47.5�1.1 ä and DL2 = 35.1�
1.3 ä. The image size is 21.5î21.5 nm2; Iset = 0.6 nA, Vset = �0.418 V.
B) STM image showing uncomplexed domains A, B, C, and D, while do-
main E is complexed. The image size is 34.6î34.6 nm2; Iset = 1.2 nA, Vset


= �0.366 V. C) Two complexed molecular structures are superimposed
for clarity. The image area is 10.2î10.2 nm2; Iset = 1.2 nA, Vset =


�0.486 V. D) Tentative molecular model of the monolayer where a =


9.4�0.1 ä and DL2 = 35.1�1.3 ä.


Figure 7. STM images of monolayers of 2 complexed with: (A, B) PdCl2:
A) The image area is 11.2î11.3 nm2; Iset = 1.2 nA, Vset = �0.142 V.
B) The image area is 50.0î50.0 nm2; Iset = 1.4 nA, Vset = �0.160 V. (C,
D) Cu(OAc)2: C) The image area is 12.9î12.9 nm2; Iset = 0.8 nA, Vset =


�0.450 V. D) The image area is 50.0î50.0 nm2; Iset = 0.8 nA, Vset =


�0.472 V. (E, F) CuCl2: E) The image area is 13.1î13.1 nm2; Iset =


1.0 nA, Vset = �0.460 V. F) The image area is 50.0î50.0 nm2; Iset =


0.8 nA, Vset = �0.440 V.
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value is identical (within experimental error) to that ob-
served for the complexed monolayer of 2.[51] Remarkably,
after complexation, no different packings are observed; all
domains show the same packing. Addition of the metal salts
and consequent complexation leads to the formation of a
unique 2D pattern.
To exploit the complexed monolayer as a template for


building nanostructures, stability of the formed template in
air would be a necessity. To assess this stability, a solution of
2 in 1-heptanol was applied to a graphite surface and left to
dry under ambient conditions. Following this procedure,
STM images similar to those obtained at the liquid/solid in-
terface could be obtained. This does not prove that mono-
layer films were formed, although locally this is possible.
More probably, the STM tip penetrates the deposited mate-
rial and only the layer in contact with the graphite support
is imaged. The observed monolayer was submolecularly re-
solved, and the packing parameters of the monolayer did
not differ from those obtained at the liquid/solid interface.
A drop of a Pd(OAc)2 solution in 1-heptanol was then ap-
plied on top of the dry layer, and again left to dry under am-
bient conditions for two days. It seems probable that the for-
mation of the complexed layer involves desorption of the
non-complexed molecules and readsorption of the com-
plexed ones, driven by changes in the concentration gradient
of complexed and non-complexed molecules in the superna-
tant solution.[52] Figure 9 shows an image of the complexed
monolayer acquired by STM. The image shows similar fea-
tures to those obtained at the liquid/solid interface.
It is also possible to induce decomplexation at the liquid/


solid interface and to restore the metal-free monolayer. This
can be achieved, for example, by adding dibromomaleic acid
in situ. Addition of dibromomaleic acid leads to a change in
the packing pattern of the monolayer. The interdigitated
packing pattern of the complexed monolayer is changed to
the non-interdigitated one, characteristic of a non-com-
plexed monolayer, indicating the in situ decomplexation of
the monolayer by the dibromomaleic acid.


Conclusion


It has been shown that alkylated 2,2’-bipyridines can be
used as complexation scaffolds for metal complexes, both at
the liquid/solid and liquid/air interfaces. The intermolecular
distance within the non-complexed monolayer is of crucial
importance in determining whether or not complexation can
occur. If the intermolecular distance is too small, as in the
case of the urea derivative, no complexation is observed.
This is thought to be due to insufficient space between the
adsorbed molecules to allow for the accommodation of the
metal ions on the surface – due to the stability of the hy-
drogen-bonded array – or to the desorption of complexed
molecules. Addition of a metal complex, either ex situ or in
situ, to both symmetric alkylated and asymmetric alkylated
bipyridine derivatives leads to complexation. Complexations
with different metal ions led to the formation of an identical
2D ordering.
The long-term goal of these experiments is to form stable


templates, and then to use such templates for the assembly
of other molecules or nanostructures in the third dimension.
The stability of such templates in air is a requisite. As a
demonstration of such stability, STM investigation of mono-
layers of 2 before and after evaporation of the solvent re-
vealed identical monolayers. Addition of complexed metal
ions led to the formation of complexed monolayers, which
were also found to be stable over a period of days. Thus,
these potential templates show sufficient stability such that
their use in building 3D nanostructures might indeed be
possible.To exploit the templating effect, it will be essential
to exchange the ligands of the metal complex that are point-
ing into the supernatant solution with ligands bearing a
functional group. Therefore, it will be necessary to test and
investigate different complexes with different bonding
strengths with respect to the bipyridine molecules or other
methods of changing the ligands.


Experimental Section


Materials and methods : All solvents were dried according to standard
procedures. Starting materials were purchased from Aldrich or Acros. 1H
NMR spectra were recorded on a Varian VXR-300 spectrometer (at


Figure 8. A) Large scale STM image of a monolayer of 3 after the addi-
tion of Pd(OAc)2. Only one type of packing is observed, in which the
alkyl chains are interdigitated. The image area is 24.1î24.1 nm2; Iset =


1.3 nA, Vset = �0.5 V. B) STM image of a complexed monolayer of 3.
The alkyl chains are clearly interdigitated. The molecular structures of
four complexes are superimposed on the image. The image area is 10.8î
10.8 nm2, Iset = 1.2 nA, Vset = �0.6 V.


Figure 9. STM image showing a monolayer of 2 physisorbed at the air/
solid interface after addition of a solution of Pd(OAc)2 in 1-heptanol and
drying for two days under ambient conditions. The image area is 10.2î
10.2 nm2; Iset = 1.00 nA, Vset = �0.498 V.
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300 MHz) with samples in CDCl3 or [D6]DMSO; chemical shifts are
given in ppm relative to CDCl3 (d = 7.26 ppm) or DMSO (d =


2.50 ppm). 13C NMR spectra were recorded on a Varian VXR-300 spec-
trometer (at 75.48 MHz) with samples in CDCl3 or [D6]DMSO; chemical
shifts are given relative to CDCl3 (d = 77 ppm) or DMSO (d =


39.5 ppm) The splitting patterns in the 1H NMR spectra are designated
as follows: s (singlet), d (doublet), dd (double doublet), t (triplet), m
(multiplet), br (broad). Melting points were measured on a Stuart Scien-
tific SMP1 apparatus. Infrared spectra were recorded on a Nexus FTIR
spectrometer. HRMS was performed on a JEOL JMS 600H spectrometer
in EI+ ionization mode. Elemental analyses were carried out in the Mi-
croanalytical Department of the Stratingh Institute, University of Gro-
ningen (The Netherlands).


Synthesis of bromopropanol THP ether : 3,4-2H-Dihydropyran (12 mL;
excess) was added to a solution of bromopropanol (15 g, 0.11 mol) in
CH2Cl2 (60 mL) at 0 8C. The mixture was stirred for 4 h at room tempera-
ture. It was then washed with water (100 mL), and the aqueous layer was
extracted wih CH2Cl2 (2î100 mL). The combined organic layers were
washed with brine, dried (MgSO4), and concentrated in vacuo. The
brown-yellow oil was purified by column chromatography (silica; hexane/
diethyl ether (10%)) to yield a colorless oil. Yield 18.9 g (0.085 mol,
80%); 1H NMR (300 MHz, CDCl3): d = 4.51 (t, J = 2.9 Hz, 1H), 3.82±
3.74 (m, 2H), 3.47±3.39 (m, 4H), 2.05 (quintet, 1J = 6.2 Hz, 3J =


12.5 Hz, 2H), 1.7±1.4 ppm (m, 6H).


Synthesis of 5-methyl,5’-((tetrahydropyranyloxy)butyl)-2,2’-bipyridine : A
solution of LDA (30 mmol) was freshly prepared from diisopropylamine
(4.6 mL) and nBuLi (19 mL, 1.6m in hexanes) in THF (10 mL) at �80 8C.
A solution of 5,5’-dimethyl-2,2’-bipyridine (5.0 g, 27 mmol) in THF
(150 mL) was then added at the same temperature. The reaction mixture,
which immediately turned black, was stirred for 2 h at �80 8C. It was
then allowed to warm to room temperature, whereupon a solution of bro-
mopropanol THP ether (7.8 g, 35 mmol) in THF (40 mL) was added. The
mixture was stirred at rt for 100 h, then quenched with MeOH and
poured into ice-water (300 mL). The resulting mixture was extracted with
Et2O (4î200 mL), and the combined organic layers were dried (Na2SO4)
and concentrated in vacuo.


The product was further purified by column chromatography (silica; elu-
tion with 2% MeOH in CH2Cl2) to yield the pure material as an orange-
brown oil. Yield 7.8 g (24 mmol, 90%); 1H NMR (300 MHz, CDCl3): d
= 8.46 (s, 2H), 8.22 (dd, J = 3.9 Hz, 2H), 7.62±7.55 (m, 2H), 4.55 (s,
1H), 3.82±3.72 (m, 2H), 3.49±3.41 (m, 2H), 2.67 (t, J = 6.9 Hz, 2H), 2.35
(s, 3H), 1.77±1.50 ppm (m, 12H).


Synthesis of 5,5’-bis((tetrahydropyranyloxy)butyl)-2,2’-bipyridine : The
same procedure was followed as for the synthesis of the monosubstituted
derivative. A solution of the monosubstituted derivative (7.8 g, 24 mmol)
in THF (150 mL) was added to freshly prepared LDA solution
(30 mmol). Subsequently, a solution of the bromopropanol THP ether
(9.0 g, 0.04 mol) was added. After work-up, the title disubstituted bipyri-
dine was obtained as a brown oil. Yield: 9.6 g (0.021 mol, 88%); 1H
NMR (300 MHz, CDCl3): d = 8.46 (s, 2H), 8.23 (d, J = 8.1 Hz, 2H),
7.59 (d, J = 8.3 Hz, 2H), 4.54 (s, 2H), 3.86±3.70 (m, 4H), 3.53±3.33 (m,
4H), 2.67 (t, J = 6.6 Hz, 4H), 1.81±1.50 ppm (m, 20H); 13C NMR
(300 MHz, CDCl3): d = 152.5, 147.7, 136.1, 135.3, 118.9, 65.6, 61.4, 60.8,
31.4, 29.1, 27.7, 26.3, 24.0, 18.1 ppm.


Synthesis of 5,5’-bis(hydroxybutyl)-2,2’-bipyridine : The protected bipyri-
dine (5.0 g, 10.7 mmol) was dissolved in EtOH (120 mL) and p-toluene-
sulfonic acid (0.5 g) was added. The mixture was refluxed for 24 h, then
neutralized with triethylamine. The ethanol was evaporated and the
crude product was redissolved in CHCl3. This solution was filtered
through neutral aluminum oxide, the filtrate was concentrated to a vis-
cous oil, and this was suspended in toluene. The product separated as a
white solid upon sonication.


Yield: 1.1 g (3.7 mmol, 35%); 1H NMR (300 MHz, CDCl3): d = 8.50 (s,
2H), 8.26 (d, J = 8.3 Hz, 2H), 7.64 (d, J = 8.3 Hz, 2H), 3.66 (t, J =


6.4 Hz, 4H), 2.69 (t, J = 6.6 Hz, 4H), 1.79±1.58 ppm (m, 8H); 13C NMR
(300 MHz, CDCl3): d = 152.3, 147.4, 136.1, 135.3, 119.3, 60.9, 31.0, 30.6,
25.7 ppm; MS: m/z : 300, 255; HRMS: calcd for C18H24N2O2 300.18376;
found 300.18438.


Synthesis of 5,5’-bis(bromobutyl)-2,2’-bipyridine : Concentrated H2SO4


(0.25 mL, 4 mmol) was added to a solution of the diol (0.5 g, 1.8 mmol)


in 48% aqueous HBr (5 mL). The reaction mixture was refluxed for 12 h,
then diluted with ice-water (80 mL), and neutralized with aqueous
Na2CO3 solution (20 mL). The yellow mass that was liberated was ex-
tracted with CHCl3 (5î50 mL) and the combined organic phases were
dried (Na2SO4) and purified by column chromatography (CH2Cl2/toluene,
2:8). Evaporation of the solvents gave the dibromide as a white solid.
Yield: 0.6 g (1.4 mmol, 78%); 1H NMR (300 MHz, CDCl3): d = 8.48 (s,
2H), 8.26 (d, J = 8.0 Hz, 2H), 7.62 (d, J = 8.1 Hz, 2H), 3.42 (t, J =


7.1 Hz, 4H), 2.68 (t, J = 6.9 Hz, 4H), 2.67 (t, J = 6.9 Hz, 2H), 2.02±
1.66 ppm (m, 8H); 13C NMR (300 MHz, CDCl3): d = 147.8, 135.3, 130.5,
127.1, 119.1, 34.6, 30.8, 26.9, 20.0 ppm; MS: m/z : 426, 277; HRMS: calcd
for C18H22N2Br2 424.01489; found 424.01361.


Synthesis of 5,5’-bis(azidobutyl)-2,2’-bipyridine : NaN3 (400 mg, 6.2 mmol,
4 equiv.) was added to a solution of the aforementioned 5,5’-bis(bromo-
butyl)-2,2’-bipyridine (0.6 g, 1.4 mmol) in DMSO (10 mL). The reaction
mixture was stirred at 50 8C for 12 h. It was then poured into water
(50 mL), and the resulting mixture was extracted with Et2O (3î50 mL).
The combined organic phases were dried (Na2SO4) and concentrated in
vacuo to provide the product as a yellow oil.


Yield: 0.48 g (1.4 mmol, 100%); 1H NMR (300 MHz, CDCl3): d = 8.49
(s, 2H), 8.29 (d, J = 8.1 Hz, 2H), 7.62 (dd, 1J = 8.1 Hz, 2J = 2.2 Hz,
2H), 3.31 (t, J = 6.6 Hz, 4H), 2.71 (t, J = 6.9 Hz, 4H), 1.76±1.66 ppm
(m, 8H); 13C NMR (300 MHz, CDCl3): d = 147.8, 135.3, 130.5, 127.1,
119.1, 49.7, 30.8, 26.9, 20.0 ppm.


Synthesis of 5,5’-bis(aminobutyl)-2,2’-bipyridine : The aforementioned
5,5’-bis(azidobutyl)-2,2’-bipyridine (0.5 g, 1.4 mmol) was dissolved in
EtOH (20 mL), and 10% Pd/C (50 mg) was added. A balloon filled with
H2 gas was attached to the top of the flask, and the mixture was vigorous-
ly stirred for 12 h under the H2 atmosphere. The mixture was subsequent-
ly filtered through Celite and the filtrate was dried (Na2SO4) and concen-
trated in vacuo.


The product was further purified by acid-base extraction to give a yellow
oil that solidified on standing. Yield: 0.41 g (1.4 mmol, 100%); 1H NMR
(300 MHz, CDCl3 + [D6]DMSO): d = 8.19 (s, 2H), 7.96 (d, J = 8.1 Hz,
2H), 7.35 (dd, 1J = 8.1 Hz, 2J = 2.2 Hz, 2H), 2.45±2.29 (m, 8H,
CH2NH2 + CH2Pyr), 1.39 (t, J = 6.6 Hz, 4H), 1.24 ppm (t, J = 7.0 Hz,
4H); 13C NMR (300 MHz, CDCl3): d = 146.6, 134.1, 130.5, 127.1, 117.7,
39.2, 30.5, 29.9, 25.7 ppm.


Synthesis of 5,5’-bis(dodecylureidobutyl)-2,2’-bipyridine : 5,5’-Bis(amino-
butyl)-2,2’-bipyridine (0.3 g, 1.1 mmol) was added to toluene (30 mL).
The mixture was heated to reflux, until it became a smooth and slightly
transparent suspension. At this point, a solution of dodecyl isocyanate
(800 mg, 3.8 mmol, >3 equiv) in toluene (5 mL) was added. Almost im-
mediately, a white solid started to precipitate. The mixture was stirred
while slowly (over a period of 1 h) cooling down to room temperature.
The white precipitate was collected by suction filtration, and further puri-
fied by resuspending it, on the filter, in acetone, methanol, and diethyl
ether, respectively, followed by suction. The product was dried at 80 8C,
3 mmHg. Yield: 0.2 g (0.3 mmol, 30%); off-white solid; m.p. 220 8C
(decomp); 1H NMR (300 MHz, [D]TFA/[D6]DMSO): d = 8.54 (s, 2H),
8.24 (d, J = 8.1 Hz, 2H), 8.05 (d, J = 8.1 Hz, 2H), 3.09 (t, J = 6.6 Hz,
4H), 2.99 (t, J = 7.0 Hz, 4H), 2.70 (t, J = 7.0 Hz, 4H), 1.59 (m, 4H),
1.46 (m, 4H), 1.30±0.99 (m, 40H), 0.70 ppm (t, J = 6.6 Hz, 6H); 13C
NMR (300 MHz, [D6]DMSO/TFA): d = 145.5, 139.6, 123.7, 121.9, 116.1,
31.4, 31.1, 29.8, 29.4, 28.8, 28.5, 28.4, 27.3, 26.8, 26.2, 21.7, 13.4 ppm; IR
(KBr): ñ = 3350, 2956, 1625, 1575, 1466 cm�1; MS: m/z = 721.7; elemen-
tal analysis calcd for C44H76N6O2: C 73.29, H 10.62; found: C 72.98, H
10.43.


Synthesis of 5’-methyl-5-nonadecyl-2,2’-bipyridine : A mixture of diisopro-
pylamine (800 mL, 580 mg, 5.7 mmol) and nBuLi (1.6m in hexanes;
3.5 mL, 5.6 mmol) in THF (10 mL) was first stirred at �78 8C for 15 min.
A solution of 5,5’-dimethyl-2,2’-bipyridine (1.0 g, 5.45 mmol) in THF
(50 mL) was then added from a dropping funnel over a period of 30 min.
The reaction mixture was stirred for an additional 2 h, while the tempera-
ture was slowly raised to 0 8C. A solution of octadecyl bromide (2.0 g,
6 mmol, 1.1 equiv.) in THF (5 mL) was then added by means of a syringe.
The mixture was stirred for 48 h at room temperature, and then ice was
added. The product was extracted with Et2O, and the combined extracts
were washed with aqueous NaHCO3 solution and water, and then con-
centrated. The residue was recrystallized twice from CHCl3. Yield: 1.3 g
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(3.0 mmol, 55%); white powder; m.p. 74±75 8C; 1H NMR (300 MHz,
CDCl3): d = 8.43 (s, 2H), 8.20 (d, J = 8.0 Hz, 1H), 8.19 (d, J = 8.0 Hz,
1H), 7.55 (d, J = 8.0 Hz, 2H), 2.59 (t, J = 7.8 Hz, 2H), 2.33 (s, 3H),
1.57 (m, 2H), 1.19 (m, 32H), 0.82 ppm (t, J = 6.8 Hz, 3H); 13C NMR
(300 MHz, CDCl3): d = 154.0, 149.6, 149.3, 138.0, 137.5, 136.8, 133.1,
120.5, 120.4, 32.9, 32.0, 31.5, 29.8, 29.4, 29.2, 22.7, 14.1 ppm; MS: m/z :
436, 407, 393, 379, 365, 351, 337, 323, 309, 295, 281, 267, 253, 239, 211,
197, 184; elemental analysis calcd for C30H48N2: C 82.51, H 11.08, N 6.41;
found: C 82.33, H 11.73, N 6.30.


Synthesis of 5,5’-bis(nonadecyl)-2,2’-bipyridine : The procedure described
above was repeated, but with diisopropylamine (350 mL, 2.4 mmol) and
nBuLi (1.5 mL, 2.4 mmol) in THF (10 mL), 5’-methyl-5-nonadecyl-2,2’-bi-
pyridine (1 g, 2.35 mmol) in THF (50 mL), and octadecyl bromide
(850 mg, 2.55 mmol). Upon addition of ice in the work-up, the product
precipitated. It was collected by suction filtration and recrystallized twice
from CHCl3 to provide a white powder.


Yield: 820 mg (1.2 mmol, 40%); m.p. 99±100 8C; 1H NMR (300 MHz,
CDCl3): d = 8.46 (s, 2H), 8.23 (d, J = 8.0 Hz, 2H), 7.59 (dd, 1J =


8.1 Hz, 3J = 1.8 Hz, 2H), 2.63 (t, J = 7.8 Hz, 2H), 1.61 (m, 4H), 1.23
(m, 64H), 0.82 ppm (t, J = 6.8 Hz, 6H); 13C NMR (300 MHz, CDCl3): d
= 156.3, 149.3, 138.0, 136.8, 120.5, 32.9, 32.0, 31.2, 29.8, 29.5, 29.4, 29.2,
22.8, 14.2 ppm; MS: m/z : 688, 449, 321; elemental analysis calcd for
C48H84N2: C 83.65, H 12.28, N 4.06; found: C 82.90, H 12.26, N 4.36.


STM : Prior to imaging, all compounds to be investigated were dissolved
in 1-octanol or 1-phenyloctane, and a drop of this solution was applied to
a freshly cleaved surface of highly oriented pyrolytic graphite (HOPG).
The STM images were acquired in the variable current mode (constant
height) under ambient conditions with the tip immersed in the liquid. In
the acquired STM images, white corresponds to the highest and black to
the lowest measured tunneling current. STM experiments were per-
formed using a Discoverer scanning tunneling microscope (Topometrix
Inc., Santa Barbara, CA) along with an external pulse/function generator
(Model HP 8111A), with negative sample bias. Tips were electrochemi-
cally etched from Pt/Ir wire (80%/20%, diameter 0.2 mm) in a 2n KOH/
6n NaCN solution in water. All complexation reactions were performed
in situ, unless stated otherwise. Therefore, a drop of the concentrated solu-
tion of the metal complex (in 1-octanol or 1-phenyloctane) was added to
the sample. For solubility reasons, in some reactions a co-solvent was
used (see text). These co-solvents were selected such that they had low
boiling points and that the metal ions would be known to complex to the
bipyridine in the resulting medium.


The experiments were repeated in several sessions using different tips to
check for reproducibility and to avoid artefacts. Different settings of the
tunneling current and the bias voltage were used, ranging from 0.3 nA to
1.0 nA and �10 mV to �1.5 V, respectively. All STM images are derived
from raw data and have not been subjected to any manipulation or
image processing.
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Chiroptical Analysis of Marine Sponge Alkaloids Sharing the
Pyrrolopyrazinone Core


Delphine E. N. Jacquot, Peter Mayer, and Thomas Lindel*[a]


Dedicated to Professor Ingo-Peter Lorenz on the occasion of his 60th birthday


Introduction


Pyrrole±imidazole alkaloids are exclusively found in marine
sponges, mainly of the families Agelasidae, Axinellidae, and
Halichondridae. Novel examples with unprecedented molec-
ular architecture and biological activities are constantly
being discovered.[1] A pyrrolopyrazinone bicyclic system
forms the AB core of several of the cyclized pyrrole±imida-
zole alkaloids (Scheme 1).
Sharma and co-workers reported the isolation of the


ABCD tetracycle (�)-dibromophakellin (1) from Phakellia
flabellata.[2] Ahond, Poupat, and co-workers discovered that
1 may occur in both enantiomeric forms.[3] The cytotoxic
agelastatin A (2) from Agelas dendromorpha shows a differ-
ent anellation of ring C to the pyrrolopyrazinone bicyclic
system.[4] Kinnel, Scheuer, and co-workers elucidated the
structure of the immunosuppressive natural product palau×a-
mine (3) from Stylotella aurantium.[5] CD spectra of 3 were
measured, but the absolute stereochemistry of the nonbro-
minated (�)-palau’amine (3) is still unknown. The bicyclic
pyrrololactal longamide A (4) from Agelas longissima repre-
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Butenandtstrasse 5±13, 81377 Munich (Germany)
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Abstract: A systematic experimental
study has been conducted on the chi-
roptical properties of bi- and tricyclic
pyrrolopyrazinones, which occur as the
core in a variety of marine pyrrole±imi-
dazole alkaloids, such as the immuno-
suppressive palau×amine. On the basis
of the chiral-pool synthesis of confor-
mationally fixed dipyrrolopyrazinones,
it was possible to predict the CD spec-
trum of (�)-dibromophakellin above
240 nm. 2,2,2-Trifluoroethanol was


identified as a superior solvent for this
analysis. Positive Cotton effects at
250 nm can be used to determine the
helicity of dibrominated pyrrolopyrazi-
nones, while the intensity of the Cotton
effect at 285 nm is governed by the rel-


ative stereochemistry. The influence of
bromination of the pyrrole ring also
becomes predictable. One of the tricy-
cles can be considered as ™conforma-
tionally frozen longamide A∫. Our
study also gives the first comparative
Rˆntgen analyses of diastereomeric
Mosher esters of N,O-hemiacetals, with
the results underlining the fact that
caution is advised in the application of
the advanced Mosher method.


Keywords: circular dichroism ¥
heterocycles ¥ natural products ¥
pyrrole±imidazole alkaloids ¥ struc-
ture elucidation


Scheme 1. Marine sponge alkaloids sharing the pyrrolopyrazinone partial
structure.
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sents the most simple alkaloid with a pyrrolopyrazinone par-
tial structure and has been described as optically active[6a]


and as a racemate.[6b] Racemic longamide A (rac-4) was sep-
arated into the enantiomers by use of chiral HPLC.[7a] Al-
though the configuration of the lactal center of 4 is labile,
recent results by Evans et al.[8] regarding the remarkably
stable configuration even of open-chain pyrrolyl carbinols
support the possibility of 4 being isolable as an optically
active compound. Cyclooroidin (5) is the latest member of
the family.[9]


Our program on the total synthesis of the pyrrole±imida-
zole alkaloids from marine sponges gave us the opportunity
to study stereochemically defined, bi- and tricyclic lactals
containing pyrrolyl carbinol partial structures by chemical
derivatization and by CD spectroscopy. Despite the use of
CD spectra for the assignment of the absolute configuration
of the pyrrole±imidazole alkaloids, there has been no sys-
tematic investigation based on chiral-pool syntheses. In the
light of the efforts on the total synthesis of (�)-palau×amine
(3),[10] an experimental study may be helpful.
Scheme 2 outlines the structural variations chosen in our


study. Pyrrole bromination is of relevance due to the occur-


rence of variously brominated pyrrole±imidazole alkaloids
in marine sponges. Ring C is present in phakellin- and pal-
au×amine-type pyrrole±imidazole alkaloids but absent in
longamide A (4). Throughout this article, the stereogenic
centers of the ABC systems will be referred to as C-10 and
C-10a.


Results


Synthesis of bi- and tricyclic pyrrolyl carbinols : Racemic
longamide A (rac-4) and the dibrominated (10R,10aS)-di-
pyrrolopyrazinone 6 were synthesized by cyclization of the
corresponding aldehyde precursors.[7,11] The tricycle 6, ob-
tained as a single stereoisomer, was acetylated to form 7
(Scheme 3), or converted into the diastereomeric MTPA


esters 12 and 13 (see Figure 1 below). The diastereomeric
10S,10aS tricycle 8 was prepared as the major anomer (9:1)
in three steps by oxidation/lactalization of a nonbrominated
precursor obtained by condensation of l-prolinol with pyr-
rolyl trichloromethyl methanone. A mixture of the diaster-
eomers 9 and 10 was then obtained by acetylation and sepa-
rated by preparative HPLC (Scheme 3). Acylation of the
carbinol hydroxy group was expected to be necessary to pre-
vent anomerization. Dibromination of 10 to form 11 occur-
red readily on treatment with NBS.
Free longamide A (4) is known to racemize within min-


utes.[7a] In order to be able to analyze the CD spectra of
stereochemically pure longamide derivatives, both diastereo-
meric (R)-MTPA esters 14 and 15 (see Figure 3 below) were
prepared[12] by treatment of racemic longamide A (rac-4)
with (S)-MTPA-Cl and separation by HPLC.


Mosher analysis : The diastereomeric (R)-MTPA esters 14
(4R) and 15 (4S) of racemic longamide A (rac-4) show the
very small shift difference of �0.01 ppm (d(S)-MTPA)�d(R)-MTPA)
for the pyrrole proton 8-H, which is the only proton situated


Abstract in French: Les propriÿtÿs chiroptiques de pyrazino-
nes bi- et tricycliques, structures appartenant au squelette d×al-
caloÔdes pyrrolo-imidazoliques d×origine marine comme l×im-
munosuppresseur palau×amine, ont ÿtÿ ÿtudiÿes de faÁon ex-
pÿrimentale et systÿmatique. La synthõse ‡ partir du pool
chiral d×une sÿrie de pyrazinones dipyrroliques conformation-
nellement fixÿes a rendu possible la prÿdiction prÿcise du
spectre de dichroÔsme circulaire de la (�)-dibromophakelline
dans le domaine de longueur d×onde supÿrieur ‡ 230 nm.
Dans cette ÿtude, le 2,2,2-trifluoroethanol s×est rÿvÿlÿ Ütre le
meilleur solvant. Les effets Cotton positifs autour de 251 nm
ont ÿtÿ utilisÿs pour la dÿtermination de l×hÿlicitÿ des pyrazi-
nones dipyrroliques bromÿes. L×intensitÿ de l×effet Cotton ‡
285 nm semble Ütre dirigÿe par la stÿrÿochimie relative des
substituants sur la pyrazinone. L×influence du degrÿ de bro-
mation du pyrrole a aussi ÿtÿ ÿtudiÿe et quantifiÿe. Comme
une des pyrazinones peut Ütre considÿrÿe comme une longa-
mide A ™conformationnellement gelÿe∫, l×attribution de la stÿ-
rÿochimie absolue du produit naturel a ÿtÿ possible. Notre
ÿtude prÿsente ÿgalement la premiõre analyse cristallographi-
que des deux esters de Mosher diastÿrÿomÿriques obtenus ‡
partir d×un N,O-hemiacÿtal. Dans ce cas, la mÿthode de
Mosher modifiÿe doit Ütre appliquÿe avec la plus grande at-
tention.


Scheme 2. Structural variations chosen in our study. The partial structure
drawn in bold is shared by all the investigated compounds. MTPA= (R)-
or (S)-2-methoxy-2-trifluoromethyl-2-phenylacetyl.


Scheme 3. Synthesis of all diastereomers (l-prolinol series) of the 10-O-
acetylated, non- and dibrominated dipyrrolopyrazinone model com-
pounds. NBS=N-bromosuccinimide, pyr=pyridine, sep= separation,
THF= tetrahydrofuran.
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on the ™left side∫ of the Mosher ester plane. However, for
an unambiguous assignment of the relative stereochemis-
tries, significant chemical-shift differences have to be ob-
served for the protons on both sides of the plane defined by
the carbinol proton and the CF3 group in synperiplanar posi-


tions (Figure 1). We decided to analyze the tricycle 6 as an
independent example with a defined absolute stereochemis-
try. The diastereomeric (R)- and (S)-MTPA esters 12 and 13
of the ABC tricycle 6 also showed a shift difference of only
�0.04 ppm (d(S)-MTPA�d(R)-MTPA) for the pyrrole proton 6-H.
On further comparison with 12 and 13, the relative configu-
rations of the Mosher esters 14 and 15 of longamide A (4)
can be assigned as depicted in Figure 3 (given below).
Mosher esters prefer three almost equally populated con-


formations.[13] We were able to obtain crystals of both dia-
stereomers 12 and 13 and it was found that, in the crystal,
the expected conformation with the synperiplanar position
of the CF3 group and the carbinol proton 10-H is only ob-


tained by the (R)-MTPA ester 12. For the (S)-MTPA ester
13, the antiperiplanar orientation was observed in the crys-
tal. As a consequence, the chemical environment of the pyr-
role protons is very similar for both diastereomers. Appa-
rently, repulsing interaction between the pyrrole and the
phenyl rings is responsible for the preference of the anti
conformation of 13. To our knowledge, the dipyrrolopyrazi-
nones 12 and 13 represent the first pair of diastereomeric
MTPA esters of N,O-hemiacetals for each of which X-ray
structure analyses were performed. Our finding underlines
the fact that caution is advised when applying the Mosher
method to stereochemical analysis of natural products, in
particular when steric hindrance can be expected.


CD spectra : The CD extrema of our compounds are sum-
marized in Table 1. Importantly, 2,2,2-trifluoroethanol
(TFE) proved to be the solvent leading to the most pro-
nounced CD spectral characteristics. For example, the acety-
lated tricycle 7 exhibits an additional shoulder at about
255 nm that neighbors the most intense peak at 285 nm in
TFE, while in acetonitrile one contourless peak at 274 nm is
observed.
Figure 2 compares the CD spectra (in TFE) of all five


ABC ring systems 6, 7, 9, 12, and 13 with 10R,10aS absolute
configurations. In comparison with the dibrominated com-
pounds, a hypsochromic shift of almost the entire CD spec-
trum by about 12 nm is observed for the nonbrominated
ABC tricycle 9, with the most intense peak now at 273 nm,
the shoulder at 246 nm, and the trough at 220 nm. The CD
spectra of the pyrrolyl carbinols appear to be only weakly
dependant on the acetylation of the hydroxy group, since
the O-free compound 6 shows a spectrum very similar to 7.
Even for the diastereomeric (R)- and (S)-MTPA esters 12
and 13, the CD spectra are superposable above 245 nm. The
troughs at 234 nm and 237 nm for 12 and 13, respectively,
occur at greater wavelengths than the trough in the case of
the acetylated ABC tricycle 7 (226 nm).
Figure 3 gives the CD spectra of the (R)-MTPA esters 14


and 15 of the bicyclic racemic longamide A (rac-4), which
lacks the second stereogenic center next to the amide nitro-
gen atom. The CD spectrum of the 4R derivative 14 is strik-
ingly similar to the spectra of the conformationally fixed
ABC systems (Figure 2). Although 14 and 15 are diaster-
eomers, their CD spectra appear mirror-like, a result that in-


Figure 1. Mosher esters 12 and 13 of the (10R,10aS)-dipyrrolopyrazinone
6. The ORTEP plots show syn- (12) and antiperiplanar (13) conforma-
tions of the diastereomers in the crystal.


Table 1. CD spectral data for our series of pyrrolyl carbinols in TFE. Three wavelength zones were defined (pk=peak, tr= trough, sh= shoulder).


System Configuration at: R X Wavelengths[a] (absorption maxima[a] , zone)
C-10 C-10a l<240 nm 240<l<260 nm l>260 nm


1[b] ABCD S R NHC(=NH)NH Br 226 (�0.8, pk) 251 (�4.6, tr) 286 (�1.9, sh)
6 ABC R S OH Br 219 (�4.5, sh) 256 (+2.5, sh) 285 (+4.9, pk)
7 ABC R S OAc Br 226 (�4.4, tr) 253 (+3.2, sh) 284 (+7.4, pk)
9 ABC R S OAc H 220 (�3.5, tr) 246 (+3.9, sh) 273 (+7.8, pk)
10 ABC S S OAc H 218 (�5.4, sh) 245 (+6.3, pk) 270 (+1.8, sh)
11 ABC S S OAc Br 226 (�4.1, tr) 252 (+4.9, pk) 280 (+1.0, sh)
12 ABC R S O((R)-MTPA) Br 234 (�12.6, tr), 219 (�8.0, sh) 256 (+3.0, sh) 285 (+9.8, pk)
13 ABC R S O((S)-MTPA) Br 237 (�6.1, tr), 224 (�1.5, pk) 260 (+4.0, sh) 284 (+9.7, pk)
14 AB R ± O((R)-MTPA) Br 234 (�5.5, tr) 257 (+1.8, sh) 284 (+3.6, pk)
15 AB S ± O((R)-MTPA) Br 234 (+4.5, pk), 219 (+2.3, tr) 260 (�3.2, sh) 284 (�5.8, tr)


[a] Wavelengths are given in nm, De values are given in Lmol�1 cm�1. [b] The enantiomeric excess has not been determined. Both enantiomers occur as
natural products.
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dicates the overwhelming influence of the pyrrolopyrazi-
none part on the optical properties.
For the epimeric 10S ABC systems, the band at 285 nm


(dibrominated examples) is depleted to a shoulder
(Figure 4) while the absorption at 252 nm, which appeared
as a shoulder in the CD spectra of the 10R ABC epimers
(Figure 2), is still present at an unchanged intensity but is
now the most intense band. Again, debromination causes a
hypsochromic shift of the CD spectrum. Figure 4 also com-
pares the CD spectra of the di- and nonbrominated ABC
tricycles 10 and 11 with the data for the tetracyclic natural
product (�)-dibromophakellin (1). The CD spectrum of the
pyrrole±imidazole alkaloid 1 shows very similar patterns,
but, as expected, of opposite sign. Only below 235 nm do


substantial differences in the CD spectra of the tri- and tet-
racycles occur.
The bi- and tricyclic systems have the advantage of ob-


taining rigid conformations. From our data, we can conclude
that a positive peak at about 250 nm reflects the S configu-
ration of the bridgehead C-10a. While high intensity of the
band at about 285 nm indicates R configuration of the carbi-
nol center, a shoulder-like appearance is observed for the di-
astereomeric S epimers. The nonbrominated compounds
show very similar behavior with bands shifted to shorter
wavelengths by about 12 nm.
It has been shown that in nonplanar bi- and tricyclic sys-


tems positive helicity leads to dominant positive Cotton ef-
fects (CEs), as observed for all of our compounds with the
10aS configuration.[14,15] Molecular modeling shows that for
the tricyclic ABC systems derived from l-prolinol torsion of
the amide against the pyrrole chromophore, and thereby the
helicity of the fused ring system, is always positive, inde-
pendant from the configuration at C-10.[16] The pyrrolopyra-
zinone partial structure of the bicyclic (4R)-longamide (R)-
MTPA ester 14 achieves a conformation with positive helici-
ty that is very similar to the AB partial structure of the
10R,10aS ABC systems 6, 7, 9, 12, and 13. This is also re-
flected by the high similarity of the CD spectra over the
entire wavelength range (Figures 2 and 3). Correspondingly,
(4S)-longamide (R)-MTPA ester 15 exhibits negative helici-
ty and negative CEs above 250 nm.
The tricycles 6, 7, 9, 12, and 13 differ from 10 and 11 with


regard to the pseudoaxial (rather than pseudoequatorial)
positions of the oxy substituents at C-10. The much weaker
CE at 285 nm observed for the 10S,10aS diastereomers as
compared to the 10R,10aS compounds is in agreement with
findings by Hagishita and Kuriyama[15d] who studied octahy-
droanthracenes. Among nitrogen-containing ring frame-
works, only isoquinoline derivatives have been investigated
experimentally,[17] while rigid bicyclic perhydrobenzocycloal-


Figure 3. CD spectra (in TFE) of the diastereomeric (R)-MTPA esters 14
and 15 of racemic longamide A (rac-4) in TFE.


Figure 4. CD spectra (in TFE) of (�)-dibromophakellin (1) and of the
ABC ring systems 10 and 11 with inverted stereochemistry at both ster-
eogenic centers.


Figure 2. CD spectra (in TFE) of the five ABC systems with identical
10R,10aS absolute stereochemistry. For the structures of the Mosher
esters 12 and 13, see Figure 1.
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kenes and octahydroanthracenes have been studied more
extensively.
The basis of the effect of TFE remains unclear. Despite


detailed studies on the effect of TFE on the CD spectra of
peptides,[18] DNA,[19] oligosaccharides,[20] and other macro-
molecular structures, only a few small molecules have been
analyzed in this respect. The similarity of the CD curves of
the nonacetylated ABC system 6 and those of the acyl de-
rivatives suggests that hydrogen bonding[21] does not play a
significant role. There is also hardly any difference between
the CD spectra of the acetylated compounds and the fluori-
nated Mosher derivatives in TFE.[22]


Absolute configuration of the pyrrole±imidazole alkaloids :
The absolute configuration of the pyrrolopyrazinone partial
structure dominates the CD spectra of the pyrrole±imida-
zole alkaloids. Acetylation of the exocyclic amino group at
ring D of (�)-dibromophakellin (1) or conversion to form
the hydrochloride have no significant influence on the re-
ported CEs.[2] CD spectra of the agelastatins A, C, and D
were reported to be almost superposable, despite varying
substitutions.[4c]


Table 2 summarizes the reported CD data of pyrrole±imi-
dazole alkaloids with pyrrolopyrazinone partial structures.
The weak influence of the MTPA groups on the overall CD
spectra of our compounds may be explained by the CD


bands of (S)-(�)-MTPA acid methyl ester (lmax (De)=233
(�1.9), 261 (+0.4))[23] being much less intense than those
observed for the pyrrolyl carbinol partial structure. Above
240 nm, the curves of the diastereomeric MTPA esters 14
and 15 should closely resemble those of enantiomerically
pure longamides A. Longamide A (4) from Agelas longissi-
ma showed a negative CD band at 233 nm in acetonitrile, a
solvent in which the conformationally very similar 10R,10aS
ABC tricycle 6 shows a negative trough at 235 nm. This sug-
gests that the absolute stereochemistry of longamide A (4)
should be revised to 4R.
Originally, it was concluded that the helicities of naturally


occurring longamide A (4) and (�)-dibromophakellin (1)
should be identical, due to negative CD bands at 233 nm
and 239 nm, respectively.[6a] If this were the case, longami-


de A (4) would indeed have 4S configuration, because the
hydroxy substituent of longamide A (4) prefers the quasiax-
ial position, while in (�)-dibromophakellin (1) the nitrogen
substituent is forced into the quasiequatorial position. How-
ever, it is probably not possible to conclude that the com-
pared molecules have an identical helicity. In TFE, the
region between 220 and 235 nm is the least interpretable
(see Figure 4).[6b]


Based on our experimental study, the CD spectrum of
(�)-dibromophakellin (1; Figure 4) can be understood. The
small influence of the amino imidazoline ring D on the CD
spectrum of 1 is no surprise because the key partial struc-
ture influencing the chiroptical properties obtains almost
the same enantiomeric conformation as in our 10S,10aS
ABC tricycles 10 and 11. In particular, the helicities of the
pyrrolopyrazinone partial structures are of opposite sign. As
predicted, the CD spectrum of 1 with R configuration at C-
10a appears to mirror the spectrum of the 10R,10aS diaster-
eomer 11 above 240 nm. In turn, the negative CD band of
the natural product 1 at 251 nm predicts a 10aR configura-
tion, and the weak intensity of the band at 285 nm indicates
that the nitrogen substituents forming ring D must be on the
same side of the ABC system.
In one of the most complex pyrrole±imidazole alkaloids


known to date, the immunosuppressive (�)-palau×amine (3),
an additional cyclopentane ring is anellated to ring C of the
dibromophakellin ABCD system. This leads to an almost
planar conformation of the AB partial structure. Therefore,
predictions on the CD spectrum of (�)-palau×amine (3) are
more difficult to make on the basis of our study. The more
significant band would be expected at about 270 nm, while
the CE should be close to zero at 250 nm. We are currently
investigating this in more detail.


Conclusions


In summary, we have shown how the CD spectra of pyrrole±
imidazole alkaloids sharing a pyrrolopyrazinone partial
structure reflect the helicity and the relative stereochemistry
of ring substitution. Positive Cotton effects at about 250 nm
can be used to determine the helicity of dibrominated pyrro-
lopyrazinones, while the intensity of the Cotton effect at
285 nm is governed by the relative stereochemistry of the
pyrrolopyrazinone ring substitution. In particular, the CD
spectrum of (�)-dibromophakellin (1) is now understood.
The influence of bromination of the pyrrole ring is predicta-
ble. This is an important step towards the determination of
the still-open absolute configuration of the immunosuppres-
sive (�)-palau×amine (3). Our ABC tricycle 6 can be consid-
ered as ™conformationally frozen longamide A∫, thereby al-
lowing the assignment of the absolute configuration of the
natural product. 2,2,2-Trifluoroethanol was identified as a
superior solvent for the unprecedented analysis of bi-, tri-,
and tetracyclic pyrrolopyrazinone systems. This study also
gives the first comparative Rˆntgen analyses of diasteromer-
ic MTPA esters of N,O-acetals, with the results underlining
the fact that caution is advised in the application of the ad-
vanced Mosher method.


Table 2. Reported CD spectral data for selected pyrrole±imidazole alka-
loids (1±5, see Figure 1) isolated from marine sponges, given for two
wavelength areas.[a]


Wavelengths[b] (De[b]) ref.
l<260 nm l>260 nm


1 210 (+26.2), 239 (�12.4) 285 (�4.6) [2]
1¥HCl 210 (+16.1), 239 (�8.0) 283 (�3.6) [2]
Ac-1 210 (�11.7), 240 (�13.0) 285 (�4.2) [2]
ent-1 241 (+10.2) 285 (+4.9) [3]


2 219 (�7.2), 246 (+6.6) n.r.[c] [4]
3 208 (�9.1), 228 (�4.5, sh) 267 (+2.9) [5b]
4 207 (�18), 233 (�4.1) n.r.[c] [6]
5 208 (�15.5), 238 (�6.2) n.r.[c] [9]


[a] Data have been obtained in methanol or acetonitrile. [b] Wave-
lengths are given in nm, De values are given in Lmol�1 cm�1. [c] n.r.=
nothing reported.
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Experimental Section


General : Melting points were determined with Reichert hotstage and
Electrothermal IA9100 instruments and are uncorrected. NMR spectra
were measured with Bruker WM-250 (250 MHz for 1H and 62.9 MHz for
13C), Bruker WM-360 (360 MHz for 1H and 90.5 MHz for 13C), and
Varian VRX 400S (400 MHz for 1H and 100 MHz for 13C) instruments.
All measurements were carried out at 300 K. Mass spectra were obtained
with Varian MAT-311A and Finnigan MAT95Q spectrometers. IR spec-
tra were recorded with Perkin±Elmer PE1600 FT-IR and Spectrum-1000
FT-IR spectrometers. UV/Vis spectra were measured with Hewlett-Pack-
ard HP-8452A and Perkin±Elmer Lambda-16 UV spectrometers. Optical
rotations were determined with a Perkin±Elmer PE-241 polarimeter. Ele-
mental analyses were performed with a Foss±Heraeus Vario EL appara-
tus. CD spectra were recorded with an ISA Jobin±Yvon CD6 dichrome-
ter (data listed in Table 1). All mesurements were carried out at 300 K.
Silica gel 60 (230±400 mesh, Merck) was used for flash chromatography.


Acetic acid (5R,5aS)-2,3-dibromo-10-oxo-5a,6,7,8-tetrahydro-5H,10H-di-
pyrrolo[1,2-a ;1’,2’-d]pyrazin-5-yl ester (7): Acetyl chloride (0.33 mL,
4.63 mmol) was added to a solution of the alcohol 6[11] (324 mg,
0.93 mmol) in dry pyridine (3 mL) under argon. After 12 h, the solution
was diluted with 6n HCl (20 mL) and extracted three times with CH2Cl2
(30 mL). The organic layer was then washed with brine and dried over
MgSO4. The solution was evaporated to dryness and the residue was pu-
rified by flash chromatography (EtOAc). The acetate 7 (208 mg, 57%)
was obtained as a colorless solid. Rf (silica gel, EtOAc)=0.32; m.p. 58±
59 8C; [a]23D =++71 (c=1.3 in MeOH); 1H NMR (CDCl3, 400 MHz): d=
1.63±1.75 (m, 1H; NCH2CH2CHH), 1.86±1.99 (m, 1H; NCH2CHHCH2),
2.09 (s, 3H; CH3), 2.06±2.15 (m, 1H; NCH2CHHCH2), 2.23 (dtd,
2J(H,H)=12.8 Hz, 3J(H,H)=6.4, 2.4 Hz, 1H; NCH2CH2CHH), 3.56 (ddd,
2J(H,H)=11.6 Hz, 3J(H,H)=9.6, 7.2 Hz, 1H; NCHH), 3.77 (ddd,
2J(H,H)=11.6 Hz, 3J(H,H)=8.8, 2.8 Hz, 1H; NCHH), 4.15 (ddd,
3J(H,H)=10.0, 6.4, 2.8 Hz, 1H; 5a-H), 6.93 (d, 3J(H,H)=2.8 Hz, 1H; 5-
H), 7.00 (s, 1H; HC=C) ppm; 13C NMR (CDCl3, 100 MHz): d=20.5
(CH3), 23.0 (NCH2CH2CH2), 27.7 (NCH2CH2CH2), 44.2 (NCH2), 59.4 (C-
5a), 74.1 (C-5), 102.8 (BrC�CH), 106.3 (BrC�CBr), 116.0 (HC=C), 127.1
(HC=C�N), 155.3 (CO), 168.9 (COO) ppm; IR (KBr): ñ=3436, 1755,
1655, 1556, 1444, 1357, 1213, 1018, 942, 742, 616 cm�1; UV/Vis (CH3OH):
lmax (e)=282 (10715), 235 nm (11749 mol�1dm3cm�1); MS (EI, 70 eV):
m/z (%): 390/392/394 (16/36/16) [M+], 330/332/334 (6/12/6), 319/321/323
(10/20/10), 269/271 (22/22), 70 (100), 43 (29); HRMS (EI): calcd for
C12H12Br2N2O3: 389.9215, found: 389.9199.


(10R,10aS)- and (10S,10aS)-10-Hydroxy-2,3,10,10a-tetrahydro-1H-dipyr-
rolo[1,2-a ;1’,2’-d]pyrazin-5-one (8): o-Iodoxybenzoic acid (5.80 g,
20.6 mmol) was suspended in dimethylsulfoxide (DMSO; 15 mL). After
20 min, the solution became clear and ((2S)-2-hydroxymethyl-pyrrolidin-
1-yl)-(1H-pyrrol-2-yl)-methanone[11] (2.00 g, 10.3 mmol) was added. After
12 h, the solution was diluted with water (200 mL). The precipitate was
filtered off, dried, and extracted three times with CH2Cl2 (300 mL). Evap-
oration to dryness yielded a mixture of anomers of 8 as a colorless solid
(875 mg, 39% of (10S,10aS)-8, 5% of (10R,10aS)-8). Rf (silica gel, ace-
tone/CH2Cl2 (4:5))=0.32; [a]23D =++110 (c=5.2 in MeOH); (10S,10aS)-8 :
1H NMR ([D6]DMSO, 400 MHz): d=1.76±2.26 (m, 4H; NCH2CH2CH2),
3.30±3.44 (m, 1H; NCHH), 3.50±3.58 (m, 1H; NCHH), 3.70 (ddd,
3J(H,H)=9.3, 9.2, 6.0 Hz, 1H; 10a-H), 5.31 (dd, 3J(H,H)=9.4, 8.0 Hz,
1H; 10-H), 6.18±6.20 (m, 1H; HC�CH=CH), 6.61±6.63 (dd, 3J(H,H)=
3.4, 1.5 Hz, 1H; HC=C), 7.01±7.05 (m, 1H; HC=CH�N), 7.43 (d,
3J(H,H)=8.0 Hz, 1H; OH) ppm; 13C NMR ([D6]DMSO, 100 MHz): d=
22.4 (NCH2CH2CH2), 29.1 (NCH2CH2CH2), 44.2 (NCH2), 62.1 (C-10a),
81.5 (C-10), 109.3 (HC�CH=CH), 111.7 (HC=C), 119.5 (HC=CH�N),
124.2 (HC=C), 156.7 (CO) ppm; (10R,10aS)-8 : 1H NMR ([D6]DMSO,
400 MHz): d=1.76±2.26 (m, 4H; NCH2CH2CH2), 3.30±3.44 (m, 1H;
NCHH), 3.50±3.58 (m, 1H; NCHH), 3.98 (ddd, 3J(H,H)=9.0, 6.6, 2.8 Hz,
1H; 10a-H), 5.56 (dd, 3J(H,H)=6.8, 2.8 Hz, 1H; 10-H), 6.13±6.15 (m,
1H; HC�CH=CH), 6.58±6.60 (dd, 3J(H,H)=3.4, 1.5 Hz, 1H; HC=C),
6.64 (d, 3J(H,H)=7.2 Hz, 1H; OH), 7.01±7.05 (m, 1H; HC=CH�N) ppm;
13C NMR ([D6]DMSO, 100 MHz): d=22.6 (NCH2CH2CH2), 26.7
(NCH2CH2CH2), 43.8 (NCH2), 60.4 (C-10a), 75.4 (C-10), 109.1 (HC�
CH=CH), 110.9 (HC=C), 122.7 (HC=CH�N), 124.1 (HC=C), 156.5
(CO) ppm; both anomers: IR (KBr): ñ=3125, 2967, 2887, 1610, 1547,
1446, 1368, 1329, 1269, 1220, 1155, 1112, 1061, 1026, 963, 874, 790, 744,


727, 653 cm�1; UV/Vis (CF3CH2OH): lmax (e)=278 (9550), 230 (8318),
198 nm (7943 mol�1 dm3cm�1); MS (EI, 70 eV): m/z (%): 192 (56) [M+],
95 (14), 94 (47), 70 (100); HRMS (EI): calcd for C10H12N2O2: 192.0899,
found: 192.0904.


5R,5aS and 5S,5aS diastereomers of acetic acid (5R,5aS)-10-oxo-5a,6,7,8-
tetrahydro-5H,10H-dipyrrolo[1,2-a ;1’,2’-d]pyrazin-5-yl ester (9, 10):
Acetyl chloride (1.00 mL, 14.03 mmol) was added to a solution of the
lactal 8 (500 mg, 2.64 mmol, 9:1 mixture of diastereomers) in dry pyridine
(5 mL) under argon. After 5 min, the precipitate was filtered off and the
solution was dried in vacuo. Flash chromatography (CH2Cl2/MeOH
(95:5)) yielded the acetylation products 9 (44 mg, 7%) and 10 (402 mg,
65%) as yellowish solids which were separated by preparative HPLC
(RP-18, MeOH/H2O (1:1)). 9: Rf (RP-18, MeOH/H2O (1:1))=0.18; m.p.
96 8C; [a]23D =++9 (c=6.25 in MeOH); 1H NMR (CDCl3, 400 MHz): d=
1.84±1.97 (m, 2H; NCH2CHHCHH), 2.06±2.16 (m, 1H; NCH2CHHCH2),
2.21±2.26 (m, 1H; NCH2CH2CHH), 2.27 (s, 3H; CH3), 3.54±3.62 (m, 1H;
NCHH), 3.77 (ddd, 2J(H,H)=11.6 Hz, 3J(H,H)=8.4, 3.0 Hz, 1H;
NCHH), 3.95 (td, 3J(H,H)=9.4, 6.0 Hz, 1H; 5a-H), 6.27 (dd, 3J(H,H)=
3.6, 2.7 Hz, 1H; 2-H), 6.47 (d, 3J(H,H)=9.4 Hz, 1H; 5-H), 6.68 (dd,
3J(H,H)=2.7, 1.8 Hz, 1H; 3-H), 6.94 (dd, 3J(H,H)=3.6, 1.8 Hz, 1H; 1-
H) ppm; 13C NMR (CDCl3, 100 MHz): d=20.8 (CH3), 23.0
(NCH2CH2CH2), 29.7 (NCH2CH2CH2), 44.4 (NCH2), 60.6 (C-5a), 80.8
(C-5), 111.1 (C-2), 113.0 (C-1), 120.0 (C-3), 125.0 (C-10a), 157.6 (CO),
169.4 (COO) ppm; IR (KBr): ñ=3436, 2968, 1765, 1646, 1549, 1433,
1370, 1215, 1079, 1050, 753, 509 cm�1; UV/Vis (CH3OH): lmax (e)=272
(10471), 230 nm (10965 mol�1dm3cm�1); MS (EI, 70 eV): m/z (%): 234
(14) [M+], 191 (3), 174 (100), 122 (41), 94 (26), 70 (34), 66 (13), 43 (25);
HRMS (EI): calcd for C12H14N2O3: 234.1004, found: 234.1015. 10 : Rf


(RP-18, MeOH/H2O (1:1))=0.32; m.p. 136 8C; [a]23D =++132 (c=2.2 in
MeOH); 1H NMR (CDCl3, 400 MHz): d=1.87±2.00 (m, 2H;
NCH2CH2CH2), 2.04 (s, 3H; CH3), 2.08±2.20 (m, 2H; NCH2CH2CH2),
3.58±3.66 (m, 1H; NCHH), 3.73±3.79 (m, 1H; NCHH), 4.20 (ddd,
3J(H,H)=9.0, 6.0, 3.0 Hz, 1H; 5a-H), 6.22 (dd, 3J(H,H)=3.6, 2.8 Hz, 1H;
2-H), 6.64 (d, 3J(H,H)=2.8 Hz, 1H; 5-H), 6.92 (dd, 3J(H,H)=3.6, 1.6 Hz,
1H; 1-H), 6.95 (dd, 3J(H,H)=2.8, 1.6 Hz, 1H; 3-H) ppm; 13C NMR
(CDCl3, 100 MHz): d=20.8 (CH3), 23.3 (NCH2CH2CH2), 27.3
(NCH2CH2CH2), 44.1 (NCH2), 59.4 (C-5a), 74.6 (C-5), 110.9 (C-2), 113.6
(C-1), 123.8 (C-3), 124.9 (C-10a), 157.3 (CO), 170.1 (COO) ppm; IR
(KBr): ñ=3436, 2982, 1748, 1641, 1556, 1433, 1356, 1215, 1072, 753,
586 cm�1; UV/Vis (CH3OH): lmax (e)=270 (10233), 231 nm
(10233 mol�1dm3cm�1); MS (EI, 70 eV): m/z (%): 234 (78) [M+], 191
(9), 174 (87), 147 (22), 122 (84), 94 (49), 70 (100), 66 (26), 43 (63);
HRMS (EI): calcd for C12H14N2O3: 234.1004, found: 234.1014.


Acetic acid (5S,5aS)-2,3-dibromo-10-oxo-5a,6,7,8-tetrahydro-5H,10H-di-
pyrrolo[1,2-a ;1’,2’-d]pyrazin-5-yl ester (11): The acetate 10 (112 mg,
0.48 mmol) in dry THF (10 mL) was treated with NBS (175 mg,
0.81 mmol) under argon in the dark. After 1 h, the solution was evaporat-
ed in vacuo and the residue was suspended in CH2Cl2. The organic layer
was then washed with water, dried over MgSO4, and concentrated to dry-
ness. The residue was purified by flash chromatography (EtOAc) to yield
11 (100 mg, 55%) as a colorless solid. Rf (silica gel, EtOAc)=0.35; m.p.
108 8C; [a]23D =++46 (c=5.9 in MeOH); 1H NMR (CDCl3, 400 MHz): d=
1.85±1.95 (m, 2H; NCH2CH2CH2), 2.05±2.15 (m, 1H; NCH2CH2CHH),
2.19±2.30 (m, 2H; NCH2CH2CHH), 2.24 (s, 3H; CH3), 3.60±3.75 (m, 2H;
NCH2), 3.91 (ddd, 3J(H,H)=9.8, 8.2, 5.6 Hz, 1H; 5a-H), 6.71 (d,
3J(H,H)=8.2 Hz, 1H; 5-H), 7.04 (s, 1H; 1-H) ppm; 13C NMR (CDCl3,
100 MHz): d=21.0 (CH3), 22.6 (NCH2CH2CH2), 29.6 (NCH2CH2CH2),
44.3 (NCH2), 61.1 (C-5a), 80.3 (C-5), 103.9 (BrC�CH), 104.9 (BrC�CBr),
116.7 (HC=C), 127.2 (HC=CH�N), 155.9 (CO), 169.1 (COO) ppm; IR
(KBr): ñ=3436, 2884, 1763, 1660, 1550, 1439, 1386, 1206, 1046, 738 cm�1;
UV/Vis (CH3OH): lmax (e)=280 (13183), 232 nm (7943 mol�1dm3cm�1);
MS (EI, 70 eV): m/z (%): 390/392/394 (0.4/0.8/0.4) [M+], 330/332/334 (50/
100/50), 251/253 (26/24), 172 (9); HRMS (EI): calcd for C12H12Br2N2O3:
389.9215, found: 389.9242.


(2S)-3,3,3-Trifluoro-2-methoxy-2-phenyl-propionic acid (5R,5aS)-2,3-di-
bromo-10-oxo-5a,6,7,8-tetrahydro-5H-10H-dipyrrolo[1,2-a ;1’,2’-d]pyrazin-
5-yl ester (13): Lactal 6[11] (168 mg, 0.48 mmol) in dry pyridine (3 mL)
was added to (R)-MTPA-Cl (250 mg, 1.00 mmol) under argon. After
15 h, 3-dimethylaminopropylamine (125 mL, 1.00 mmol) was added to the
solution. After filtration and evaporation to dryness, the residue was ex-
tracted three times with Et2O (15 mL). The organic layer was evaporated


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1141 ± 11481146


FULL PAPER T. Lindel et al.



www.chemeurj.org





to dryness and the residue was purified by flash chromatography
(EtOAc/2,2,6,6-tetramethylpiperidine (TMP) (8:2)) to afford 13 (221 mg,
81%) as a colorless oil which crystallized at 4 8C. Rf (silica gel, EtOAc/
TMP (8:2))=0.34; m.p. 101 8C; [a]23D =++202 (c=3.6 in MeOH); 1H NMR
(CDCl3, 250 MHz): d=1.64±1.78 (m, 1H; NCH2CH2CHH), 1.87±1.94 (m,
1H; NCH2CHHCH2), 2.00±2.09 (m, 1H; NCH2CHHCH2), 2.20±2.34 (m,
1H; NCH2CH2CHH), 3.33 (s, 3H; OCH3), 3.40±3.55 (m, 1H; NCHH),
3.77 (ddd, 2J(H,H)=11.6 Hz, 3J(H,H)=8.6, 2.4 Hz, 1H; NCHH), 4.24
(ddd, 3J(H,H)=9.8, 6.6, 2.4 Hz, 1H; 5a-H), 6.99 (s, 1H; HC=C), 7.08 (dd,
3J(H,H)=2.4 Hz, 1H; 5-H), 7.36±7.51 (m, 5H; Ar-H) ppm; 13C NMR
(CDCl3, 90.6 MHz): d=22.9 (NCH2CH2CH2), 27.4 (NCH2CH2CH2), 44.2
(NCH2), 55.3 (OCH3), 59.5 (C-5a), 75.7 (C-5), 84.9 (q, 2J(C,F)=28 Hz,
CCF3), 103.3 (HC=CBr), 106.2 (BrC=CBr), 116.5 (HC=CBr), 125.5 (q,
1J(C,F)=288 Hz, CF3), 127.0 (C=CH), 127.6 (C-Ar), 128.6(C-Ar), 123.0
(C-Ar), 130.1 (C-Ar), 154.6 (CO), 165.0 (COO) ppm; IR (KBr): ñ=2983,
2361, 1759, 1713, 1653, 1558, 1444, 1423, 1389, 1356, 1267, 1228, 1171,
1121, 1082, 993, 900, 829, 770, 741, 713 cm�1; UV/Vis (CF3CH2OH): lmax


(e)=288 (9120), 234 (11749), 202 nm (20893 mol�1dm3cm�1); MS (EI,
70 eV): m/z (%): 565/567/569 (4/8/4) [M+ +H], 564/566/568 (18/36/18)
[M+], 332/334/336 (6/12/6), 331/333/335 (50/100/50), 303/305/307 (3/6/3),
251/253 (18/20), 223/225 (7/7), 189 (60), 119 (13), 105 (29), 91 (9), 77 (13),
70 (12), 69 (12), 55 (7), 54 (7), 42 (12); elemental analysis: calcd (%) for
C20H17Br2F3N2O4 (566.2): C 42.43, H 3.03, N 4.95; found: C 42.69, H 3.38,
N 4.69.


(2R)-3,3,3-Trifluoro-2-methoxy-2-phenyl-propionic acid (5R,5aS)-2,3-di-
bromo-10-oxo-5a,6,7,8-tetrahydro-5H-10H-dipyrrolo[1,2-a ;1’,2’-d]pyrazin-
5-yl ester (12): In an analogous process to the synthesis of 13, 6[11] was
treated with (S)-MTPA-Cl to yield 12 (188 mg, 69%) as a colorless solid.
Rf (silica gel, EtOAc/TMP (8:2))=0.34; m.p. 178±180 8C; [a]23D =++79
(c=2.9 in MeOH); 1H NMR (CDCl3, 250 MHz): d=1.40±1.50 (m, 1H;
NCH2CH2CHH), 1.65±1.80 (m, 2H; NCH2CH2CH2), 2.08±2.21 (m, 1H;
NCH2CH2CHH), 3.24±3.36 (m, 1H; NCHH), 3.40 (q, 5J(H,F)=1.4 Hz,
3H; OCH3), 3.58±3.68 (m, 1H; NCHH), 4.20 (ddd, 3J(H,H)=9.5, 6.8,
2.4 Hz, 1H; 5a-H), 7.03 (s, 1H; HC=C), 7.08 (d, 3J(H,H)=2.4 Hz, 1H; 5-
H), 7.33±7.44 (m, 5H; Ar-H) ppm; 13C NMR (CDCl3, 90.6 MHz): d=22.7
(NCH2CH2CH2), 26.8 (NCH2CH2CH2), 44.2 (NCH2), 55.5 (OCH3), 59.3
(C-5a), 75.2 (C-5), 84.1 (q, 2J(C,F)=28 Hz, CCF3), 103.4 (HC=CBr),
106.1 (BrC=CBr), 116.6 (HC=CBr), 123.0 (q, 1J(C,F)=288 Hz, CF3),
126.9 (C-Ar), 127.2 (C=CH), 128.5 (C-Ar), 129.9 (C-Ar), 131.1 (C-Ar),
154.8 (CO), 164.9 (COO) ppm; IR (KBr): ñ=3421, 3157, 2972, 1768,
1652, 1569, 1442, 1420, 1348, 1280, 1232, 1168, 1027, 989, 767, 715 cm�1;
UV/Vis (CF3CH2OH): lmax (e)=288 (8318), 234 (10233), 202 nm
(19055 mol�1dm3cm�1); MS (EI, 70 eV): m/z (%): 565/567/569 (5/10/5)
[M+ +H], 564/566/568 (20/40/20) [M+], 332/334/336 (6/12/6), 331/333/335
(50/100/50), 303/305/307 (3/6/3), 251/253 (22/23), 223/225 (9/9), 189 (56),
119 (16), 105 (28), 91 (10), 77 (13), 70 (13), 69 (14), 55 (7), 54 (6), 41 (5);
elemental analysis: calcd for (%) C20H17Br2F3N2O4 (566.2): C 42.43, H
3.03, N 4.95; found: C 42.38, H 3.28, N 4.80.


MTPA esters 14 and 15 of racemic longamide A : A dried solution (4-ä
molecular sieves) of racemic longamide A (rac-4, 150 mg, 0.48 mmol)[7c]


in pyridine (3 mL) was added to neat (S)-(+)-MTPA-Cl (252 mg,
1.00 mmol). After 15 h at room temperature, 3-(dimethylaminopropyl)a-
mine (102 mg, 125 mL, 1.00 mmol) was added. After 30 min, the solution
was filtered and the evaporated filtrate was extracted with diethyl ether
(2î15 mL). After evaporation this gave the crude product mixture. Puri-
fication by column chromatography (silica gel, EtOAc/TMP (gradient
from 1:2 to 2:1)) yielded a mixture of 14 (4R) and 15 (4S) which was sub-
jected to semipreparative HPLC (Merck LiChrospher Si60, length
250 mm, diameter 1 cm, flow rate 6 mLmin�1, eluent EtOAc/n-hexane
(3:1)) to give 14 (67 mg, 26%, 9.46 min) and 15 (63 mg, 24%, 10.63 min)
as colorless oils. 14 : [a]20D =�20 (c=4 in MeOH); 1H NMR (CDCl3,
250 MHz): d=3.45 (s, 3H; OCH3), 3.78 (dd, 2J(H,H)=14.7 Hz,
3J(H,H)=4.9 Hz, 1H; CHH), 4.00 (dd, 2J(H,H)=14.7 Hz, 3J(H,H)=
2.9 Hz, 1H; CHH), 6.94 (m, 1H; 4-H), 6.99 (m, 1H; NH), 7.04 (s, 1H;
pyrrole-CH), 7.30±7.50 (m, 5H; Ar-H) ppm; 13C NMR (CDCl3, 63 MHz):
d=44.3 (CH2), 55.5 (OCH3), 74.6 (C-4), 84.9 (C), 103.6 (CBr), 107.1
(CBr), 117.7 (pyrrole-CH), 122.9 (q, CF3), 126.0 (C), 127.1 (C-Ar), 128.6
(C-Ar), 130.0 (C-Ar), 131.1 (C), 157.9 (C=O), 165.4 (C=O) ppm; UV/Vis
(CF3CH2OH): lmax (e)=286 (7750), 234 (8350), 205 nm
(16700 mol�1dm3cm�1); MS (FAB+ ): m/z (%): 529/527/525 (50/100/51)
[M+ +H]; HRMS (FAB): calcd for C17H14


79Br81BrF3N2O4: 526.9249,


found: 526.9265. 15 : [a]20D =++6.8 (c=7 in MeOH); 1H NMR (CDCl3,
250 MHz): d=3.47 (s, 3H; OCH3), 3.92 (dd, 2J(H,H)=14.6 Hz,
3J(H,H)=4.8 Hz, 1H; CHH), 4.05 (dd, 2J(H,H)=14.6 Hz, 3J(H,H)=
2.7 Hz, 1H; CHH), 6.89 (m, 1H; 4-H), 7.03 (s, 1H; pyrrole-CH), 7.25 (m,
1H; NH), 7.30±7.50 (m, 5H; Ar-H) ppm; 13C NMR (CDCl3, 63 MHz):
d=44.5 (CH2), 55.5 (OCH3), 75.0 (C-4), 84.9 (C), 103.5 (CBr), 107.4
(CBr), 117.7 (pyrrole-CH), 122.9 (q, CF3), 125.8 (C), 127.2 (C-Ar), 128.6
(C-Ar), 130.0 (C-Ar), 130.9 (C), 158.3 (C=O), 165.4 (C=O); UV
(CF3CH2OH): lmax (e)=286 (8560), 234 (8170), 205 nm
(14250 mol�1dm3cm�1); MS (FAB+ ): m/z (%): 529/527/525 (53/100/53)
[M+ +H]; HRMS (FAB): calcd for C17H14


79Br81BrF3N2O4: 526.9249,
found: 526.9230.


CCDC-220663 and CCDC-220664 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).
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Sterically Hindered Triacylglycerol Analogues as Potent Inhibitors of Human
Digestive Lipases


Violetta Constantinou-Kokotou,*[a] Victoria Magrioti,[a] and Robert Verger[b]


Introduction


Lipids constitute a large part of the biomass of living organ-
isms, and lipolytic enzymes play an essential role in the turn-
over of this material. In particular, triglycerides (triacylgly-
cerols, TAGs) constitute the major part (95%) of dietary
lipids, which are present in the human diet at a quantity of
100±150 g per day in industrially developed countries.
Human pancreatic (HPL) and gastric (HGL) lipases are es-
sential enzymes for efficient fat digestion.[1] The hydrolysis
of dietary TAGs by these enzymes to form monoacylglycer-
ols and free fatty acids is a necessary step for fat absorption
by the enterocytes. Therefore, potent and specific inhibitors
of digestive lipases are of interest, because they may find
applications as anti-obesity agents. The b-lactone that con-
tains the inhibitor tetrahydrolipstatin is already in clinical
use for the treatment of obesity.[2] Phosphonate-type inhibi-
tors have been found to irreversibly inactivate HPL and
HGL as well as microbial lipases.[3] Recently a strategy for
the rational design of lipase inhibitors was developed, which
is based on the incorporation of an activated carbonyl group
in a triacylglycerol structure. Thus, lipophilic 2-oxo amides,[4]


aldehydes,[5] and trifluoromethylketones,[6] as well as 2-oxo
amide and bis(2-oxo)amide triacylglycerol analogues[7] have
been studied by the monolayer technique, and have been
shown to inhibit HPL and HGL. In this work, we propose a
novel approach for the development of lipolytic enzyme in-
hibitors. We present the synthesis of a new class of sterically
hindered triacylglycerol analogues, the study of their surface
properties, and their inhibitory effect on HPL and HGL ac-
tivities; these were measured by the monolayer technique.


Results and Discussion


Design : To develop novel potent inhibitors of digestive li-
pases, we decided to maintain the natural substrate back-
bone, which contains three ester bonds, and to replace a hy-
drogen atom by incorporating an alkyl group at the carbon
atom of the sn-2 position or/and at the a-carbon atom of the
acyl residue (Scheme 1). The rationale behind the present
design was to create structures that closely resembled natu-
ral lipase substrates and give steric hindrance around the
scissile ester bonds. The replacement of the hydrogen atom
of glycerol at the sn-2 position by a methyl or a butyl group,
and the presence of a methyl group at the carbon atom next
to the carbonyl group may reduce the hydrolysis rate of
such a triacylglycerol.


Synthesis : 2-Methyl-2-propen-1-ol (1) was used as a starting
material for the synthesis of triacylglycerol analogues 3a±e.
Dihydroxylation of 1 was performed by treatment with
H2O2 in H2O in the presence of a catalytic amount of
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of Athens, Iera Odos 75, Athens 11855 (Greece)
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Abstract: A novel class of inhibitors of
human digestive lipases have been de-
veloped. Various sterically hindered tri-
acylglycerols based on 2-methyl- and 2-
butylglycerol, and/or 2-methyl fatty
acids were synthesized. The triacylgly-
cerol analogues were tested for their
ability to form stable monomolecular
films at the air/water interface by re-
cording their surface-pressure/molecu-


lar-area compression isotherms. The in-
hibition of human pancreatic and gas-
tric lipases by the sterically hindered
triacylglycerol analogues was studied
by using the monolayer technique with


mixed films of 1,2-dicaprin, which con-
tained variable proportions of each in-
hibitor. Triolein analogues that contain
a butyl group at the 2-position of the
glycerol backbone or methyl groups
both at the 2-position of glycerol, and
the a-position of each oleic acid resi-
due were potent inhibitors; this caused
a 50% decrease in HPL activity
at 0.003 molar fraction.


Keywords: enzyme inhibitors ¥
enzymes ¥ lipids ¥ monolayers ¥
triacylglycerol analogues
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H2WO4
[8] (Scheme 2). 2-Methylglycerol (2) was used as the


key intermediate for the synthesis of triesters 3a±e. Glycerol
4 was used as a starting material for the synthesis of 2-butyl-


glycerol (8) (Scheme 3). The two primary hydroxy groups of
4 were protected by the trityl group, and consequently the
secondary hydroxy group was oxidized to the corresponding
ketone 6 by NaOCl in the presence of 4-acetamido-2,2,6,6-
tetramethyl-1-piperidinyloxy free radical (AcNH-
TEMPO).[9] Reaction of ketone 6 with nBuLi at 0 8C under
a nitrogen atmosphere produced the protected 2-butylgly-
cerol (7), which was deprotected by treatment with
TsOH¥H2O.[10] 2-Butylglycerol (8) was used as a starting ma-
terial for the synthesis of triesters 9a±b.


2-Methyldecanoic acid and 2-methyloleic acid were pre-
pared from decanoic and oleic acid, respectively. The fatty
acid was first treated by lithium diisopropylamide (LDA),
then 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone
(DMPU), and finally methyl iodide were added to produce
the corresponding branched fatty acid.[11]


Triesters 3a±e, 9a±b, and 10a±b were prepared by treat-
ment of the appropriate alcohol, 2, 8, and 4, respectively,
with five equivalents of the appropriate acid, and dicyclo-
hexylcarbodiimide (DCC) in the presence of 4-dimethylami-
nopyridine (DMAP).[12] In the case of triacylglycerols 10a±b
(Scheme 4), quantitative esterification was achieved after an


overnight treatment. However, in the case of triesters 3a±e
and 9a±b, stirring for several days was required for esterifi-
cation of the tertiary hydroxy group.


All intermediates and final products gave satisfactory ana-
lytical and spectroscopic data.


Abstract in Greek:


Scheme 1. General structure of the sterically hindered triacylglycerol ana-
logues that were synthesized.


Scheme 2. Synthesis of triacylglycerol analogues based on 2-methylglyc-
erol.


Scheme 3. Synthesis of triacylglycerol analogues based on 2-butylglycerol.


Scheme 4. Synthesis of triacylglycerol analogues based on glycerol.
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Force/area curves of triacylglycerol analogues : The use of
the monolayer technique, which is based upon a decrease in
surface-pressure due to lipid±film hydrolysis, is advanta-
geous for the study of lipases inhibitors, since with conven-
tional emulsified systems it is not possible to control the ™in-
terfacial quality∫.[13] The kinetic studies of the lipase hydrol-
ysis reactions requires the lipids used as substrates to form a
stable monomolecular film at the air/water interface. Alter-
natively, lipolytic products should desorb rapidly from the
interface.[13]


To determine the film stability and the interfacial proper-
ties at the air/water interface of the synthesized triacylgly-
cerol analogues, we recorded their force/area curves. The ex-
periments were performed in the reservoir compartment of
a ™zero-order∫ trough. A force/area curve was obtained
after a small volume of lipid solution, in a volatile solvent,
was spread at the air/water or argon/water interface. Moving
a mobile barrier at a constant rate progressively reduced the
surface of the trough, and the surface pressure was continu-
ously recorded during compression.


Figure 1 shows the molecular area dependency for com-
pounds 3a, 3b, 9a, 10a, and the natural substrate triolein as


a function of the surface pressure of a film spread over a
buffered subphase at pH8.0. The surface behavior of these
compounds was measured at an argon/water interface to
avoid the oxidation of the double bond. By comparing this
series of triolein analogues at a given surface pressure value,
we observed an increase in the molecular area occupied by
these compounds as the size or number of branched groups
increased. For example, at its collapse pressure of
7.4 mNm�1, the molecular area of 9a with a butyl group at
the sn-2 position is 122 ä2, whereas the molecular area occu-
pied by 3a with a methyl group at the sn-2 position is
109 ä2. Also, the molecular area of 3b is 112 ä2 in compari-
son with the molecular area of 10a, which is 106 ä2 at the
collapse pressure of each compound. As a reference value,
under the same experimental conditions, the molecular area
of triolein at its collapse pressure was found to be 98 ä2, in


accordance with the literature data (Table 1).[14,15] The col-
lapse pressure of the films of the triolein analogues de-
creased as the size or number of branched groups increased.
The collapse pressure for compound 9a (7.5 mNm�1) was


much lower than the collapse pressure of compound 3a
(10.8 mNm�1) and triolein (13 mNm�1), which was found to
be the highest of the series. This behavior was to be expect-
ed, since the alkyl substitutions in the triolein analogues in-
creased the hydrophobic character of triolein.


Similar conclusions can also be drawn when comparing
the molecular area dependency for compounds 3c, 3d, 9b,
10b, and tricaprin as a function of the surface pressure
(Figure 2). By comparing this series of tricaprin analogues,
an increase in the molecular area was also observed with
the size and number of branched groups. For example, at
13.3 mNm�1, the molecular area of 9b is 106 ä2, whereas
the molecular area of 3d is 102 ä2.


Accordingly, the collapse pressure decreased as the size
or number of branched groups increased. For example, the
collapse pressure of compound 9b (13.2 mNm�1), was much
lower compared with the collapse pressure of compound 3c
(17.9 mNm�1). As expected, when the series of trolein ana-


Figure 1. Force/area curves of the triolein analogues. The aqueous sub-
phase was composed of Tris/HCl (10mm, pH8.0), NaCl (100mm), CaCl2


(21mm), and EDTA (1mm). The continuous compression experiments
were performed in the rectangular reservoir of the zero-order trough.


Table 1. Collapse pressures and molecular areas of triacylglycerol ana-
logues.


Compound Collapse Pressure Molecular Area at the Collapse
[mNm�1] Pressure [ä2 molecule�1]


Triolein 12.2 98
3a 10.8 100
3b 9.9 112
9a 7.5 122
10a 11.2 106
Tricaprin 18.9 78
3c 17.9 71
3d 15.3 96
9b 13.2 106
10b 17.4 88


Figure 2. Force/area curves of the tricaprin analogues. The aqueous sub-
phase was composed of Tris/HCl (10mm, pH8.0), NaCl (100mm), CaCl2


(21mm), and EDTA (1mm). The continuous compression experiments
were performed in the rectangular reservoir of the zero-order trough.
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logues and tricaprin analogues were compared, a decrease
in molecular area, and an increase in the collapse pressure
was observed when the length of the acyl chain was de-
creased.


Pancreatic and gastric lipase activity on monomolecular
films that contain triacylglycerol analogues : The inhibition
of HPL and HGL was studied by means of the monomolec-
ular film technique with mixed films of 1,2-dicaprin that
contain variable proportions of each synthetic triacylglycerol
analogue.[13] The inhibition studies for HPL were performed
at a constant surface pressure of 14 mNm�1 for the triolein
analogues, and 17 mNm�1 for the tricaprin analogues. The
inhibition studies for HGL were performed at a constant
surface pressure of 17 mNm�1 for triolein analogues and
20 mNm�1 for the tricaprin analogues. At these surface
pressure values, HPL and HGL were fully active and linear
kinetics were recorded. These surface pressures were chosen
to be slightly higher than the collapse pressure of the films
for the pure triacylglycerol analogues. It is known that in a
mixed film of 1,2-dicaprin that contains a small fraction of
inhibitor, the film is stabilized even at a surface pressure
higher than the collapse pressure value of the pure inhibitor.


The inhibition of lipolytic enzymes are best quantified in
terms of surface molar fraction of inhibitor.[4±7,13] Thus, re-
maining lipase activity was plotted as a function of the sur-
face molar-fraction (a) of inhibitor. The data that was ob-
tained for HPL, by using the triolein analogues and the tri-
caprin analogues, are presented in Figure 3 and 4, respec-
tively. A 50% decrease of HPL activity was observed
when 0.003 (9a), 0.003 (3b), and 0.008 (3a) molar fractions
(a50) of the inhibitors were mixed with a monolayer of 1,2-
dicaprin. The a50 is defined as the molar fraction of inhibitor
which reduces by 50% of the initial rate of lipolysis. It is im-
portant to note that when we studied the inhibitory effect of
3a on HPL at 17 mNm�1, we observed an even higher inhib-
itory effect (a50=0.006). This observation indicates that at


high surface pressures, the inhibitory capacity of the sterical-
ly hindered triglyceride analogues could be improved. The
molar fraction values (a50) for HPL obtained with all the tri-
acylglycerol analogues are summarized in Table 2.


All the compounds were also tested as potential inhibitors


of HGL, and the data obtained with triolein and tricaprin
analogues, are presented in Figure 5 and 6, respectively. The
molar fraction values (a50) for HGL obtained with all the
triacylglycerol analogues are summarized in Table 3. A 50%
decrease of HGL activity was observed when 0.009 (9a) and
0.017 (3b) molar fractions of the inhibitors were mixed with
a monolayer of 1,2-dicaprin.


As shown from the data, the length of the acyl chain influ-
ences the potency of the inhibition. For both HPL and HGL
the presence of oleoyl chains (C18:1) gives rise to a better
inhibition capacity relative to the decanoyl chain (C10:0).
Comparison of the data obtained for compounds 9a and 9b
shows that the change from an oleoyl chain to a decanoyl
chain may result in up to a 50-fold decrease in the a50 value
for HPL. Both digestive lipases seem to be better inhibited
with the most hindered molecules, such as compounds 9a
(one butyl group at the glycerol C-2), and 3b (one methyl


Figure 3. Effect of increasing the concentration of triolein analogues on
the remaining activity of HPL on the 1,2-dicaprin monolayer maintained
at a constant surface pressure (14 mNm�1). The aqueous subphase was
composed of Tris/HCl (10mm, pH8.0), NaCl (100mm), CaCl2 (21mm),
and EDTA (1mm). The kinetics of hydrolysis were recorded for 20 min.


Figure 4. Effect of increasing the concentration of tricaprin analogues on
the remaining activity of HPL on the 1,2-dicaprin monolayer maintained
at a constant surface pressure (17 mNm�1). The aqueous subphase was
composed of Tris/HCl (10mm, pH8.0), NaCl (100mm), CaCl2 (21mm),
and EDTA (1mm). The kinetics of hydrolysis were recorded for 20 min.


Table 2. Inhibition values of triacylglycerol analogues on HPL with the
monolayer technique.


Compound [mNm�1] Surface Pressure a50 [%]


3a 14 0.008
3a 17 0.006
3b 14 0.003
9a 14 0.003
10a 14 0.012
3c 17 0.118
3d 17 0.049
9b 17 0.143
10b 17 0.078
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group at C-2 together with one methyl group at the a-posi-
tion of each acyl chain).


Among all the compounds tested in this study, the triolein
analogue 9a, bearing a butyl group at the 2-position of the
glycerol backbone, was shown to be the most potent inhibi-
tor, which caused a 50% decrease in HPL and HGL activity
at 0.003 and 0.009 molar fractions, respectively. The triolein
analogue 3b, bearing methyl groups both at the 2-position
of the glycerol, and at the a-position of each oleoyl chain,
presented an equal inhibitory activity against HPL, though
lower (a50 0.017) against HGL. The triolein analogue 3a
based on 2-methylglycerol, also proved to be a potent inhib-
itor of HPL and HGL, which caused a 50% decrease in
their activity at 0.008 and 0.029 molar fraction, respectively.


On comparing the series of triolein analogues, it seems
that the analogue that contains a methyl group at the 2-posi-
tion of the glycerol, presents a comparable inhibition level
against both HPL and HGL as compared to the analogue
that contains a methyl group at the a-position of each
oleoyl residue. It is clear that the introduction of a methyl
substituent, both at the 2-position and a-position, resulted
in molecules with enhanced inhibitory potency. However,
the presence of a butyl group at the 2-position causes an
equal (for HPL) or even better (for HGL) inhibitory effect
relative to the methyl substituent.


The tricaprin analogues are relatively weak inhibitors for
HPL and showed a better inhibitory capacity against HGL.
This observation is in line with the known short and
medium chain specificity of HGL. Among the series of tri-
caprin analogues, compound 9b that contains 2-butylglycer-
ol backbone exhibited the most potent inhibition capacity
(a50 0.036) against HGL.


Up to now, the best synthetic inhibitor of HPL reported
in the literature is O-hexadecyl-O-(p-nitrophenyl) n-undecyl
phosphonate, with an a50 value of 0.003.[16] When we tested
this compound by using HPL under our experimental condi-
tions (at 15 mNm�1), it exhibited an a50 value of 0.006 molar
fraction. In the case of HGL, the highest inhibition was ob-
tained with O-undecyl-O-(p-nitrophenyl) n-decyl phospho-
nate, which exhibited an a50 value of 0.008.[16] From the pres-
ent study, the triolein analogue 9a, bearing the butyl group
at the 2-position, shows a similar inhibitory effect relative to
the most potent synthetic inhibitors reported for HPL and
HGL.[16]


During the early seventies it was demonstrated that syn-
thetic triacylglycerols, substituted by a methyl group either
at the a-position of the acyl residue or at the C-2 position of
the glycerol backbone, presented reduced ability to be hy-
drolyzed by porcine pancreatic lipase by using a simple
monolayer assay.[17] Using the pH-stat titration assay, it was
also reported that 2-methylglycerol trioleate was hydrolyzed
at a relative rate of 1% relative to triolein.[18] Taking into
account the fact that tetrahydrolipstatin bears a lactone ring,
it comes as no surprise that poor lipase substrates (that con-
tain a carboxylic ester function) behave as potent competi-
tive lipase inhibitors.[19] For the first time, we demonstrated
by using the monolayer technique, that triolein analogues
containing a methyl or a butyl group at the sn-2 position of
the glycerol backbone, or/and at the a-position of the acyl


Figure 5. Effect of increasing the concentration of triolein analogues on
the remaining activity of HGL on the 1,2-dicaprin monolayer maintained
at a constant surface pressure (17 mNm�1). The aqueous subphase was
composed of CH3COONa (10mm, pH5.0), NaCl (100mm), CaCl2


(21mm), and EDTA (1mm). The kinetics of hydrolysis were recorded for
20 min.


Figure 6. Effect of increasing the concentration of tricaprin analogues on
the remaining activity of HGL on the 1,2-dicaprin monolayer maintained
at a constant surface pressure (20 mNm�1). The aqueous subphase was
composed of CH3COONa (10mm, pH5.0), NaCl (100mm), CaCl2


(21mm), and EDTA (1mm). The kinetics of hydrolysis were recorded for
20 min.


Table 3. Inhibition values of triacylglycerol analogues on HGL with the
monolayer technique.


Compound Surface Pressure [mNm�1] a50 [%]


3a 17 0.029
3b 17 0.017
9a 17 0.009
10a 17 0.028
3c 20 0.071
3d 20 0.055
9b 20 0.036
10b 20 0.078


Chem. Eur. J. 2004, 10, 1133 ± 1140 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1137


Triacylglycerol Analogues 1133 ± 1140



www.chemeurj.org





residue, act as potent inhibitors of human pancreatic and
gastric lipases. It is apparent that the development of steric
hindrance around the ester bonds of triacylglycerols results
in competitive inhibitors of digestive lipases.


Conclusion


By using the monolayer technique we have demonstrated
that sterically hindered triacylglycerol analogues are potent
human digestive lipase inhibitors. These triglyceride ana-
logues are easily prepared and are chemically similar to the
natural substrates of lipases. Our results indicate that an
alkyl group at the sn-2 position of the glycerol backbone, or/
and at the a-position of the acyl residue are important sub-
stituents for the design and synthesis of potent inhibitors of
digestive lipases. This might be useful for the inhibition of
the hydrolysis and absorption of dietary fats in humans,
which could be used as agents for the treatment of obesity.


Experimental Section


Materials and methods : Compounds 2-methyl-2-propen-1-ol, decanoic
acid, oleic acid, hexadecanoic acid, AcNH-TEMPO, and silica gel (230±
400 mesh) were purchased from Aldrich. 1,2-Dicaprin was purchased
from Sigma. Analytical TLC plates (silica gel 60 F254), and silica gel 60
(70±230 mesh) were purchased from Merck. HPL, co-lipase, and HGL
were purified in the laboratory by using previously described procedures
by Verger et al.[13] THF, toluene, and Et2O were dried by standard proce-
dures, and stored over molecular sieves or Na. Petroleum ether was used
and had a b.p. of 40±60 8C. Et3N was distilled from ninydrin. All other
solvents were of reagent grade and used without further purification.
Melting points were determined on a B¸chi 530 apparatus and are uncor-
rected. 1H NMR, 13C NMR spectroscopy, and COSY (correlation spec-
troscopy) were obtained in CDCl3, except when otherwise noted, by
using a Varian Mercury (200 MHz) spectrometer. FAB mass spectra were
obtained on a VG 70-SE mass spectrometer (Manchester, UK). Elemen-
tal analyses were performed on a Perkin±Elmer 2400 instrument.


2-Methyl-1,2,3-propenetriol (2): Alcohol 1 (10 g, 139 mmol) and H2WO4


(263 mg) were dissolved in twice-distilled H2O (10 mL) by heating to
70 8C. The temperature was maintained at 70±77 8C by the addition of
30% H2O2 (exothermic). After a consumption of 18.3 g, the reaction mix-
ture was kept for 1 h at 75 8C, and in order to destroy residual H2O2, for
another 2.5 h at 97 8C. The reaction mixture was cooled to room tempera-
ture, filtered, and passed through a Dowex 1-X4 column (27 mL; OH�


form; equilibrated in twice-distilled H2O) in order to remove H2WO4.
The eluate was set to pH 6.0 by adding some drops of 30% H2SO4, con-
centrated, and it was then dried in vacuo to yield 2 (7.3 g, 49%) as a yel-
lowish opaque oil; 1H NMR (D2O): d=3.28 (s, 4H; CH2), 0.93 ppm (s,
3H; CH3); 1H NMR (CD3OD): d=4.88 (b, 1H; OH), 3.40 (s, 4H; CH2),
1.09 ppm (s, 3H; CH3); 13C NMR (D2O): d=73.2 (COH), 65.9 (CH2OH),
19.8 ppm (CH3); MS (FAB): m/z (%): 75 (100) [C3H7O2


+], 57 (82)
[C3H5O


+], 43 (40) [C2H3O
+]; elemental analysis calcd (%) for C4H10O3


(106.1): C 45.27, H 9.50; found: C 45.02, H 9.56.


1,3-Bis(triphenylmethoxy)-2-propanol (5): Trityl chloride (5.0 g,
18 mmol), triethylamine (3.3 mL, 24 mmol), and a catalytic amount of 4-
(dimethylamino)pyridine (122 mg, 1.0 mmol) was added to a mixture of
glycerol 4 (920 mg, 10 mmol) in dichloromethane (50 mL). The mixture
was stirred at room temperature overnight. The organic layer was
washed with brine, 10% citric acid, brine, 5% NaHCO3, brine, dried
(Na2SO4), and concentrated in vacuo to give a yellowish solid. The resi-
due was purified by column chromatography by using petroleum ether/
EtOAc 9:1 and 8:2 as an eluent to yield 5 (2.85 g, 55%) as a yellowish
solid. M.p. 160±163 8C; 1H NMR: d=7.20±7.50 (m, 30H; aromatic CH),
3.98 (m, 1H; CHOH), 3.31 (m, 4H; CH2O), 2.15 ppm (d, J=5.6 Hz, 1H;


OH); 13C NMR: d=143.8 (aromatic C), 126.8±128.9 (aromatic CH), 86.6
(C(C6H5)3), 70.2 (CHOH), 64.5 ppm (CH2O); elemental analysis calcd
(%) for C41H36O3 (576.723): C 85.39, H 6.29; found C 85.23, H 6.38.


1,3-Bis(triphenylmethoxy)-2-propanone (6): A solution of NaBr (590 mg,
5.7 mmol) in water (2.6 mL), and subsequently AcNH-TEMPO (10.6 mg,
0.05 mmol) was added at 0 8C to a solution of compound 5 (3.0 g,
2.6 mmol) in CH2Cl2 (15.6 mL). A solution of NaOCl (0.21 g, 2.86 mmol),
and NaHCO3 (1.3 g, 15.6 mmol) in H2O (5 mL) was added dropwise to
the resulting biphasic system at 0 8C over a period of 1 h under vigorous
stirring. After stirring for 30 min at room temperature, EtOAc (50 mL)
and water (20 mL) were added. The organic layer was washed with 10%
aqueous citric acid (25 mL), which contained KI (0.15 g), 10% aqueous
Na2S2O3 (25 mL), brine, and dried over Na2SO4. The solvent was evapo-
rated under reduced pressure, and the crude product was purified by
column chromatography by using petroleum ether/EtOAc 8/2 to yield 6
(2.77 g, 93%) as a yellowish solid. M.p 183±184 8C; 1H NMR: d=7.20±
7.40 (m, 30H; aromatic CH), 3.97 ppm (s, 4H; CH2O); 13C NMR: d=


204.6 (CO), 143.1 (aromatic C), 127.5±128.9 (aromatic CH), 87.3
[C(C6H5)3], 68.9 ppm (CH2O); elemental analysis calcd (%) for C41H34O3


(574.7): C 85.69, H 5.96; found C 85.78, H 5.86.


1-(Triphenylmethoxy)-2-[(triphenylmethoxy)methyl]-2-hexanol (7): A
solution of nBuLi in hexane (2.0m, 3.0 mL, 6.0 mmol) was added to a solu-
tion of compound 6 (2.6 g, 45 mmol) in dry THF (18 mL) at 0 8C under a
nitrogen atmosphere. The solution was stirred for an additional 10 min,
and then poured into a saturated solution of NH4Cl. The aqueous layer
was washed three times with Et2O, and then the organic layers were
washed with brine, dried (Na2SO4), and concentrated in vacuo. The resi-
due was purified by column chromatography by using petroleum ether/di-
chloromethane/EtOAc 85:10:5 to yield 7 (1.8 g, 63%) as a yellow oil; 1H
NMR: d=7.20±7.50 (m, 30H; aromatic CH), 3.31 (m, 4H; CH2O), 2.33
(s, 1H; OH); 1.40±1.60 (m, 2H; CCH2), 1.10±1.35 (m, 4H; CH2),
0.89 ppm (m, 3H; CH3); 13C NMR: d=143.8 (aromatic C), 126.9±128.9
(aromatic CH), 86.5 (C(C6H5)3), 74.0 (COH), 65.6 (CH2O), 34.3 (CH2C),
24.1 (CH2), 23.2 (CH2), 14.0 ppm (CH3); elemental analysis calcd (%) for
C45H44O3 (632.8): C 85.41, H 7.01; found C 85.63, H 6.85.


2-Butyl-1,2,3-propanetriol (8): pTsOH¥H2O (12 mg, 0.06 mmol) was
added to a solution of compound 7 (300 mg, 0.47 mmol) in methanol
(4.0 mL), and dichloromethane (10 mL), the solution was then stirred
overnight. The solvents were evaporated and water was added. The aque-
ous layer was washed three times with EtOAc and was concentrated in
vacuo to give a yellowish oil. The residue was passed through a short
plug af silica gel with chloroform, and then chloroform/methanol 9:1.
The solvents were concentrated in vacuo to yield 8 (29 mg, 42%) as a
yellow oil; 1H NMR: d=3.52±3.85 (m, 6H; CH2O, 2îOH), 2.65 (b, 1H;
OH), 1.20±1.52 (m, 6H; 3îCH2), 0.92 ppm (d, J=6.8 Hz, 3H; CH3); 13C
NMR: d=74.2 (COH), 66.8 (CH2O), 34.4 (CH2C), 25.1 (CH2), 23.3
(CH2), 14.0 ppm (CH3); elemental analysis calcd (%) for C7H16O3


(148.2): C 56.73, H 10.88; found C 56.55, H 10.93.


General procedure for the synthesis of 2-methyl acids : A solution of di-
isopropylamine (4.12, 29 mmol) in anhydrous THF (25 mL) was charged
in a flask under a nitrogen atmosphere. After cooling at 0 8C, n-butyllithi-
um (18.1 mL, 29 mmol, 1.6m in hexane) was slowly added to keep the
temperature at 0 8C. After standing at this temperature for an additional
20 min, the appropriate acid (14 mmol) was added dropwise, while main-
taining the reaction temperature below 0 8C. A milky-white solution
formed, and after 30 min, DMPU (1.7 mL, 14 mmol) was added, the mix-
ture was then stirred at room temperature for 1 h. It was then cooled
again at 0 8C, and CH3I (0.9 mL, 15 mmol) was added rapidly. The reac-
tion was completed by stirring the mixture at room temperature over-
night. The product was recovered by neutralization with ice, cooled 10%
HCl, followed by extraction with Et2O (3î30 mL). 444 The combined or-
ganic layers were washed with water and brine, dried over anhydrous
Na2SO4, and concentrated in vacuo to obtain the corresponding 2-methyl
acid.


2-Methyldecanoic acid : Yellowish oil. Yield 2.10 g (80%); 1H NMR: d=
10.50 (b, 1H; COOH), 2.30±2.50 (m, 1H; CH), 1.58±1.80 (m, 2H;
CH2CH), 1.20±1.55 (m, 12H; 6îCH2), 1.15±1.20 (m, 3H; CHCH3), 0.88±
1.00 ppm (m, 3H; CH2CH3); 13C NMR: d=183.6 (COOH), 39.4 (CH),
33.5 (CH2), 31.9 (CH2), 29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 29.1 (CH2),
27.1 (CH2), 22.6 (CH2), 16.8 (CHCH3), 14.1 ppm (CH2CH3); elemental
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analysis calcd (%) for C11H22O2 (186.3): C 70.92, H 11.90; found: C 71.03,
H 11.69.


(Z)-2-Methyl-9-octadecenoic acid: Yellow oil. Yield 3.40 g (82%); 1H
NMR: d=11.50 (b, 1H; COOH), 5.33 (m, 2H; CH=), 2.30±2.50 (m, 1H;
CH), 1.95±2.15 (m, 4H; CH2CH=), 1.58±1.80 (m, 2H; CH2CH), 1.25±1.55
(m, 20H; 10îCH2), 1.15±1.20 (m, 3H; CHCH3), 0.88±1.00 ppm (m,
3CH; CH2CH3); 13C NMR: d=183.6 (COOH), 130.0 (CH=), 129.7 (CH=),
39.4 (CH), 34.1 (CH2), 33.5 (CH2), 31.9 (CH2), 29.8 (CH2), 29.6 (CH2),
29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 29.1 (CH2), 27.2 (CH2), 27.1 (CH2),
22.7 (CH2), 16.8 (CHCH3), 14.1 ppm (CH2CH3); elemental analysis calcd
(%) for C19H39O2 (296.5): C 76.97, H 12.24; found: C 76.83, H 12.32.


General procedure for the synthesis of triacylglycerol analogues 3a±e,
9a±b, and 10a±b : The appropriate acid (50 mmol) was added in a solu-
tion of the appropriate alcohol (10 mmol) in dichloromethane (65 mL),
and the solution was cooled to 0 8C. Then, a catalytic amount of DMAP
was added (122 mg, 1.0 mmol), followed by the addition of a solution of
DCC (10.3 g, 50 mmol) in dichloromethane (60 mL). The solution was
stirred for 30 min at 0 8C for several nights at room temperature. The re-
action mixture was filtered through a small pad of celite, and the solvent
was evaporated under reduced pressure. The residue was purified by
flash column chromatography by using petroleum ether/Et2O 95:5, and
9:1 as an eluent.


2-Methyl-2,3-bis{[(Z)-1-oxo-8-heptadecenyl]oxy}propyl ester of 9-octade-
cenoic acid, (Z)-(3a): Yellowish oil. Yield 7.01 g (78%); 1H NMR: d=
5.33 (6H, m, 3îCH2), 4.31 (dd, 1J=11.4 Hz, 2J=25.4 Hz, 4H; 2îCH2O),
2.30 (m, 6H; 3îCH2), 1.99 (m, 12H; 6îCH2), 1.62 (m, 6H; 3îCH2),
1.49 (s, 3H; CH3), 1.27 (s, 72H; 36îCH2), 0.87 ppm (t, J=6.2 Hz, 9H;
3îCH3); 13C NMR: d=173.0 (CH), 172.7 (CO), 130.1 (CH), 130.0 (CH),
129.8 (CH), 79.6 (C), 64.7 (CH2), 35.1 (CH2), 34.1 (CH2), 31.9 (CH2), 29.7
(CH2), 29.5 (CH2), 29.3 (CH2), 29.1 (CH2), 27.1 (CH2), 24.9 (CH2), 22.6
(CH2), 18.9 (CH3), 14.1 ppm (CH3); elemental analysis calcd (%) for
C58H106O6 (899.5): C 77.45, H 11.88; found: C 77.38, H 12.05.


2-Methyl-2,3-bis{[(Z)-2-methyl-1-oxo-8-heptadecenyl]oxy}propyl ester of
9-octadecenoic acid, (Z)-(3b): Yellowish oil. Yield 4.52 g (48%); 1H
NMR: d=5.33 (m, 6H; 3îCH=), 4.33 (m, 4H; 2îCH2O), 2.30±2.50 (m,
3H; 3îCH), 1.90±2.10 (s, 12H; 6îCH2CH=), 1.58±1.80 (m, 6H; 3î
CH2CH), 1.25±1.55 (m, 60H; 30îCH2), 1.15±1.20 (m, 9H; 3îCHCH3),
0.88±1.00 ppm (m, 9H; 3îCH2CH3); 13C NMR: d=176.0 (CO), 175.6
(CO), 130.0 (CH=), 129.6 (CH=), 79.6 (C), 64.6 (CH2O), 40.3 (CH), 39.5
(CH), 33.6 (CH2), 31.9 (CH2), 29.7 (CH2), 29.4 (CH2), 29.3 (CH2), 29.1
(CH2), 27.2 (CH2), 27.1 (CH2), 24.9 (CH2), 22.7 (CH2), 18.9 (CH3), 17.0
(CH3), 14.1 ppm (CH3); elemental analysis calcd (%) for C61H112O6


(941.5): C 77.81, H 11.99; found: C 77.69, H 12.07.


2-Methyl-2,3-bis[(1-oxodecyl)oxy]propyl ester of decanoic acid, (3c): Yel-
lowish oil. Yield 4.15 g (73%); 1H NMR: d=4.33 (dd, 1J=11.6 Hz, 2J=
25.2 Hz, 4H; 2îCH2O), 2.32 (m, 6H; 3îCH2), 1.61 (m, 6H; 3îCH2),
1.51 (s, 3H; CH3), 1.27 (b, 42H; 21îCH2), 0.88 ppm (t, 9H J=6.4 Hz;
3îCH3); 13C NMR: d=173.1 (CO), 79.6 (C), 64.9 (CH2), 64.7 (CH2),
35.1 (CH2), 34.1 (CH2), 31.8 (CH2), 29.4 (CH2), 29.5 (CH2), 29.1 (CH2),
24.1 (CH2), 22.6 (CH2), 18.9 (CH3), 14.1 ppm (CH3); elemental analysis
calcd (%) for C34H64O6 (568.9): C 71.79, H 11.34; found: C 71.63, H
11.38.


2-Methyl-2,3-bis[(2-methyl-1-oxodecyl)oxy]propyl ester of decanoic acid,
(3d): Yellowish oil. Yield 3.48 g (57%); 1H NMR: d=4.35 (m, 4H; 2î
CH2O), 2.35±2.55 (m, 3H; 3îCH), 1.58±1.75 (m, 6H; 3îCH2CH), 1.51
(s, 3H; CH3), 1.20±1.48 (m, 36H; 18îCH2), 1.05±1.20 (m, 9H; 3î
CHCH3), 0.88±1.00 ppm (m, 9H; 3îCH2CH3); 13C NMR: d=176.0
(CO), 79.6 (C), 64.6 (CH2O), 40.3 (CH), 39.5 (CH), 33.7 (CH2), 31.8
(CH2), 29.5 (CH2), 29.4 (CH2), 29.2 (CH2), 27.2 (CH2), 22.6 (CH2), 18.9
(CH3), 17.0 (CH3), 14.1 ppm (CH3); elemental analysis calcd (%) for
C37H70O6 (610.9): C 72.74, H 11.55; found: C 72.59, H 11.63.


2-{[(Z)-1-oxo-8-heptadecenyl]oxy}-2-{{[(Z)-1-oxo-8-heptadecenyl]oxy}-
methyl}hexyl ester of 9-octadecenoic acid, (Z)-(9a): Yellowish oil. Yield
4.22 g (69%); 1H NMR: d=5.33 (m, 6H; 3îCH=), 4.35 (dd, 1J=
11.8 Hz, 2J=31.2 Hz, 4H; 2îCH2O), 2.22±2.50 (m, 6H; 3îCH2CO),
1.85±2.10 (m, 14H; 6îCH2CH=, CCH2), 1.55±1.70 (m, 6H; 3îCH2),
1.15±1.45 (m, 74H; 37îCH2), 0.88 ppm (m, 12H; 4îCH3); 13C NMR:
d=173.0 (CH), 172.5 (CO), 130.0 (CH), 81.8 (C), 63.0 (CH2O), 34.2
(CH2), 31.9 (CH2), 29.7 (CH2), 29.5 (CH2), 29.3 (CH2), 29.1 (CH2), 27.2
(CH2), 24.9 (CH2), 24.7 (CH2), 22.7 (CH2), 14.1 ppm (CH3); elemental


analysis calcd (%) for C61H112O6 (941.5): C 77.81, H 11.99; found: C
77.89, H 11.93.


1,1-Bis{[(1-oxodecyl)oxy]methyl}pentyl ester of decanoic acid, (9b): Yel-
lowish oil. Yield 4.22 g (69%); 1H NMR: d=4.37 (dd, 1J=11.8 Hz, 2J=
31.2 Hz, 4H; 2îCH2O), 2.22±2.45 (m, 6H; 3îCH2CO), 1.85±2.10 (m,
2H; CCH2), 1.50±1.70 (m, 6H; 3îCH2), 1.15±1.45 (m, 40H; 20îCH2),
0.88 ppm (m, 12H; 4îCH3); 13C NMR: d=180.0 (CO), 173.8 (CH), 81.6
(C), 66.5 (CH2O), 34.5 (CH2), 34.2 (CH2), 31.8 (CH2), 29.4 (CH2), 29.2
(CH2), 29.1 (CH2), 29.0 (CH2), 24.9 (CH2), 24.6 (CH2), 23.1 (CH2), 22.6
(CH2), 14.1 ppm (CH3); elemental analysis calcd (%) for C37H70O6


(610.9): C 72.74, H 11.55; found: C 72.89, H 11.43.


2-Methyl-2,3-bis{[(Z)-2-methyl-1-oxo-8-heptadecenyl]oxy}propyl ester of
9-octadecenoic acid, (Z)-(10a): Yellowish oil. Yield 6.68 g (72%); 1H
NMR: d=5.25±5.45 (m, 7H; 3îCH=, CHO), 4.35 (m, 4H; 2îCH2O),
2.30±2.55 (m, 3H; 3îCH), 1.90±2.10 (s, 12H; 6îCH2CH=), 1.58±1.75
(m, 6H; 3îCH2CH), 1.25±1.55 (m, 60H; 30îCH2), 1.15±1.20 (m, 9H;
3îCHCH3), 0.88±1.00 ppm (m, 9H; 3îCH2CH3); 13C NMR: d=176.0
(CO), 130.0 (CH=), 129.7 (CH=), 68.9 (CHO), 62.0 (CH2O), 39.5 (CH),
39.4 (CH), 33.6 (CH2), 31.9 (CH2), 29.7 (CH2), 29.5 (CH2), 29.4 (CH2),
29.3 (CH2), 29.1 (CH2), 27.2 (CH2), 27.1 (CH2), 22.7 (CH2), 16.9 (CH3),
14.1 ppm (CH3); elemental analysis calcd (%) for C60H110O6 (927.5): C
77.70, H 11.95; found: C 77.59, H 12.03.


2-Methyl-2,3-bis[(1-oxodecyl)oxy]propyl ester of decanoic acid, (10b):
Yellowish oil. Yield 4.78 g (80%); 1H NMR: d=5.38 (m, 1H; CHO),
4.35 (m, 4H; 2îCH2O), 2.35±2.55 (m, 3H; 3îCH), 1.55±1.75 (m, 6H;
3îCH2CH), 1.20±1.50 (m, 36H; 18îCH2), 1.10±1.20 (m, 9H; 3î
CHCH3), 0.88±1.00 ppm (m, 9H; 3îCH2CH3); 13C NMR: d=176.2
(CO), 68.8 (CHO), 62.1 (CH2), 39.5 (CH), 39.4 (CH), 33.6 (CH2), 31.8
(CH2), 29.5 (CH2), 29.4 (CH2), 29.2 (CH2), 27.2 (CH2), 22.6 (CH2), 16.9
(CH3), 14.1 ppm (CH3); elemental analysis calcd (%) for C36H68O6


(596.9): C 72.44, H 11.48; found: C 72.59, H 11.35.


Monomolecular film experiments–Force/area curves : Surface pressure-
area curves were measured in the rectangular reservoir compartment of
the ™zero-order∫ trough (14.8 cm wide and 24.9 cm long). Before each ex-
periment the trough was at first washed with tap water, then gently
brushed in the presence of distilled ethanol, washed again with plenty of
tap water, and finally rinsed with twice-distilled water. The lipidic film as
a solution in CHCl3 (approximately 1 mgmL�1) was spread with a Hamil-
ton syringe over an aqueous subphase of Tris/HCl (10mm, pH 8.0), NaCl
(100mm), CaCl2 (21mm), and EDTA (1mm). The above-mentioned
buffer solution was prepared with twice-distilled water, and filtered
through a 0.22 mm millipore membrane. Before each utilization, residual
surface-active impurities were removed by sweeping and suction of the
surface. The force/area curves were automatically recorded upon a con-
tinuous compression rate at 0.5 cmmin�1.


Enzyme kinetic experiments : The inhibition experiments were performed
by using the monolayer technique. The surface pressure of the lipid film
was measured by means of the platinum Wilhelmy plate technique cou-
pled with an electromicrobalance. The principle of this method has been
described previously by Verger et al.[13]


For the inhibition studies the method of ™mixed monomolecular films∫
was used. This method involved the use of a ™zero-order∫ trough, which
consisted of two compartments: a reaction compartment, in which mixed
films of substrate and inhibitor are spread, and a reservoir compartment,
in which only pure films of substrate are spread. The two compartments
are connected to each other by narrow surface channels. HPL (final con-
centration 8.3 and 4.8 ngmL�1 for 14 and 17 mNm�1, respectively), and
HGL (final concentration 113 and 56 ngmL�1 for 17 and 20 mNm�1, re-
spectively) were injected into the subphase of the reaction compartment,
in which efficient stirring was applied. In the case of HPL, the aqueous
subphase was composed of Tris/HCl (10mm, pH8.0) NaCl (100mm),
CaCl2 (21mm), and EDTA (1mm). In the case of HGL the aqueous sub-
phase was composed of CH3COONa/HCl (10mm, pH5.0), NaCl
(100mm), CaCl2 (21mm), and EDTA (1mm). Due to the lipolytic action
of the enzyme, the surface pressure decreased, and a mobile barrier
moved over the reservoir compartment to compress the film, and thus
kept the surface pressure constant. The surface pressure was measured
on the reservoir compartment. The surface and volume of the reaction
compartment was 100 cm2 and 120 mL, repsectively. The reservoir com-
partment was 14.8 cm wide and 24.9 cm long. The lipidic films were
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spread from a chloroform solution (approximately 1 mgmL�1). The kinet-
ics were recorded for 20 min. In all cases linear kinetics were obtained.
Each experiment was duplicated.
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Solid-Phase Synthesis of DOTA±Peptides


Luis M. De LeÛn-Rodriguez,[a] Zoltan Kovacs,[a, b] Gregg R. Dieckmann,[a] and
A. Dean Sherry*[a, c]


Introduction


A number of low-molecular-weight peptides have been iden-
tified for targeting to specific cell receptors or macromole-
cules. Early applications of such systems have focused on
peptide radiopharmaceuticals for cancer diagnosis and ther-
apy,[1±7] but reports of peptide-based targeting vectors are
beginning to appear in the molecular imaging literature, par-
ticularly those applications involving optical and magnetic
resonance (MRI) imaging.[8±11] Peptide-based pharmaceuti-
cals offer some advantages over typical organic-targeting an-
alogues in that they can be prepared in reasonable quanti-
ties by using well-developed solid-phase peptide synthesis
(SPPS) methodologies.[12,13] Established combinatorial tech-
niques can then be used to create libraries of peptides for
screening purposes.[14] Phage display techniques are particu-


larly useful for screening peptide libraries for targets of spe-
cific cell types, tissues, or even individual macromole-
cules.[15, 16] The rapid development of such procedures has
made metal-ion-conjugated peptides ideal agents for diag-
nostic and therapeutic biomedicine. Several types of ligands
including DOTA, DTPA, NOTA and TETA,[7] have been at-
tached to peptides. DOTA is of particular interest, since this
macrocyclic ligand forms complexes with a variety of metal
ions with exceptionally high binding affinities and kinetic
stabilities.[17] DOTA±peptides have been prepared by conju-
gating unprotected DOTA[18±20] or, more conveniently,
DOTA-tris(tBu) esters[8,11,21±24] to the N terminus or a Lys�
e�NH2 residue of resin bound peptides. In a different ap-
proach, DOTA±peptides were obtained by synthesizing the
DOTA moiety in a stepwise manner on the N terminus of
peptides bound to the solid support.[25] A recent communica-
tion reported a DOTA±peptide nucleic acid conjugate that
was synthesized by using a DOTA-Lys derivative that allows
the DOTA to be incorporated into any sequence position.[26]


Recently, we demonstrated[11] that MRI can detect the
binding event of a Gd3+±DOTA-labeled peptide to its
target protein (Gal-80 is a protein involved in regulation of
galactose metabolism[27]). DOTA was added to the N-termi-
nal position of a twelve residue peptide
(TFDDLFWKEGHR)[28,29] by treating the resin-bound pep-
tide with DOTA-tris(tBu) ester. Although the resulting
DOTA±peptide displayed a ~5-fold lower affinity for Gal-
80, the binding event could still be detected at 25mm, sub-
stantially lower than the detection limits of typical Gd3+±
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Abstract: A general synthetic route to
two DOTA-linked N-Fmoc amino
acids (DOTA-F and DOTA-K) is de-
scribed that allows insertion of DOTA
at any endo-position within a peptide
sequence. Three model pentapeptides
were prepared to test the general utili-
ty of these derivatives in solid-phase
peptide synthesis. Both DOTA deriva-
tives reacted smoothly by means of
standard HBTU activation chemistry
to the point of insertion of the DOTA


amino acid, but extension of the pep-
tide chain beyond the DOTA-amino
acid insertion required the use of pre-
activated C-pentafluorophenyl ester N-
a-Fmoc amino acids. Three Gal-80
binding peptides (12-mers) were then
prepared by using this methodology


with DOTA positioned either at the N
terminus or at one of two different in-
ternal positions;the binding of the re-
sulting GdDOTA-12-mers to Gal-80
were compared. The methodology de-
scribed here allows versatile, controlled
introduction of DOTA into any loca-
tion within a peptide sequence. This
provides a potential method for the
screening of libraries of DOTA-linked
peptides for optimal targeting proper-
ties.


Keywords: gadolinium complexes ¥
macrocyclic ligands ¥ peptides ¥
solid-phase synthesis
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based contrast agents. Given a
recent report of antibody rec-
ognition of simple LnDOTA
chelates,[30] it became evident
that one might be able to
lower the MRI detection limit
of a Gd±peptide/protein recog-
nition process even further if
GdDOTA was located in an
endo-peptide position forming
part of the protein binding site.
To make the method as versa-
tile as possible, we prepared
tris(tBu) ester DOTA deriva-
tives of N-a-Fmoc amino acids
that could be substituted for
standard N-a-Fmoc amino
acids in SPPS, making it possi-
ble to position DOTA any-
where in a peptide sequence.
The methods reported here
should be useful for generating
Ln3+-DOTA±peptide libraries
for screening purposes.


Results and Discussion


Preparation of DOTA-conju-
gated amino acids: Using the
amino acid sequence of the
Gal-80 binding peptide identi-
fied previously by phage dis-
play (TFDDLFWKEGHR),
we first chose to prepare three
DOTA±peptides differing only
in the location of DOTA
within this sequence. Conjuga-
tion of DOTA to the N termi-
nus of the resin-bound peptide
was easily accomplished using
DOTA-tris(tBu) ester and standard Fmoc chemistry.[11] To
introduce DOTA into any endo-position within the se-
quence requires DOTA amino acid derivatives fully compat-
ible with SPPS conditions. This includes N-a-Fmoc protec-
tion, a free carboxyl group for coupling, and acid labile pro-
tection of the remaining groups on DOTA. Two model
amino acid derivatives (DOTA-F and DOTA-K) were
chosen to illustrate the method. Lysine and phenylalanine
were selected to test the feasibility of applying the proposed
chemistry to a charged/aliphatic versus an aromatic side-
chain. For both derivatives, the a-amino and carboxylic
groups of the parent amino acids were protected with the
carboxybenzyl (Cbz) and benzyl (Bn) protecting groups, re-
spectively. These two protecting groups can be removed
later by catalytic hydrogenation (Schemes 1 and 2). The flu-
orenylmethyoxycarbonyl (Fmoc) protecting group cannot be
introduced at this point due to its susceptibility to hydroge-
nation.[31] For DOTA-F (Scheme 1), reduction of the nitro


group of p-NO2-phenylalanine to the amine followed by
coupling with bromoacetyl bromide provided intermediate
5. This was then coupled to DO3A-tris(tBu) ester to give in-
termediate 6. Removal of the Cbz and Bn groups by catalyt-
ic hydrogenation and introduction of the Fmoc protecting
group yielded product 8 in approximately 70% overall
yield. Synthesis of DOTA-K was accomplished by using a
similar strategy starting with N-e-Boc-protected lysine
(Scheme 2). The resulting DOTA tris(tBu) esteramino acid
derivatives were then used to create DOTA±peptides by
using SPPS methods.


Solid-phase peptide synthesis: To test the general reactivity
of DOTA-F, three different peptide sequences, each contain-
ing five residues but with a variable DOTA-F position, were
selected for synthesis. The reference peptides (GAADF,
GAFDG, FAADG) were prepared first, giving an average
yield of 65% after purification. Synthesis of (NH2-F(DO-


Scheme 1. Synthesis of DOTA±phenylalanine derivative (8). Reagents and conditions: a) benzyl chlorofor-
mate, Na2CO3, dioxane, water, 0 8C; b) benzylbromide, DIEA; c) Zn, EtOH, AcOH, 60 8C; d) bromoacetyl-
bromide, DIEA, CH2Cl2; e) DO3A-(tBu)3, K2CO3, CH3CN; f) H2, Pd on C, iPrOH; g) Fmoc-chloride,
Na2CO3, dioxane, water.


Scheme 2. Synthesis of DOTA-lysine derivative 15. Reagents and conditions: a) benzyl bromide, DIEA,
MeCN; b) TFA, CH2Cl2; c) bromoacetyl bromide, DIEA, CH2Cl2; d) DO3A-(tBu)3, K2CO3, MeCN; e) H2, Pd
on C, iPrOH; f) Fmoc-Cl, Na2CO3, dioxane, water.
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TA)AADG-CONH2) using standard Fmoc-protected amino
acid chemistry proceeded smoothly but in those sequences
where F-DOTA was located at the C-terminus or near the
center of the sequence, the peptide sequence could not be
extended beyond the F-DOTA position. Furthermore, at-
tempts to add subsequent amino acids beyond F-DOTA
using either HATU[32] or TFFH[33] as coupling agents were
not successful. These coupling agents are reported[32,33] to
have superior coupling capabilities over HBTU for synthesis
of ™difficult∫ peptide sequences.


These unexpected results suggest that the bulky DOTA
tris(tBu) ester moiety on the peptide alters the coupling effi-
ciency when using HBTU-type activating agents. The fact
that N-acetyl (capped) derivatives (Ac-F(DOTA)-CONH2


and Ac-F(DOTA)DG-CONH2) were obtained as major
products demonstrated that the Fmoc group of DOTA-F
had been removed and that the N-terminal amino groups of
these derivatives were available for reaction with anhydride.
This suggested to us that a more reactive, pre-activated
amino acid might be necessary to couple additional amino
acids beyond the F-DOTA residue. Indeed, when N-a-Fmoc
pentafluorophenyl ester (OPfp) derivatives were used, the
remaining amino acids of the endo-DOTA±peptides were
added with an average overall yield of 40% (Scheme 3).
Similar chemistry was then used to prepare an analogous
K-DOTA sequence (NH2-FWK(DOTA)LG-CONH2).


A recent report showed that N-a-Fmoc-DOTA-e-lysine
could be introduced into a peptide sequence by using stan-
dard HBTU-type activating agents when using a XAL-
PEG-PS resin.[26] PEG-PS solid supports are prepared by
grafting readily soluble polar PEG chains onto microporous
polystyrene-co-divinylbenzene and have been shown to be
superior to conventional resins for the synthesis of hydro-
phobic peptides.[35] This suggests that the DOTA tris(tBu)
estermoiety attached to peptides on the Rink amide resin
causes the growing peptide to aggregate and that this aggre-
gation may be prevented using a PEG-PS based resin.


DOTA conjugates of a Gal-80 binding peptide : This same
methodology was then used to synthesize the three DOTA


analogues of the Gal-80 peptide binding sequence,
TFDDLFWKEGHR, shown in Table 1. After cleavage of
these peptides from Rink resin using trifluoroacetic acid and


purification by HPLC, the Gd3+ complexes were formed
and the resulting GdDOTA±peptides were purified once
again by HPLC. The association constants of each
GdDOTA±peptide with Gal-80 were determined by compet-
itive binding against fluorescein-TFDDLFWKEGHR-
CONH2 using fluorescence polarization.[11] A saturation ex-
periment was first performed to determine the KD for the
fluorescein-BP/Gal-80 interaction. A fit of these data to a
model that assumes 1:1 binding stoichiometry gave a KD of
173 � 13nm,which is similar to the value obtained previous-
ly from a different protein preparation.[11] Competition bind-
ing experiments were then performed by starting with 2nm
fluorescein-BP and 130nm Gal-80 and titrating in aliquots of
either N-acetyl-BP, exo-GdDOTA-BP, endo-GdDOTA(F)-
BP, or endo-GdDOTA(K)-BP. Competition binding curves
for the first three systems are presented in Figure 1. Addi-
tion of endo-GdDOTA(K)-BP gave similar results as that
shown for endo-GdDOTA(F)-BP. It was clear from these
data that both exo-peptides, N-acetyl-BP and exo-
GdDOTA-BP, compete effectively with fluorescein-BP,
while the two endo-GdDOTA±peptides do not. The compet-
itive binding constants, KD’, for the two exo-peptides were
determined using Equation (1),[34] in which IC50 corre-
sponds to the concentration of competing peptide required
to decrease the fluorescence polarization by 50%. This fit-


Scheme 3. Solid-phase peptide synthesis of three pentapetides with variable DOTA position. Reagents and conditions: a) Rink amide resin, Fmoc-amino
acids, HBTU, HOBT, DIEA; b) Fmoc-amino acid pentafluorophenyl esters, HOBT; c) CF3CO2H, thioanisole, 1,2-ethanedithiol, anisole.


Table 1. Derivatives of the Gal-80 binding peptide (BP).


Abbreviation Peptide Sequence


Fluorescein-BP Fluorescein-TFDDLFWKEGHR-CONH2


N-acetyl-BP Ac-TFDDLFWKEGHR-CONH2


Exo-DOTA-BP DOTA-TFDDLFWKEGHR-CONH2


Endo-DOTA(K)-BP Ac-TFDDLFW(K-DOTA)EGHR-CONH2


Endo-DOTA(F)-BP Ac-TFDDL(F-DOTA)WKEGHR-CONH2
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ting procedure gave a KD’ of 6.4�0.3mm for N-acetyl-BP
and 25.9�0.9mm for exo-GdDOTA-BP. (This KD value is
~10-fold higher than the value reported in reference 11 due
to an error in the previous calculation.)


KD0 ðcompeting peptideÞ ¼
IC50


1þ
�
½flourescein-BP	=KDð177 nmÞ


�
ð1Þ


This illustrates that the chemical properties of the N-ter-
minal group (fluorescein versus acetyl versus GdDOTA) has
a dramatic effect on the resulting peptide/Gal-80 binding in-
teraction either as a result of altered peptide conformation
or by additional repulsive forces between the N-terminal
moiety and the protein. This binding order suggests that hy-
drophobic interactions at the N-terminal site are more fa-
vorable (fluorescein-BP) than hydrophilic interactions (exo-
GdDOTA-BP). Neither endo-GdDOTA(K)-BP nor endo-
GdDOTA(F)-BP could significantly displace fluorescein-BP
from Gal-80, even at very highly competitive concentrations.
This indicates that the phenylalanine and lysine residues in


the native peptide are especially critical to the protein±pep-
tide interaction and that introduction of the GdDOTA
moiety disrupts these crucial binding interactions. Even
though the exo-GdDOTA-BP/Gal-80 binding constant is
only ~26mm, this interaction has been shown to be strong
enough to allow detection of binding by MRI.[11]


Conclusion


The Gal-80 binding peptide, TFDDLFWKEGHR, was
modified by introducing a DOTA-chelating group at three
different residues (Thr1, Phe6, or Lys8). After addition of
Gd3+ to each peptide±DOTA conjugate, competition bind-
ing experiments showed that the peptide labeled with
GdDOTA at the N-terminal (T) had a reasonable affinity
for Gal-80 (Ka=3.9î104


m
�1), while those peptides labeled


with GdDOTA at either Phe6 or Lys8 had no detectable
binding affinity for Gal-80. This demonstrates that location
of the GdDOTA moiety greatly affects the binding specifici-
ty of a peptide±protein system in which structure±activity
relationships have not been previously well defined, and il-
lustrates that screening libraries of DOTA-linked peptides
may be useful in identifying targeted metal-ion-based sys-
tems for new MRI diagnostic applications.


Experimental Section


General procedures : 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluroni-
um hexafluoro phosphate (HBTU), N-hydroxybenzotriazole (HOBT),
Fmoc-L-amino acids, Fmoc-L-amino acid pentafluorophenyl esters
(OPfp) and Rink amide resin were obtained from NovaBiochem (San
Diego, CA). Fmoc-L-threonine (OtBu)-OPfp was obtained by esterifica-
tion of Fmoc-L-threonine(OtBu) with pentafluorophenol (Lancaster) by
using DCC (Sigma). 2-(1H-Azabenzotriazole-1-yl)-1,1,3,3-tetramethy-
luronium hexafluorophosphate (HATU) and tetramethylfluoroformami-
dinium hexafluorophosphate (TFFH) were purchased from Applied Bio-
systems (Foster City, CA). 1,4,7-Tris(tert-butylacetate)-1,4,7,10-tetraaza-
cyclododecane (DO3A-tris(tBu)) ester was supplied by Macrocyclics
(Dallas, TX). Silica gel (200±400 mesh, 60 ä) for column chromatography
was purchased from Aldrich. TLC was conducted on Whatman precoated
silica gel on polyester plates. All other chemicals and solvents were pur-
chased from commercial sources and were used without further purifica-
tion. 1H and 13C NMR spectra were taken using a JEOL Eclipse
270 MHz spectrometer with tetramethylsilane as the standard. Chemical
shifts are reported as parts per million (ppm), with splitting patterns des-
ignated as singlet (s), doublet (d), triplet (t), multiplet (m), or doublet of
doublets (dd). Coupling constants are reported in Hertz (Hz). No special
experiments were performed to obtain definitive 1H and 13C peak assign-
ments. Melting points were determined by using a Fisher Johns Melting
Point Apparatus and are uncorrected. HPLC analysis was performed
over a C18 reverse-phase column on an HP1100 HPLC instrument equip-
ped with an automated injector and 1100 Series diode array UV/Vis de-
tector. Peptide purification was performed on a semi-preparative HPLC
(Waters 600) using a C18 reverse-phase column. Products were eluted at
flow rates of 1 mLmin�1 (HP1100) or 10 mLmin�1 (Waters) using a
linear gradient of H2O/TFA(0.1%) and acetonitrile/H2O/TFA (90/10/0.1).


N-a-Carbobenzyloxy-p-nitro-L-phenylalanine (2): p-Nitro-L-phenylala-
nine (1) (9.56 g, 45.5 mmol) was dissolved in a mixture of dioxane
(80 mL) and Na2CO3 solution (16.5 g, 3 equiv, in 145 mL water) and
cooled in an ice bath. Benzyl chloroformate (9.56 g, 95%, 1.05 equiv) in
dioxane (100 mL) was added dropwise while stirring. The reaction mix-
ture was allowed to stand at RT overnight. The solvent was removed by
rotary evaporation, and the residue was dissolved in ethyl acetate


Figure 1. Changes in fluorescence polarization (measured in mA) upon
incremental addition of either N-acetyl-BP (A), exo-GdDOTA-BP (B),
or endo-GdDOTA(F)-BP (C) to a solution of 2nm fluorescein-BP plus
130nm Gal-80. [ represents a data point where no competing peptide has
been added, and * represents a data point where a large excess of com-
peting peptide has been added and all fluorescein-BP is assumed to be
free.
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(100 mL), washed with water (50 mL), brine (2î50 mL) and water (2î
50 mL). The solvent was evaporated to give a clear oil that crystallized
from pentane/CH2Cl2. The white solid was filtered off and dried under
vacuum overnight to yield 15.02 g (95.6%) of product. M.p.: 126±127 8C;
1H NMR (270 MHz, CDCl3, 25 8C, TMS):: d=8.07 (d, 2H), 7.33±7.29 (m,
7H), 5.38 (d, 1H), 5.06 (m, 2H), 4.71 (t, 1H), 3.29 ppm (m, 2H);
13C NMR (67.5 MHz, CDCl3, 25 8C, TMS): d=174.8, 155.9, 147.2, 143.6,
135.8, 130.4, 128.7±128.3, 123.8, 67.5, 54.4, 37.8 ppm. Elemental analysis
calcd. (%) for C17H18N2O6: C 59.30, H 4.68, N 8.14. Found: C 59.01, H
4.60, N 8.11; MS-ESI: m/z: 367 (calcd.367) [M+Na]+ , 343 (calcd.343)
[M�H]� .


N-a-Carbobenzyloxy-p-nitro-L-phenylalanine benzyl ester (3): Com-
pound (2) (14.90 g, 43.2 mmol) was suspended in acetonitrile (300 mL),
then diisopropyl ethyl amine (6.42 g, 1.1 equiv) was added to give a
yellow homogeneous solution. Benzyl bromide (8.30 g, 1.05 equiv) in ace-
tonitrile (100 mL) was added and the flask was purged with argon and
sealed. The reaction mixture was stirred at RT for 2 days. Solid formation
was observed during the reaction. When the reaction was complete as
monitored by TLC, the solvent was evaporated and the oily residue was
dissolved in dichloromethane (500 mL) and washed with water (3î
400 mL). The organic phase was collected, and dried over Na2SO4, and
the solvent was evaporated to yield a white solid. It was dried under
vacuum overnight to give 17.9 g (95.1%) of product. Rf=0.68 (SiO2


TLC; hexanes/ethyl acetate, 60:40); m.p. 84±85 8C; 1H NMR (270 MHz,
CDCl3 25 8C, TMS):: d=7.96 (d, 2H), 7.35±7.32 (m, 10H), 7.08 (d, 2H,)
5.34 (d, 1H), 5.18 (m, 2H) 5.06 (m, 2H), 4.71 (t, 1H), 3.17 ppm (m, 2H);
13C NMR (67.5 MHz, CDCl3, 25 8C, TMS):: d=170.7, 155.5, 147.1, 143.5,
136.1, 134.8, 130.6, 128.9±128.3, 123.6, 67.7, 67.2, 54.5, 38.2 ppm. Elemen-
tal analysis calcd. (%) for C24H22N2O6: C 66.35, H 5.10, N 8.45. Found: C
66.00, H 4.98, N 8.48; MS-ESI: m/z: 457 (calcd.457) [M+Na]+ .


N-a-Carbobenzyloxy-p-amino-L-phenylalanine benzyl ester (4): Com-
pound (3) (5.56 g, 12.8 mmol) and zinc dust (<10 micron) were suspend-
ed in absolute ethanol (60 mL). Glacial acetic acid (60 mL) was added
and the reaction mixture was heated to 65 8C with an oil bath and stirred
for 2 h. The reaction mixture was cooled in an ice bath and crushed ice
(20 mL) was added. The pH of the solution was adjusted to 9.0 by slow
addition of a 9m NaOH solution. The resulting white thick slurry was di-
luted with water, and ethyl acetate (400 mL) was added. The solids were
filtered out from the mixture and washed with ethyl acetate (~200 mL).
The organic phase was washed with saturated NaHCO3 solution (2î
200 mL), and brine (2î200 mL), and dried over K2CO3. Removal of the
solvent gave a light yellow solid that was dried overnight under vacuum,
which yielded 4.7 g (90.9%) of product. Rf=0.38 (SiO2 TLC; hexanes/
ethyl acetate, 60:40); m.p. 87±89 8C; 1H NMR (270 MHz, CDCl3, 25 8C,
TMS): d=7.29±7.27 (m, 10H), 6.75 (d, J=8.16 Hz, 2H), 6.46 (d, 2H),
5.53 (d, 1H), 5.07 (m, 4H), 4.60 (t, 1H), 3.65 ppm (br s, 2H), 2.94 (m,
2H); 13C NMR (67.5 MHz, CDCl3, 25 8C, TMS): d=171.7, 155.9, 145.8,
136.5, 135.4, 130.2, 128.6±128.1, 125.0, 115.3, 67.1, 66.9, 55.3, 37.3. Ele-
mental analysis calcd. (%) for C24H24N2O4: C, 71.27; H, 5.98; N, 6.93.
Found: C 69.28, H 5.90, N 6.91; MS-ESI: m/z: 405 (calcd.405) [M+H]+ .


N-a-carbobenzyloxy-p-bromoacetylamide-L-phenylalanine benzyl ester
(5): Compound(4) (14.4 g, 35.6 mmol) was dissolved in CH2Cl2 (250 mL)
and diisopropylethylamine (4.83 g, 1.05 equiv) was added. The reaction
flask was purged with argon and cooled to �97 8C (the freezing point of
CH2Cl2) in liquid N2. Bromoacetyl bromide (7.70 g, 1.05 equiv) was
added when the mixture started to melt. The reaction mixture was al-
lowed to warm to RT and stirring continued overnight. The mixture was
washed with water (2î100 mL), 0.1m HCl (2î100 mL) and water (1î
100 mL), dried over K2CO3, and evaporated to yield 18.1 g (96.7%) of a
white solid. Rf=0.50 (SiO2 TLC; hexanes/ethyl acetate, 60:40). M.p. 134±
135 8C; 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d=8.13 (s, 1H), 7.36±
7.26 (m, 12H), 6.95 (d, J=7.92 Hz, 2H) 5.27 (d, 1H), 5.11 (m, 4H), 4.67
(t, 1H), 3.97 (s, 2H), 3.06 ppm (m, 2H); 13C NMR (67.5 MHz, CDCl3,
25 8C, TMS): d=171.3, 163.4, 155.7, 136.2, 136.1, 135.1, 132.5, 130.1,
128.7±128.2, 120.1, 67.4, 67.1, 54.9, 37.7, 29.5 ppm. Elemental analysis
calcd. (%) for C26H25BrN2O5: C 59.44, H 4.80, N 5.33. Found: C 59.65, H
4.93, N 5.51; MS-ESI: m/z: 524 (calcd.524) [M�H]� .


1,4,7-Tris(tert-butylacetate)-1,4,7,10-tetraazacyclododecane-10-N-a-carbo-
benzyloxy-p-acetylamide-L-phenylalanine benzyl ester (6): 1,4,7-tris(tert-
butylacetate)-1,4,7,10-tetraazacyclododecane (2.62 g, 5.1 mmol) was dis-
solved in acetonitrile (100 mL) and solid K2CO3 was added (1.78 g,


12.9 mmol). The temperature was increased to 60 8C using an oil bath,
and the resultant slurry was stirred for 15 minutes. Compound (5) (2.68 g,
5.1 mmol) in acetonitrile (50 mL) was added dropwise over 20 minutes
and the solution was stirred at 60 8C for three days. After filtering out re-
sidual solids the solvent was evaporated to give a quantitative yield of
yellow oil. 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d=10.40 (s, 1H)
7.64 (d, J=7.18 Hz, 2H), 7.31 (m, 10H), 6.98 (d, J=7.18 Hz, 2H), 5.58
(d, 1H), 5.14±5.08 (m, 4H), 4.66 (m, 1H), 3.32±2.65 (overlapping multip-
lets, 26H), 1.39 ppm (s, 27H, �C(CH); 13C NMR (67.5 MHz, CDCl3,
25 8C, TMS): d=170.4, 169.9±169.5, 154.8, 136.8, 135.4, 134.3, 129.9,
128.8, 127.6±127.1, 118.8, 79.9, 66.1, 65.9, 59.3, 58.5, 55.9, 54.9, 54.2, 53.9,
51.7, 51.3, 50.9, 36.6, 27.3. Elemental analysis calcd. (%) for C52H74N6O11:
C, 65.11; H, 7.78; N, 8.76. Found: C 65.13, H 7.71, N 8.79; MS-ESI: m/z:
960 (calcd.960) [M+H]+ .


1,4,7-tris(tert-butylacetate)-1,4,7,10-tetraazacyclododecane-10-N-a-(9-flu-
orenylmethoxy carbonyl)-p-acetylamide-L-phenylalanine (8): 1,4,7-tris-
(tert-butylacetate)-1,4,7,10-tetraaza cyclododecane-10-N-a-carbobenzy-
loxy-p-acetylamide-L-phenylalanine benzyl ester (6), (3.01 g, 3.12 mmol)
was dissolved in isopropanol (25 mL) and 10% Pd�C catalyst (0.6 g) was
added. The reaction mixture was hydrogenated in a Parr hydrogenation
apparatus at 40 psi for 3 days. The solution was filtered to remove the
catalyst and the solvent was removed by rotary evaporation to yield
2.29 g (99.3%) of 1,4,7-tris(tert-butylacetate)-1,4,7,10-tetraazacyclodode-
cane-10-p-acetylamide-L-phenylalanine (7). This product was used in the
next step without further purification. A mixture of 7 (2.29 g, 3.12 mmol)
in dioxane (35 mL) and aqueous Na2CO3 (0.99 g, 3 equiv, 35 mL) was
added over 2 h to a solution of 9-fluorenylmethylchloroformate (0.87 g,
1.05 equiv) in dioxane (10 mL) with cooling in an ice bath. After comple-
tion, the solution was allowed to stand overnight at RT. The solvent was
evaporated at 30 8C under a high vacuum to give a water insoluble
gummy residue. It was washed with water (2î10 mL) followed by ether
(2î15 mL), yielding 2.61 g (87.3%) of a yellow solid product. 1H NMR
(270 MHz, CDCl3, 25 8C, TMS): d=11.37 (s, 1H) 7.69±7.20 (m, 12H),
6.13 (s, 1H), 5.07 (bs, 1H), 4.41 (bs, 2H), 3.90±2.70 (overlapping multip-
lets, 26H), 1.41 (s, 27H). 13C NMR (67.5 MHz, CDCl3, 25 8C, TMS): d=
174.5, 172.2±170.6, 155.6, 145.4, 144.3, 137.3, 133.5, 129.9, 128.4, 128.2,
126.9.8, 125.5, 119.5, 81.6, 66.2, 56.9±47.3, 37.5, 27.9. Elemental analysis
calcd. (%) for C52H72N6O11.2H2O: C, 62.88; H, 7.71; N, 8.46. Found: C,
62.52; H, 7.87; N, 8.56. MS-ESI: m/z: 958 (calcd. 958) [M+H]+ .


N-e-(tert-butoxycarbonyl)-N-a-carbobenzyloxy-L-lysine benzyl ester (10):
N-e-(tbutoxycarbonyl)-N-a-carbobenzyloxy-L-lysine (9) (5.14 g;
13.5 mmol), di-isopropyl ethyl amine (1.83 g; 1.05 equiv) and benzyl bro-
mide (2.48 g; 1.05 equiv) were dissolved in acetonitrile (120 mL). The re-
action mixture was stirred under argon at RTfor two days. The solvent
was removed by rotary evaporation and the residue was dissolved in di-
chloromethane (250 mL) and washed with water (4x100 mL). The organic
phase was dried over Na2SO4, filtered and removal of the solvent gave a
clear oil which crystallized from ether/hexanes yielding 6.28 g (98.7%) of
a white solid. Rf=0.63 (SiO2 TLC; hexanes/ethyl acetate, 60/40). M. p.
63±64 8C. 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d=7.26 (s, 10H.),
5.94 (d, 1H,) 5.06 (m, 4H), 4.34 (m, 1H), 2.97 (m, 2H), 1.80±1.64 (m,
4H), 1.36 (s, 11H). 13C NMR (67.5 MHz, CDCl3, 25 8C, TMS): d=172.5,
156.3, 136.2, 135.5, 128.6±128.1, 78.9, 67.0, 66.9, 54.0, 40.0, 31.8, 29.5, 28.5,
22.5. Elemental analysis calcd. (%) for C26H34N2O6: C, 66.36; H, 7.28; N,
5.95. Found: C, 66.16; H, 7.28; N, 5.98. MS-ESI: m/z: 493 (calcd. 493)
[M+Na]+ .


N-a-carbobenzyloxy-L-lysine benzyl ester (11): N-e-(tbutoxycarbonyl)-N-
a-carbobenzyloxy -L-lysine benzyl ester (10) (6.28 g; 13.4 mmol) was dis-
solved in a mixture of CH2Cl2 (50 mL) and TFA (50 mL). The solution
was stirred at RT for 5 h. The solvent was evaporated by rotary evapora-
tion and the product was dissolved in water (100 mL) and crushed ice
(20 mL). The pH was adjusted to 9.5 by addition of Na2CO3. The aque-
ous layer was extracted with CH2Cl2 (2î500 mL). The organic phases
were combined, washed with water (300 mL), dried over Na2SO4, filtered
and removal of the solvent gave 4.68 g (94.6%) of a clear oil. Rf=0.83
(Al2O3 TLC; CH2Cl2/MeOH, 85/15). 1H NMR (270 MHz, CDCl3, 25 8C,
TMS): d=7.26 (s, 10H), 5.79 (s, 1H) 5.11 (m, 4H), 4.37 (m, 1H), 2.54
(m, 2H), 1.80±1.64 (m, 4H), 1.35±1.17 (m, 2H). 13C NMR (67.5 MHz,
CDCl3, 25 8C, TMS): d=172.5, 156.2, 136.4, 135.4, 128.6±128.1, 67.0, 66.9,
54.0, 41.8, 33.1, 32.3, 22.5. Elemental analysis calcd. (%) for C21H26N2O4:
C, 68.09; H, 7.07; N, 7.56. Found: C, 68.15; H, 7.00; N, 7.53.


Chem. Eur. J. 2004, 10, 1149 ± 1155 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1153


DOTA±Peptide Synthesis 1149 ± 1155



www.chemeurj.org





N-e-bromoacetylamide-N-a-carbobenzyloxy-L-lysine benzyl ester (12): A
solution of N-a-carbobenzyloxy-L-lysine benzyl ester (11) (4.670 g;
12.6 mmol) and di-isopropyl ethyl amine (1.713 g; 1.05 equiv) in CH2Cl2
(280 mL) was added to a solution of bromoacetyl bromide (2.729 g;
1.05 equiv) over one hour while maintaining the temperature at �30 8C.
Then the solution was stirred at �30 8C for one hour and then allowed to
stand at RT overnight. The organic phase was washed with water (2î
200 mL), 0.1 N HCl (2î200 mL) and water (2î200 mL), dried over
Na2SO4, filtered and removal of the solvent gave 6.05 g (97.7%) of a
white solid. Rf=0.83 (Al2O3 TLC; CH2Cl2/MeOH, 85/15). M.p. 70±72 8C.
1H NMR (270 MHz, CDCl3, 25 8C, TMS): d=7.32 (s, 10H), 6.57 (s, 1H),
5.51 (s, 1H), 5.14 (m, 4H), 4.40 (m, 1H), 3.79 (s, 2H), 3.17 (m, 2H),
1.84±1.23 (m, 6H). 13C NMR (67.5 MHz, CDCl3, 25 8C, TMS): d=172.3,
165.70, 156.1, 136.4, 135.3, 128.7±128.2, 67.3, 67.1, 53.7, 39.8, 32.2, 29.3,
28.7, 22.4. Elemental analysis calcd. (%) for C23H27BrN2O5: C, 56.22; H,
5.54; N, 5.70. Found: C, 56.09; H, 5.57; N 5.68. MS-ESI: m/z: 490 (calcd.
490) [M�H]� .


1,4,7-tris(tert-butylacetate)-1,4,7,10-tetraazacyclododecane-10-N-e-acetyl-
amide-N-a-carbobenzyloxy-L-lysine benzyl ester (13): 1,4,7-tris(tbutylace-
tate)-1,4,7,10-tetraazacyclo dodecane (1.08 g, 2.1 mmol) was dissolved in
acetonitrile (50 mL) and K2CO3 (0.76 g, 5.53 mmol) was added. The reac-
tion mixture was stirred at 60 8C for 15 minutes. N-e-bromoacetylamide-
Na-carbobenzyloxy-L-lysine benzyl ester (12) (1.04 g, 2.1 mmol) was dis-
solved in acetonitrile (50 mL) and added dropwise over 20 minutes. The
solution was stirred at 60 8C for 3 days. The solids were filtered out and
the solvent was removed by rotary evaporation. The oily residue was
dried to a constant mass to give the product quantitatively. 1H NMR
(270 MHz, CDCl3, 25 8C, TMS): d=8.62 (s, 1H), 7.29±7.24 (m, 10H), 5.58
(d, 1H), 5.12 (s, 2H), 5.05 (s, 2H), 4.32 (m, 1H), 3.19, 3.16, 2.97, 2.80,
2.78, 2.64, 2.44 (overlapping multiplets, 26H), 1.84±1.50 (m, 6H), 1.38 (s,
27H). 13C NMR (67.5 MHz, CDCl3, 25 8C, TMS): d=172.4, 172.2, 170.7,
170.6, 156.1, 136.4, 135.5, 128.6±128.1, 80.9, 67.1, 66.9, 60.4, 58.2 , 56.8,
56.3, 55.0, 54.1, 53.6, 52.6, 52.1, 38.7, 31.9, 29.5, 28.3, 22.8. Elemental anal-
ysis calcd. (%) for C49H76N6O11: C, 63.61; H, 8.28; N, 9.06. Found: C,
63.31; H, 8.22; N, 9.10. MS-ESI: m/z: 926 (calcd. 926) [M+H]+ .


1,4,7-tris(tert-butylacetate)-1,4,7,10-tetraazacyclododecane-10-N-e-acetyl-
amide-L-lysine (14): 1,4,7-tris(tbutylacetate)-1,4,7,10-tetraazacyclodode-
cane-10-N-e-acetylamide-N-a-carbobenzyloxy-L-lysine benzyl ester (13)
(1.02 g, 1.1 mmol) was dissolved in absolute ethanol (25 mL) and 10%
Pd�C catalyst (0.4 g) was added. The reaction mixture was hydrogenated
in a Parr hydrogenation apparatus at 50 psi for 2 days. The solution was
filtered to remove the catalyst and the solvent was removed by rotary
evaporation. The residual oil was dried under vacuum to give 0.77 g
(100%) of a light yellow oil. The product was obtained as a white solid
by dissolving the oil in CH2Cl2 and extracting it into water and lyophiliz-
ing the aqueous phase. Rf=0.21 (Al2O3 TLC; CH2Cl2/MeOH, 85/15).
1H NMR (270 MHz, CDCl3, 25 8C, TMS): d=9.14 (s, 1H), 4.08 (m, 1H),
3.69, 3.46, 3.27, 3.11, 2.90 (overlapping multiplets, 26H,), 1.97±1.56 (m,
6H), 1.44 (s, 27H). 13C NMR (67.5 MHz, CDCl3, 25 8C, TMS): d=172.1,
168.8, 168.3, 164.6, 80.2, 79.9, 56.1, 55.1, 54.3, 53.3, 51.6, 50.4, 48.9, 47.4,
37.2, 28.8, 26.7, 20.7.


1,4,7-tris(tert-butylacetate)-1,4,7,10-tetraazacyclododecane-10-N-e-acetyl-
amide-N-a-(9-fluorenylmethoxycarbonyl)-L-lysine (15): 1,4,7-tris(tbutyl-
acetate)-1,4,7,10-tetraazacyclo dodecane-10-N-e-acetylamide-L-lysine
(14) (0.887 g, 1.27 mmol) was dissolved in dioxane (8 mL) and an aque-
ous solution of Na2CO3 (0.403 g, 3 equiv in 8 mL of water) was added.
The reaction mixture was immersed in an ice bath and a solution of 9-flu-
orenylmethylchloroformate (0.328 g, 1.23 mmol) in dioxane (5 mL) was
added under argon atmosphere. The solution was allowed to warm to RT
and stirred overnight. The solvents were evaporated under high vacuum
at 30 (C. The solid residue was washed with water and dried to a constant
mass to give 1.01 g (86.4%) of a white solid. Rf=0.67 (Al2O3 TLC;
CH2Cl2/MeOH, 85/15), 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d=


7.64±7.11 (m, 8H), 4.17 (m, 1H), 3.20±2.42 (overlapping multiplets,
26H), 1.84±1.50 (m, 6H), 1.32 (s, 27H). 13C NMR (67.5 MHz, CDCl3,
25 8C, TMS): d=173.8, 170.6, 170.2, 169.3, 154.0, 143.9,139.3, 125.7, 125.3,
123.8, 118.0, 79.9, 64.5, 54.3.0±45.5, 37.1, 30.2, 26.3, 20.3. Elemental analy-
sis calcd. (%) for C49H74N6O11: C, 63.75; H, 8.08; N, 9.10. Found C, 63.51,
H, 8.05, N, 9.15. MS-ESI: m/z: 922 (calcd. 922) [M�H]� .


Solid-phase Peptide Synthesis : Solid-phase peptide synthesis was carried
out either manually or in an Applied Biosystem ABI 433A Automatuzed


Peptide Synthesizer following standard Fmoc protocols using Rink amide
resin. Peptides were manually synthesized on a 0.1 mmol scale using
single step couplings of two equivalent Fmoc-amino acids (or Fmoc-
amino acid pentafluorophenyl esters), two equivalents coupling agent
(HBTU/HOBT or HOBT with the pentafluorophenyl esters) and 6 equiv-
alents di-isopropyl ethyl amine in DMF at RT. Free unreacted amino
groups were capped with a 4.75%v/v acetic anhydride solution in NMP.
During manual synthesis, coupling and capping completion was moni-
tored by the ninhydride test. A 10-fold excess of reagents was used for
the automated synthesizer. Following linear peptide assembly, cleavage
from the resin and final deprotection was carried out with TFA: thioani-
sole: 1,2-ethanedithiol: anisole (9:0.5:0.3:0.2) at 25 8C for 2 h. The resin
was filtered off and the filtrate concentrated with a gentle nitrogen flow.
Peptides were precipitated with cold diethyl ether. The precipitate was
filtered, washed with cold ether, dried and redissolved in 10% acetic
acid. The crude peptides were purified by reverse phase HPLC, lyophi-
lized and characterized by MS-ESI.


Peptide Characterization


H2N-GAADF-CONH2, HPLC: Rt=16.7 min, MS-ESI: m/z: 479 (calcd.
479) [M+H]+ .


H2N-GAFDG-CONH2, HPLC: Rt=16.0 min, MS-ESI: m/z: 465 (calcd.
465) [M+H]+ .


H2N-FAADG-CONH2, HPLC: Rt=14.6 min, MS-ESI: m/z: 479 (calcd.
479) [M+H]+ .


H2N-(F-DOTA)DG-CONH2, HPLC: Rt=9.3 min, MS-ESI: m/z: 738
(calcd. 738) [M+H]+ , 736 (calcd. 736) [M�H]� .


CH3CONH-(F-DOTA)-CONH2, HPLC Rt=11.0 min, MS-ESI: m/z: 607
(calcd. 607) [M+H]+ .


H2N-GAAD(F-DOTA)-CONH2, HPLC: Rt=10.5 min, MS-ESI: m/z:
880 (calcd. 880) [M+H]+ , 878 (calcd. 878) [M�H]� .


H2N-GA(F-DOTA)DG-CONH2, HPLC: Rt=11.1 min, MS-ESI: m/z:
866 (calcd. 866) [M+H]+ , 864 (calcd. 864) [M�H]� .


H2N-(F-DOTA)AADG-CONH2, HPLC: Rt=13.6 min, MS-ESI: m/z:
880 (calcd. 880) [M+H]+ , 878 (calcd. 878) [M�H]� .


H2N-FW(K-DOTA)EG-CONH2, HPLC: Rt=22.5 min, MS-ESI: m/z:
1052 (calcd. 1052) [M+H]+, 1050 (calcd. 1050) [M�H]� .


(DOTA-T)FDDLFWKEGHR-CONH2, HPLC: Rt=33.1 min, MS-ESI:
m/z: 1936 (calcd. 1937) [M+H]+ , 1934 (calcd. 1935) [M�H]� .


CH3CONH-TFDDLFWKEGHR-CONH2, HPLC: Rt=36.9 min, MS-
ESI: m/z: 1593 (calcd. 1592) [M+H]+ , 1590 (calcd. 1590) [M�H]� .


CH3CONH-TFDDLFW(K-DOTA)EGHR-CONH2, HPLC: Rt=36.6 min,
MS-ESI: m/z: 1979 (calcd. 1979) [M+H]+ , 1976 (calcd. 1977) [M�H]� .


CH3CONH-TFDDL(F-DOTA)WKEGHR-CONH2, HPLC: Rt=30.1 min,
MS-ESI: m/z: 1995 (calcd. 1995) [M+H]+ , 1993 (calcd. 1993) [M�H]� .


Gadolinium Complex Formation : Complexes were prepared by adding a
GdCl3 stock solution to a DOTA±peptide ligand solution, pH 7.4
(HEPES buffer) in stoichiometric amounts (1:1). The solution was stirred
at RTfor 24 h and then centrifuged to remove any precipitated Gd(OH)3.
The presence of free Gd3+ was evaluated by colorimetry using xylenol
orange as an indicator. In a solution containing the complex GDDOTA±
peptide at pH 5.2, a deep purple color indicates free Gd3+ . Resultant
peptide complexes were further purified by HPLC using the previously
described procedure. The purified complex solution was lyophilized to
give the gadolinium complex as a powder solid.


Protein Binding Studies : To measure the KD of the Gal-80-fluorescein N-
labeled peptide (provided by Dr. Kodadek, University of Texas South-
western Medical Center, Dallas, Texas), the indicated amounts of His6-
Gal-80 and 2nm of labeled peptide were mixed in 200 mL of buffer (PBS
with 0.2 mgmL�1 bovine serum albumin). Each solution was equilibrated
at RT for 20 minutes prior to measuring the fluorescence polarization of
each sample. Competition binding studies were done by titrating a com-
peting peptide into a sample containing 2nm of Fluorescein-labeled pep-
tide with 130nm Gal-80 (75% of KD). The dissociation of the fluorescein-
peptide from Gal-80 was monitored by fluorescence polarization spectros-
copy.
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Elevated-Temperature Metathesis Syntheses of Structurally Novel Alkali-
Metal Tetrakis(3,5-di-tert-butylpyrazolato)lanthanoidate(III) Complexes:
Toluene-Coordinated Discrete Bimetallic Complexes and Supramolecular
Chains


Glen B. Deacon,*[a] Ewan E. Delbridge,[a] David J. Evans,[a] Rita Harika,[a]


Peter C. Junk,*[a] Brian W. Skelton,[b] and Allan H. White[b]


Introduction


Use of bulky ligands has enabled the formation of homolep-
tic divalent and trivalent mononuclear rare-earth organome-
tallic compounds,[1±4] organoamides,[2,4±7] and organooxome-
tallics,[2,7±9] [Ln(L)n] (L=alkyl or aryl, NR2, or OR; n=2 or
3), for example, [Ln{N(SiMe3)2}3],


[10] [Ln(OC6H2-2,6-tBu2-4-
Me)3]


[11] and [Ln{C(SiMe3)3}2],
[12] even though the large size


of Ln3+ favors heteroleptic complexes [Ln(L)n(L’)m] (L’=
neutral donor, usually a polar solvent).[1±9] Coordination/
steric saturation requirements may result in association even
with bulky ligands, for example, [Yb(OAr)2]2 (Ar=C6H2-
2,6-tBu2-4-Me[13] or C6H3-2,6-Ph2


[14]), agostic Ln¥¥¥CH interac-
tions, for example, in [Ln{CH(SiMe3)2}3],


[15] or intramolecu-
lar p-Ph¥¥¥Ln bonding, for example, in [Ln(OC6H3-2,6-
Ph2)2,3].


[14, 16] Homoleptic anionic complexes [LnL4]
� or


[LnL5]
2� are attractive targets as they have the advantage of


at least one extra ligand to assist coordination/steric satura-
tion and so avoid solvation/ligation by neutral donors.[2,8] A
number of low-coordinate examples of homoleptic aryloxo-
lanthanoidate(iii) complexes are known, for example,
[MLn(OC6H3-2,6-iPr2)4]n (M=K, Cs),[17±19] [Cs2La(OC6H3-
2,6-iPr2)5]n,


[20] [NaLn(OC6H3-2,6-Ph2)4],
[20,21] and [Na(thf)6]


[Nd(OC6H2-2,6-tBu2-4-Me)4].
[22] In pyrazolatolanthanoid(iii)


chemistry, (see reference[23] and references therein), the only
hitherto reported homoleptic anionic lanthanoid complexes
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Abstract: Sodium and potassium tetra-
kis(3,5-di-tert-butylpyrazolato)lantha-
noidate(iii) complexes [M{Ln(tBu2pz)4}]
have been prepared by reaction of an-
hydrous lanthanoid trihalides with
alkali metal 3,5-di-tert-butylpyrazolates
at 200±300 8C, and a 1,2,4,5-tetrameth-
ylbenzene flux for M=K. On extrac-
tion with toluene (or occasionally di-
rectly from the reaction tube) the fol-
lowing complexes were isolated:
[Na(PhMe){Ln(tBu2pz)4}] (1Ln; 1Ln=
1Tb, 1Ho, 1Er, 1Yb), [K(PhMe){Ln-
(tBu2pz)4}]¥2PhMe (2Ln; 2Ln=2La,
2Sm, 2Tb, 2Ho, 2Yb, 2Lu), [Na{Ln-
(tBu2pz)4}]n (3Ln; 3Ln=3La, 3Tb,
3Ho, 3Er, 3Yb), [K{Ln(tBu2pz)4}]n
(4Ln; 4Ln=4La, 4Nd, 4Sm, 4Tb,
4Ho, 4Er, 4Yb, 4Lu), with the last two


classes generally being obtained by loss
of toluene from 1Ln or 2Ln, and
[Na(tBu2pzH){Ln(tBu2pz)4}]¥PhMe
(5Ln; 5Ln=5Nd, 5Er, 5Yb). Extrac-
tion with 1,2-dimethoxyethane (DME)
after isolation of 2Ho yielded
[K(dme){Ho(tBu2pz)4}] (6Ho). X-ray
crystal structures of 1Ln (=1Tb, 1Ho ;
P21/c), 2Ln (=2La, 2Sm, 2Tb, 2Yb,
2Lu ; Pnma), 3,4Ln (=3La, 3Er, 4Sm ;
P21/m), and 5Ln (=5Nd, 5Er, and
5Yb ; P1≈) show each group to be iso-
morphous regardless of the size of the
Ln3+ ion. All complexes contain eight-


coordinate {Ln(h2-tBu2pz)4} units.
These are further linked to the alkali
metal by bridging through two
(1,2,5Ln) or three (3,4Ln) tBu2pz
groups which show striking coordina-
tion versatility. Sodium is coordinated
by an h4-PhMe, a m-h2 :h2-tBu2pz, and a
m-h4(Na):h2(Ln)-tBu2pz ligand in 1Ln,
and by one h1-tBu2pzH and two
m-h3(Na):h2(Ln) ligands in 5Ln. By
contrast, potassium has one h6-PhMe
and two m-h5(K):h2(Ln) ligands in 2Ln.
Classes 3,4Ln form polymeric chains
with the alkali metal bonded by two
m-h3(NNC-M):h2(Ln)-tBu2pz ligands
within [MLn(tBu2pz)4] units which are
joined together by h1(C)-tBu2pz-Na, K
linkages.


Keywords: lanthanoids ¥
metathesis ¥ pyrazolates ¥ rare
earths ¥ structure elucidation
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are [K{Er(tBu2pz)4}]n
[24] and [K([18]crown-6)(dme)(h1-


PhMe)][Er(tBu2pz)4]
[24] from an exploratory study for the


present investigation. The former was obtained by a high
temperature, donor-solvent±free metathesis reaction to obvi-
ate competition from ether complex formation, for example,
giving [Ln(tBu2pz)3(thf)2] or [Ln(tBu2pz)3(dme)]n


[25] in the
common metathesis donor solvents THF or DME.[1±4,8] The
supramolecular architecture of [K{Er(tBu2pz)4}]n


[24] featured
the new m-h2:h3(N2C) pyrazolate coordination mode and a
rare case of h1-C ligation,[23b,26a] thereby creating interest in
the whole [M{Ln(tBu2pz)4}]n (M=alkali metal) structural
class. We now report syntheses of a range of these novel het-
erobimetallic compounds using elevated temperature meta-
thesis, together with the X-ray crystal structures of represen-
tative complexes. Sufficient Lewis acidity remains for crys-
tallization from toluene to yield crystallographically charac-
terizable monomeric toluene complexes [M(PhMe){Ln-
(tBu2pz)4}] which, however, readily revert to
[M{Ln(tBu2pz)4}]n species on standing. Overall, the com-
plexes feature several uncommon pyrazolate coordination
modes, and develop the emerging richness of pyrazolate li-
gation, as for example in reference [23, 24,26].


Results and Discussion


Syntheses and characterization : The complexes [Na(Ph-
Me){Ln(tBu2pz)4}] (1Ln; 1Ln=1Tb, 1Ho, 1Er, 1Yb) and
[K(PhMe){Ln(tBu2pz)4}]¥2PhMe (2Ln; 2Ln=2 La, 2Sm,
2Tb, 2Ho, 2Yb, 2Lu) were isolated following extraction by
toluene of the products of the reaction of anhydrous LnCl3
(Ln=La, Nd, Sm, Tb, Ho, Er, Yb, Lu) with four molar
equivalents of M(tBu2pz) (M=Na, K) under vacuum in a
sealed Carius tube at elevated temperatures (200±300 8C)
[reactions (1)±(3)].The solvent-free products [Na{Ln-
(tBu2pz)4}]n (3Ln; 3Ln=3La, 3Tb, 3Ho, 3Er, 3Yb) and
[K{Ln(tBu2pz)4}]n (4Ln; 4Ln=4La, 4Nd, 4Sm, 4Tb, 4Ho,
4Er,[24] 4Yb, 4Lu) were obtained either straight from the
Carius tube (3Er), directly from toluene (3 La, 4Nd, as re-
ported for 4Er[24]) or by loss of toluene from 1Ln or 2Ln
upon standing (3Tb, 3Ho, 3Yb, 4La±Lu (above) excluding
4Nd, 4Er[24]). Class 5 complexes [Na(tBu2pzH){Ln-
(tBu2pz)4}]¥PhMe (5Ln; 5Ln=5Nd, 5Er, 5Yb) crystallized
from toluene following attempts to prepare class 1Ln and
3Ln complexes. In the case of Ln=Yb, crystallization of
5Yb was followed by isolation of the target 1Yb as the bulk
product. Class 5Ln products probably result from adventi-
tious hydrolysis on workup (reaction 4).


Class 4Ln compounds (source of 2Ln) were prepared in
the presence of 1,2,4,5-tetramethylbenzene (TMB), which
was removed by hexane extraction before treatment with
toluene. The use of TMB in syntheses of 3Ln (source of
1Ln) was abandoned as it offered no major preparative ad-
vantages and necessitated removal by an inconvenient subli-
mation, owing to the slight solubility of 3Ln in hexane. Low
yields (7±21%) were obtained for products synthesized from
commercial (purified) LnCl3, whereas the use of LnCl3 gen-
erated from Ln2O3, HCl and NH4Cl


[27] and not purified,
gave higher yields of products (60±77%) under similar con-
ditions, for example, for 4Nd, (4Er[24]), and 1Yb. This could
perhaps be a consequence of differences in particle size. The
limited solubility of some complexes in toluene may also
have contributed to low yields, although the isolated prod-
ucts were generally obtained by two substantial toluene ex-
tractions. Following the reaction of HoCl3 and K(tBu2pz),
color remained in the toluene-treated residue, which was
then extracted with the more polar solvent DME, giving
[K(dme){Ho(tBu2pz)4}] (6Ho). A similar extraction from an-
other reaction mixture provided evidence for a heteroleptic
pyrazolate chloride and this is to be explored in the
future.[28] Reaction between SmCl3 (as a representative
LnCl3) and K(tBu2pz) could not be induced in refluxing tol-
uene.


When crystals suitable for X-ray crystallography deposit-
ed from toluene, representative specimens (1Ln, 2Ln, 3Ln)
were removed and coated with a perfluoroalkyl ether oil to
inhibit loss of toluene (coordinated, or solvent of crystalliza-
tion). The bulk products from filtration under vacuum gen-
erally had a lower toluene content (metal analyses), whilst
longer storage resulted in complete desolvation, giving 3Ln
and 4Ln (1H NMR and microanalysis after intercontinental
transport) (Scheme 1). Thus, single crystals of


[K(PhMe){Sm(tBu2pz)4}]¥2PhMe (2Sm) have been isolated
and structurally characterized; the bulk sample initially ana-
lysing (% Sm) as [K{Sm(tBu2pz)4}]¥1


1=2PhMe, and, on stand-
ing, as 4Sm (1H NMR, micro-
analysis). Crystals of 2Sm
stored under a light perfluor-
oalkyl ether crumbled to a
white powder surrounding a
single crystal of 4Sm, which
was structurally characterized,
confirming the outcome of tol-
uene loss. Similar behavior was
observed for [Na(tBu2pzH)-
{Nd(tBu2pz)4}]¥PhMe, 5Nd,


Scheme 1. Progessive loss of toluene from single crystals.
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which underwent partial loss of toluene before microanaly-
sis.


The parent 3Ln, 4Ln classes have high thermal stability.
Solidification of the reaction mixtures in their syntheses is
indicative of melting points/decomposition temperatures
above the elevated reaction temperatures (250±300 8C for
most complexes; 200 8C for 4Nd, 4Sm). The representative
toluene complex 2La lost toluene at 60 8C without melting
(giving 4La) and remained unmelted at 300 8C.The visible/
near-infrared absorption spectra of complexes containing
Ho3+ , Er3+ , Nd3+ , Sm3+ , Yb3+ showed absorptions charac-
teristic of the appropriate Ln3+ ion.[29] As the formation of
toluene complexes (reactions (2) and (3)) shows, dissolution
of 3Ln, 4Ln in C6D6 for NMR measurements must disrupt
the solid-state structures giving C6D6 complexed species.
1H NMR spectra of 3La, 4La, 4Nd, 4Sm, and 4Lu showed
no toluene peaks, with two resonances integrating 18:1, at-
tributable to the tBu protons and the pyrazolate H4 protons
respectively. In the case of 4La, 4Sm, and 4Lu, this provid-
ed evidence for ease of loss of toluene from the correspond-
ing 2Ln derivatives. A large paramagnetic shift was ob-
served for H4 of 4Nd, though less than for [Nd2(tBu2pz)6],


[30]


whilst H4 of 4Sm differed little from diamagnetic values as
previously noted for [Sm(Ph2pz)3].


[31] Solubility limitations
prevented 13C NMR measurements in solvents where solid-
state structural integrity might be maintained. Infrared spec-
tra were typical of tBu2pz complexes, as for instance in refer-
ence [24, 30,32]. Some complexes showed very weak to
weak absorption around 3230 cm�1, indicative of n(N�H)
due to trace tBu2pzH. It was probably formed by slight hy-
drolysis during the recording of the spectrum of the Nujol
mull, which usually provides adequate protection for a short
scan time. For 5Nd and 5Er, which contain coordinated pyr-
azole, this band was more intense.


Crystal structure investigations : Overview: X-ray structure
determinations have been carried out for the complexes,
1Tb, 1Ho, 2La, 2Sm, 2Tb, 2Yb, 2Lu, 3La, 3Er, 4Sm, 5Nd,
5Er, and 5Yb. All systems feature an M¥¥¥Ln axis (M=Na/
K) surrounded by an array of ligands, heavily substituted by
tert-butyl groups, so that the peripheral aspect is that of a
hydrocarbon cylinder (Figures 1±4). tert-Butyl groups are
notoriously prone to (temperature-dependent[32]) rotational
disorder in the lattice. In the recent determination of [Eu4-
(tBu2pz)8],


[32] the model adopted was that of an array of li-
gands about a core line of metal atoms, rotationally disor-
dered over pairs of sites rotated by approximately 90 8
within an essentially common peripheral sheath of methyl
groups. Two of the present structural types have been mod-
eled in this way–the orthorhombic Pnma series, found for
2Ln, and the monoclinic P21/m array of 3Ln or 4Ln. In
both cases, the metal-atom dispositions (within a crystallo-
graphic mirror plane in each case) are such as to frustrate
attempts to define better models in space groups of lower
symmetry, even if such models were correct. Disordered
models have ultimately, if somewhat unwillingly, been
adopted. (In particular, the P21/m array is uneasily juxta-
posed alongside the previous P21/c determination for 4Er[24]


(a=20.7775(10), b=12.3035(6), c=18.8274(6) ä, b=


90.527(1)8, V=4813 ä3; T approximately 123 K)). In each
case, the structure is described in terms of one of the pair of
deconvoluted, equivalent components.


Pertinent bond lengths and angles are given in Table 1
and Table 2 for 1Tb and 1Ho, in Table 3 and Table 4 for
2La and 2Lu, in Table 5 and Table 6 for 3La, 3Er and 4Sm,
and in Table 7 and Table 8 for 5Nd and 5Yb.


All complexes contain MLn(tBu2pz)4 (M=Na, K) units.
In 1Ln, 2Ln, and 5Ln, they form discrete heterobimetallic
monomers [M(L){Ln(tBu2pz)4}] (1Ln : M=Na, L=PhMe,
(Figure 1); 2Ln : M=K, L=PhMe, (Figure 2); 5Ln : M=Na,
L=h1(N)-tBu2pzH, (Figure 4)), whilst in 3Ln (M=Na) and
4Ln (M=K), the MLn(tBu2pz)4 units are linked into one-di-
mensional chains by p-h1-(tBu2pz)(C)�M interactions
(Figure 3). These linkages replace the ligands L of 1Ln,
2Ln, and 5Ln. Within each series 1Ln, 2Ln, 3Ln, 4Ln, and
5Ln, the complexes are isomorphous despite the variation
in Ln3+ size.


Lanthanoid coordination : In all cases, the lanthanoid
metal centre is surrounded by four nitrogen-bound h2-
tBu2pz ligands forming eight coordinate [Ln(tBu2pz)4]


� moi-
eties, with two of the pyrazolate ligands bridging to the
alkali metal to form the [MLn(tBu2pz)4] units. Chelation of
the ligand to the lanthanoid is symmetrical, especially for
1Ln and 2Ln, the maximum difference in the two Ln�N dis-
tances being approximately 0.1 ä for the bridging ligands of
5Ln and 0.055±0.090 ä for one bridging ligand of 3Ln. In
general, average Ln�N bond lengths for the bridging ligands
are longer (0.05±0.10 ä, but 0.12±0.14 ä for one bond of
3Ln) than those of terminal pyrazolates, as expected. How-
ever, 2Ln complexes have only small differences and have
the most regular LnN8 coordination. Corresponding Ln�N
bonds within each structural series show the appropriate
size variation for the change in Ln3+ ionic radius.[33] With al-
lowances for the differences in ionic radii, the average
Ln�N bond lengths are similar to those found in the discrete
[Er(tBu2pz)4]


� ions in the charge separated [K([18]crown-
6)(dme)(h1-MePh)][Er(tBu2pz)4]


[24] and of the eight coordi-
nate [Er(h2-tBu2pz)3(thf)2],


[25a] although the crowding in the
heteroleptic complex is significantly greater than in [Ln(h2-
tBu2pz)4]


� .[34] (On the basis of cone-angle±factor calculation-
s,[34a]the steric coordination number of tBupz is approximate-
ly 1.8 compared with 1.21 for THF.[34b]) Despite the differ-
ence in the alkali metal, the average Tb�N bond lengths of
1Tb and 2Tb are similar (Tables 1 and 3). The arrangement
of the eight nitrogen atoms around the lanthanoid is inter-
mediate between a dodecahedral and square antiprismatic
arrangement,[35] with 1Ln and 5Ln closer to the former and
2Ln and 3Ln to the latter. The arrangements of the mid-
points of the N�N bonds of the pyrazolate ligands about
Ln3+ are irregular. There are four centroid±Ln±centroid
angles that range from 85.8±107.9 8, and two that range from
135.7±142.4 8, reflecting major deviations from either tetra-
hedral or square planar geometry.


These homoleptic h2 attachments of four pyrazolate li-
gands around Ln3+ are unique in lanthanoid pyrazolate
chemistry, apart from 4Er and [K([18]crown-6)(dme)(h1-
MePh)][Er(tBu2pz)4] of our preliminary communication.[24]


The arrangement is similar to that found in the first homo-
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leptic h2-pyrazolato complexes,
as for instance [Ti(h-R2pz)4]
(R2pz=3,5-dimethyl- or 3,5-di-
phenylpyrazolate)[36] and in the
analogous [Zr(Hf)(tBu2pz)4]
derivatives.[37] Amongst homo-
leptic neutral rare-earth pyra-
zolates [Ln(R2pz)3], only [Sc(h2-
tBu2pz)3] has solely h2-bonded
ligands,[32] attributable to the
relatively small size of Sc3+ .
Other homoleptic complexes
are at least dimeric, with m-
R2pz groups linking Ln metals
and more than one type
of pyrazolate bonding to
Ln.[23d,30,32] In contrast, hetero-
leptic complexes [Ln(R2pz)3-
(L)m], for example L=THF,
DME, generally have h2-pyra-
zolates.[23a,c,25, 38,39] Unlike the
consistent lanthanoid coordina-
tion spheres in 1±5Ln, the en-
vironments around the alkali
metal vary and are described
with the individual compound
classes.


[Na(PhMe){Ln(tBu2pz)4}]
(1Ln=1Tb ; 1Ho): In these
isomorphous (monoclinic,
space group P21/c) discrete
monomeric heterobimetallic
complexes, anionic [Ln-
(tBu2pz)4]


� units are linked
through a pair of bridging pyr-
azolate ligands to Na(PhMe)+


groups (Figure 1; Tables 1 and
2). Coordination of toluene to
sodium is evident by its loca-
tion covering an otherwise
naked face of Na+ , and by the
near-perpendicular intersection
angle between the Na±arene-
ring centroid vector and the
toluene-ring plane (78.7, 79.1 8). With four Na�C(Ph) con-
tacts in the range 2.779(3)±3.015(2) ä for C(102±105)
(Table 2), and two others approximately 0.2 ä larger
(3.178(3)±3.242(2) ä, (C(101, 106))), either h4 or h6 coordi-
nation can be considered. There are four relevant reported
structures, namely, four-coordinate Na+ in [Na(h6-
PhMe)Sn(Si(SiMe3)3)3] (A),[40] five-coordinate Na+ in
[Na(h4-PhMe)GaMe3(Si(SiMe3)3)] (B),[41] six-coordinate
Na+ in [Na6(h


6-PhMe)2(SSiPh3)6] (C),[42] and eight-coordi-
nate Na+ in [Na(h6-PhMe)2Al(SiMe3)4] (D).[43] These have
bonding Na�C interactions of 2.82(5)±2.94(4) ä in A,[40]


2.85±3.02 ä in B[41] (h4, with contacts at 3.13, 3.23 ä consid-
ered nonbonding),[41] 2.896(4)±3.115(3) ä in C (also with
2.852(2)±3.664(3) ä intramolecular p-Ph±Na contacts of
SSiPh3 regarded as interactions),[42] and 2.80(4)±3.27(4) ä in


D.[43] Given that the Na+ ion in the present complexes is at
least ’six-coordinate’ (see below), the four shorter
C(PhMe)�Na contacts of 1Ln are certainly bonding, giving
h4-PhMe, although h6-PhMe is plausible.


Although the bridging tBu2pz ligands (1 and 2) have simi-
lar Ln�N distances, they differ in their binding modes to
Na+ (Figure 1). The former approaches normal to the Na±
Ln vector, consistent with m-h2(N2):h


2(N2) binding, but with
a tilt towards the Na+ ion (ligand plane±Na-Ln vector inter-
section angle 64.6(î2) o). However, ligand 2 lies below the
Na+ ion such that the Na±center(N�N bond)±centroid-
(tBu2pz) angle is 94.7, with 94.2 8 suggestive of Na±tBu2pz p-
bonding. (It is near coplanar with Ln (angle between ligand
and LnN2 planes �9 8) indicative of Ln�N s bonding.)
From the criteria above for Na�C(PhMe) ligation, Na has


Figure 1. X-ray crystal structure of [Na(h4-PhMe){Tb(tBu2pz)4}] (1Tb), representative of 1Ln.


Table 1. The lanthanoid environments in [Na(PhMe){Ln(tBu2pz)4}] (1Ln; 1Ln=1Tb, 1Ho). r is the lantha-
noid metal±ligand distance [ä]; other entries in the matrix are the angles subtended by the relevant atoms at
the head of the rows and columns. Values are listed in the order, 1Tb, 1Ho. Tables 3, 5, and 7 are presented
similarly.[a]


Atom r N(12) N(21) N(22) N(31) N(32) N(41) N(42)


N(11) 2.451(1) 33.13(5) 84.04(4) 92.88(4) 93.95(5) 82.95(5) 171.65(5) 139.97(5)
2.425(2) 33.47(7) 84.01(7) 93.11(7) 94.17(7) 83.18(7) 172.00(8) 139.69(7)


N(12) 2.445(1) 95.21(4) 85.33(4) 119.07(4) 94.24(5) 139.23(5) 107.78(5)
2.416(2) 95.75(7) 85.67(7) 119.51(7) 94.46(7) 139.19(7) 107.20(7)


N(21) 2.444(1) 33.33(5) 109.43(5) 139.80(5) 94.87(5) 117.25(5)
2.417(2) 33.83(7) 108.59(8) 139.20(7) 95.16(7) 118.03(7)


N(22) 2.405(1) 140.76(5) 172.76(5) 81.86(5) 90.41(5)
2.377(2) 140.27(8) 172.81(7) 81.98(7) 90.69(7)


N(31) 2.356(1) 34.47(5) 94.22(5) 108.15(5)
2.340(2) 34.63(8) 93.63(7) 107.97(7)


N(32) 2.339(1) 102.93(5) 96.59(5)
2.313(2) 102.37(7) 96.13(8)


N(41) 2.341(1) 34.36(5)
2.309(2) 34.81(7)


N(42) 2.361(1)
2.340(2)


[a] Na¥¥¥Tb, Ho are 3.4746(8), 3.462(1) ä.
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bonding contacts to C(23) and C(25) (Table 2), in addition
to ligation of the pyrazolate nitrogen atoms, so that the co-
ordination mode is m-h2 :h4. Ligand 2 has near symmetrical
Na�N binding, but for ligand 1 the bond lengths differ by
0.13 ä. As a consequence of this asymmetry, C(15) ap-
proaches the Na+ ion, but not sufficiently so as to be
viewed as a significant interac-
tion (Table 2). With p-
h4(CNNC)¥¥¥Na binding of
ligand 2, h2(N2) coordination of
ligand 1, and h4 ligation of tol-
uene, the sodium is six-coordi-
nate (or seven, if PhMe is con-
sidered h6 linked). The cent-
roids of PhMe and tBu2pz li-
gands 1 and 2 have a near-
trigonal planar distribution
around sodium (118.1±122.4 8 ;
�358.8, 358.9 8) in 1Ln com-
plexes.


[K(PhMe){Ln(tBu2pz)4}]¥2PhMe
(2Ln ; 2Ln=2La, 2Sm, 2Tb,
2Yb, 2Lu): The isomorphous
series (orthorhombic, space
group Pnma) of discrete mono-
meric bimetallic complexes
(Figure 2; Tables 3 and 4), em-
braces the full gamut of Ln3+


sizes. Both the Ln3+ ion and
the K+ ion reside on a crystal-
lographic mirror plane, with
half of the molecular formula
comprising the asymmetric
unit. There are three unique
pyrazolate ligands (two (1,2)
bridging Ln3+ and K+) with
the fourth generated by reflec-
tion of the terminal ligand 3,
(N(31,32), C(33±35)).


Coordination of toluene to the K+ ion is indicated by its
position on an otherwise naked face, by intersection of the
toluene ligand planes by the K±centroid(PhMe) vectors at
near 90 8 (87.2±88.8 8), and by six similar K�C(Ph) contacts
(Table 4) for each compound (range 3.21(1)±3.39(1) ä) indi-
cative[44±51] of bonding. Comparable K�C bond lengths have
been reported in, for example, seven-coordinate [K(h6-
PhMe)(m-Cl){Lu(CH(SiMe3)2)3}] (six K�C bonds at 3.161±
3.513 ä),[44] six-coordinate [K(h6-PhMe){Si2(SiMe3)5}] (six
K�C bonds: 3.20±3.41(esds not given) ä),[49] and nine-coor-
dinate [K(h6-PhMe){[18]crown-6}]+ (six at 3.044(5)±
3.311(5) ä.[47] These data are indicative of h6 coordination of
toluene in 2Ln. Further, the difference between the K�C
distances of 2Ln and the (h4) Na�C bonds of 1Ln are con-
sistent with appropriate ionic radii differences.[33]


Although ligands 1 and 2 are crystallographically differ-
ent, they bind in a similar way to K+ . Each is coordinated
through two nitrogen atoms with slight asymmetry (0.12±
0.17 ä) and through three carbon atoms, so that the ligands
exhibit m-h2 :h5 coordination, a binding mode recently ob-
served in [Eu4(tBu2pz)8]


[32] and [Ba6(thf)6(Me2pz)8{(OSi-
Me2)2O}2]


[26f] (Me2pz=3,5-dimethylpyrazolate). Both ligands
are near coplanar with Ln (Ln deviations: 0.18(2)±
0.29(2) ä), and near perpendicular to K+ , the K±(ring-plane


Table 2. Selected sodium±carbon and sodium±nitrogen distances [ä] in
[Na(PhMe){Ln(tBu2pz)4}] (1Ln ; 1Ln=1Tb ; 1Ho).[a]


Na�A, A= 1Tb 1Ho


N(11) 2.494(2) 2.488(3)
N(12) 2.638(2) 2.639(3)
N(21) 2.500(2) 2.501(2)
N(22) 2.545(1) 2.541(2)
C(15)[b] 3.232(2) 3.227(3)
C(23) 3.082(2) 3.061(3)
C(24)[b] 3.350(2) 3.329(3)
C(25) 3.014(2) 3.007(3)
C(101) 3.242(2) 3.232(4)
C(102) 3.015(2) 3.007(4)
C(103) 2.798(3) 2.797(4)
C(104) 2.779(3) 2.791(4)
C(105) 2.957(3) 2.974(5)
C(106) 3.178(3) 3.184(5)


[a] Angles at Na: C(0)-Na-C(10) 118.1, 118.4; C(0)-Na-C(20) 118.3,
118.6; C(10)-Na-C(20) 122.4, 121.9; �358.8, 358.9. [b] ™Nonbonding∫.


Figure 2. X-ray crystal structure of [K(h6-PhMe){La(tBu2pz)4}] (2La) representative of 2Ln. Methyl groups are
omitted from the tBu groups for clarity


Table 3. The lanthanoid environment in [K(PhMe){Ln(tBu2pz)4}]¥2PhMe (2Ln=2La (first entries), 2Lu). Ar-
ranged as in Table 1. (Data for 2Sm, 2Tb, 2Yb are available from the deposition).[a]


Atom r N(12) N(21) N(22) N(31) N(32)


N(11) 2.520(9) 31.5(3) 83.0(3) 93.8(3) 90.0(2) 114.3(2)
2.35(1) 33.4(4) 86.1(4) 98.5(4) 88.6(3) 115.0(3)


N(12) 2.55(1) 87.6(3) 81.3(3) 80.6(2) 92.6(3)
2.33(1) 90.6(4) 83.9(4) 80.3(4) 92.31(3)


N(21) 2.527(9) 32.2(3) 166.7(2) 144.0(2)
2.35(1) 34.0(4) 170.0(4) 142.8(3)


N(22) 2.519(8) 138.2(2) 112.4(2)
2.37(1) 139.3(3) 109.7(3)


N(31) 2.499(5) 32.1(1)
2.327(8) 34.7(2)


N(32) 2.487(5)
2.318(6)


[a] K¥¥¥La, Lu are 4.067(2), 3.947(3) ä.
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centroid) vector/ligand plane
intersection angles approaching
approximately 90 8. Thus, p-h5


bonding is indicated. The
K�C(tBu2pz) distances (Table 4)
are comparable with K�C-
(PhMe) bond lengths, with the
former showing greater varia-
tion. Thus, for example, the
shortest K�C(tBu2pz)) distance
is 0.12±0.22 ä shorter than the
shortest K�C(PhMe) bond
length, and the longest is 0.05±
0.08 ä longer than the longest
K�C(PhMe) distance. How-
ever, the average K�C(tBu2pz)
bond length of the pyrazolate
ligands, separately or together,
is smaller or the same as the
average K�C(PhMe) bond
lengths for each of the five 2Ln
compounds. With ligands 1 and
2 thus displaying h5-K coordination, the potassium ion has a
formal nine-coordination arrangement in each 2Ln complex.
There is a near-triangular planar arrangement of the cent-
roids of PhMe and the tBu2pz ligands 1 and 2 about potassi-
um (105.2±128.0 8), with the sum >358 8.


[Na{Ln(tBu2pz)4}]n (3Ln ; 3Ln=3La, 3Er) and
[K{Ln(tBu2pz)4}]n (4Ln : 4Ln=4Sm): Despite the variation
of alkali metal, these complexes are isomorphous (mono-
clinic P21/m), with one half of the molecular formula com-
prising the asymmetric unit. In contrast to 1Ln, 2Ln, and
5Ln, three ligands (1, 2, 4) are bridging. A mirror plane lies
normal to and bisects ligands 3 and 4, which are thus sym-
metrically chelated to Ln. C(44) is situated in the mirror
plane, binding to an adjacent M+ and linking the
[M{Ln(tBu2pz)4}] molecules (Figure 3; Tables 5 and 6). Al-


Table 4. Selected potassium±carbon and potassium±nitrogen distances
[ä] in [K(PhMe){Ln(tBu2pz)4}] (2Ln; 2Ln=2La, 2Lu). (Data for 2Sm,
2Tb, 2Yb are available from the deposition).[a]


K±A, A= 2La 2Lu


N(11) 2.984(9) 2.99(1)
N(12) 2.83(1) 2.83(1)
N(21) 2.858(9) 2.84(1)
N(22) 2.978(8) 3.01(1)
C(13) 3.09(1) 3.07(1)
C(14) 3.41(1) 3.33(2)
C(15) 3.34(1) 3.24(2)
C(23) 3.32(1) 3.30(2)
C(24) 3.41(1) 3.39(1)
C(25) 3.15(1) 3.22(2)
C(101) 3.21(1) 3.28(1)
C(102) 3.22(1) 3.30(1)
C(103) 3.36(1) 3.33(1)
C(104) 3.33(1) 3.32(2)
C(105) 3.30(2) 3.28(1)
C(106) 3.31(2) 3.27(1)


[a] Angles at K: C(0)-K-C(10) 127.5, 128.0; C(0)-K-C(20) 122.5, 125.4;
C(10)-K-C(20) 109.3, 105.2; � 359.3, 358.6. Figure 3. X-ray crystal structure of [Na{La(tBu2pz)4}]n (3La), representa-


tive of 3Ln, 4Ln.


Table 5. The lanthanoid environment in [Na{Ln(tBu2pz)4}]n (3Ln; 3Ln=3La, 3Er) and [K{Sm(tBu2pz)4}]n
(4Sm). Values are listed in the order 3La, 3Er, 4Sm.[a]


Atom r N(12) N(21) N(22) N(32) N(32)[b] N(42) N(42)[b]


N(11) 2.639(4) 31.0(1) 85.3(1) 102.6(1) 113.2(1) 87.38(9) 135.1(1) 106.4(1)
2.483(6) 33.3(2) 86.8(2) 106.1(2) 115.5(2) 87.0(2) 135.2(2) 103.9(2)
2.49(2) 33.0(6) 86.3(5) 102.6(5) 117.2(5) 90.9(4) 135.2(5) 105.7(4)


N(12) 2.584(4) 81.3(1) 83.7(1) 97.4(1) 84.98(9) 160.61(9) 137.1(1)
2.392(7) 83.6(2) 85.5(2) 98.2(2) 84.9(2) 163.5(2) 137.1(2)
2.48(2) 88.2(5) 87.1(5) 96.0(4) 83.3(4) 165.9(4) 138.5(4)


N(21) 2.521(3) 32.1(1) 141.4(1) 163.8(1) 84.0(1) 93.9(1)
2.352(5) 34.8(2) 141.5(2) 166.9(2) 83.7(2) 94.4(2)
2.46(1) 32.7(5) 140.9(4) 168.2(4) 82.4(4) 93.9(4)


N(22) 2.507(4) 109.3(1) 137.6(1) 90.6(1) 114.0(1)
2.362(6) 106.7(2) 137.8(2) 90.1(2) 116.2(2)
2.47(2) 108.5(4) 138.1(4) 90.5(5) 115.6(5)


N(32) 2.473(2) 32.76(7) 101.94(6) 111.19(6)
2.308(3) 35.1(2) 98.3(2) 108.8(1)
2.395(7) 33.0(6) 97.9(3) 107.5(2)


N(42) 2.522(2) 31.78(6)
2.354(3) 34.1(1)
2.449(9) 33.0(2)


[a] Na¥¥¥La, Er; K¥¥¥Sm are 3.733(1), 3.656(2); 4.039(3) ä. [b] Symmetry operation: x, 1=2�y, z.


Table 6. Selected alkali metal±carbon and alkali metal±nitrogen distances
[ä] in [Na{Ln(tBu2pz)4}]n (3Ln ; 3Ln=3La, 3Er) and [K{Ln(tBu2pz)4}]n
(4Ln; 4Ln=4Sm, 4Er).


M±A, A= 3La 3Er 4Sm 4Er[24]


N(11) 3.025(4) 3.023(6) 3.19(2) 3.077(7)
N(12) 2.399(4) 2.423(6) 2.82(1) 2.812(7)
N(21) 2.510(4) 2.514(7) 2.86(2) 2.842(6)
N(22) 2.828(4) 2.843(6) 3.12(2) 3.130(6)
C(43)[a] 3.429(2) 3.551(4) 3.615(9) 3.577(7)
C(44) 2.829(3) 2.926(6) 3.18(1) 3.162(7)
C(45)[a] >4.1 >4.1 >4.1 3.665(7)
C(13) 3.008(5) 2.928(7) 3.16(2) 3.187(7)
C(14)[a] 3.810(6) 3.670(8) 3.65(2) 3.549
C(15)[a] 3.787(5) 3.698(8) 3.67(2) 3.522
C(23)[a] 3.492(4) 3.378(8) 3.55(2) 3.582
C(24)[a] 3.610(5) 3.419(9) 3.60(2) 3.496
C(25) 3.060(6) 2.938(9) 3.22(2) 3.093(8)


[a]™Nonbonding∫.
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though 3Ln and 4Sm are not isomorphous with 4Er,[24] (see
overview) the structures are similar.


The alkali metal is sandwiched between a pair of NNC-
bound bridging ligands (1,2) with one M�N bond length
(Table 6) much shorter (ligand 1: 0.36±0.62 ä; 2: 0.24±
0.33 ä) than the other. Furthermore, the shorter bond is
similar to or shorter (by up to 0.15 ä) than the correspond-
ing M�N distance of 1Ln or 2Ln. The M�C(13,25) separa-
tions (Table 6) for the carbon atoms adjoining the more
closely bound nitrogen atoms (12, 21 of ligands 1 and 2) are
similar, both to the longer M�N bond lengths (to N(11,22))
and to the corresponding M�C(PhMe) distances of 1Ln or
2Ln. Thus, they should be regarded as bonding, leading to
h3 (tBu2pz) binding to Na or K, and overall m-h2:h3-pyrazo-
late ligation. All other M�C separations (to C(14,15,23,24))
are at least >0.3 ä longer than M�C(13,25). With M�N(12
or 21)-centroid(tBu2pz) angles of 112.5, 97.3 (3La), 106.0,
91.9 (3Er) and 92.5, 88.7 8 (4Sm), the h3(tBu2pz)�M interac-
tion can be regarded as p bonding. Although Na�N bond
differences of up to 0.6 ä (above) strain the concept of the
longer distance as bonding, it gains support from there
being a bonding carbon atom (C(13,25)) at a comparable
distance as part of the p-NNC interaction. In addition, un-
symmetrical h2-R2pz or h2-triazolate coordination with M�N
bond-length differences of 0.45 ä for Al�N,[52] and approxi-
mately 0.60 ä for K�N bonding,[53] (but not 0.70 ä for
Mg�N in [Mg(tBu2pz)2(tBu2pzH)2]


[54]) has been reported.
The large asymmetry (approximately 0.6 ä) in the Na�N2


binding for ligand 1 in 3La, Er is accompanied by a close
Na¥¥¥tBu contact (to Me(133) of the tert-butyl nearest to the
shorter Na�N distance; 2.399(4) (3La), 2.423(6) ä (3Er)).
While the exact value of Na�C(133) (3La : 2.915(8); 3Er :
2.87(1) ä) may be influenced by high local displacement pa-
rameters, the plausibly agostic (see for example reference
[18] for analogous iPr�Ln interactions) contact seems the
probable cause of distortion. For ligand 2 of 3La,Er and
both ligands 1 and 2 of 4Sm and 4Er,[24] where the NaN2


binding asymmetry is less (< 0.35 ä, Table 6), such close
Ln�Me contact does not exist.


For the ™supramolecular∫ C�M interaction, the C(44)�Na
bond lengths of 3La and 3Er are near the shorter h4-PhMe-


Na distances of 1Ln. The C(44)�K bond length of 4Sm
(and 4Er)[24] is shorter than all h6-PhMe�K bond lengths of
2Ln, providing unequivocal evidence of h1-C(tBu2pz)-M li-
gation. The M�C(44)-centroid(tBu2pz) angles (111.4 (3La),
114.9 (3Er); 101.9 8 (4Sm)) are consistent with p interac-
tions. The C(43,45)±M distances are �0.4 ä longer and
hence are nonbonding. Large C(44)-M-N(12,21) angles
(141.5, 132.2 (3La), 142.9, 136.8 (3Er); 153.4, 130.1 8 (4Sm))
reflect repulsion between the tBu substituents on ligands 3
and 4 of one [M{Ln(tBu2pz)4}] molecule and ligands 1 and 2
of the adjacent molecule, and lead to smaller
N(12)�M�N(21) angles (85.3(1), 79.7(2) (3La, Er); 74.4(4) 8
(4Sm)).


Allocation of a formal coordination number to the alkali
metal is problematic, and the previous report of a coordina-
tion number of seven for 4Er,[24] requiring each h3-tBu2pz
group to occupy three coordination positions, is inconsistent
with p bonding of these groups. Formal five coordination,
with each h3-tBu2pz effectively contributing two electron
pairs, is more realistic (ignoring the possible agostic attach-
ment of Me(133)), though most bond lengths are perhaps
suggestive of a higher coordination number.


[Na(tBu2pzH){Ln(tBu2pz)4}]¥PhMe (5 Ln; 5Ln=5Nd,
5Er, 5Yb): The isomorphous (triclinic, P1≈) discrete molecu-
lar bimetallic compounds (Figure 4; Tables 7 and 8) have
close structural similarities to the [Na{Ln(tBu2pz)4}]n (3La,
3Er) polymers. In 5Ln a unidentate tBu2pzH molecule re-
places the intermolecular p-C(44)-Na bonds of 3Ln, and
Er�N for the same ligands of 5Er and 3Er are similar
(Tables 7 and 5, respectively).


Binding (h3-NNC) of the bridging ligands (1 and 2) to Na
in 5Ln involves unequal (0.25±0.27 ä) Na�N bonds
(Table 8), similar to ligand 2 of 3Ln (Table 6). For ligand 1,
the shorter Na�N bond length is similar in 5Ln and 3Ln,
but the longer bond length is 0.35 ä shorter in 5Ln. With
ligand 2, both Na�N distances are shorter for 5 Ln, with the
difference more marked in the longer bond. One carbon of
each of ligands 1 and 2 approaches Na at a bonding distance
(1: 2.941(2)±3.015(3) ä; 2: 3.055(5)±3.111(2) ä) giving h3-
tBu2pz bonding, and overall m-h2 :h3-tBu2pz ligation. The
former values (Table 8) are within the range for Na�C(h4-


Table 7. The lanthanoid environments in [Na(tBu2pzH){Ln(tBu2pz)4}]¥PhMe (5Ln ; 5Ln=5Nd, 5Yb), values being listed in that order. (Data for 5Er are
accessible from the deposition).


Atom r N(12) N(21) N(22) N(31) N(32) N(41) N(42)


N(11) 2.465(2) 32.29(6) 84.68(6) 87.50(6) 96.67(6) 83.22(6) 165.83(7) 137.06(6)
2.320(4) 33.8(1) 86.4(1) 89.3(1) 97.0(1) 82.9(1) 167.5(1) 136.5(1)


N(12) 2.560(2) 98.60(6) 84.43(6) 120.09(6) 94.01(6) 135.02(6) 105.20(6)
2.449(4) 101.6(1) 86.0(1) 121.3(1) 93.5(1) 135.0(1) 103.4(1)


N(21) 2.569(2) 31.89(6) 105.65(6) 134.44(6) 93.81(6) 118.29(6)
2.466(4) 33.3(1) 104.0(1) 134.6(1) 92.9(1) 120.3(1)


N(22) 2.486(2) 136.98(6) 164.72(6) 83.90(6) 95.19(6)
2.345(4) 136.6(1) 166.5(1) 83.4(1) 96.5(1)


N(31) 2.420(2) 33.55(5) 97.30(6) 109.38(6)
2.291(4) 35.0(1) 95.3(1) 107.4(1)


N(32) 2.404(2) 107.42(6) 99.88(6)
2.287(4) 106.1(1) 96.7(1)


N(41) 2.413(2) 33.57(6)
2.286(4) 35.5(1)


N(42) 2.408(2)
2.278(4)
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PhMe) of 1Ln (Table 2), but the latter are marginally longer
(0.05±0.1 ä), though still shorter (by approximately 0.1 ä)
than the additional contacts of PhMe in 1Ln, if it is to be re-
garded as h6-bonded. The Na�N(11 or 22)-centroid(tBu2pz
ring) angles (that is, through the closest N) are 94.7±93.0
and 100.0±97.3 8 respectively, consistent with p-h3(NNC)
bonding to Na. By contrast, the centroid(tBu2pzH)-N-Na
angles of the h1-pyrazole ligands are approximately 171.2±
171.5 8, as expected for s bonding. In 5Ln, the tBu groups of
the pyrazole ligand are well separated from those of the
bridging tBu2pz ligands (Figure 4). By contrast, in 3Ln, the
tBu groups of ligands 3 and 4 of one [Na{Ln(tBu2pz)4}] unit
closely approach the tBu groups of ligands 1 and 2 of the ad-
jacent unit (linked through C(44)�Na bonding) (see above).


The same coordination-number ambiguity applies for Na
in 5Ln as for Na/K in 3Ln and 4Ln, with five the conserva-
tive minimum.


[K(dme){Ho(tBu2pz)4}] (6Ho): Compound 6Ho is predicted
to be a monomeric bimetallic species, with a structure
similar to that of class 2Ln and a chelating DME molecule
replacing an h6-PhMe. The steric coordination number of
DME (1.78) is smaller than that of methylcyclopentadienide
(2.14) (closest analogue to toluene reported).[34b] Thus,
DME can easily occupy the same coordination site as the
h6-toluene, that is, a face of K, and two m-h2:h5 pyrazolate li-
gands can bridge Ho and K as for K/Ln in 2Ln, with the Ho
ligation completed by two terminal h2 pyrazolates.


Conclusion


Elevated temperature metathesis reactions provide a con-
venient general synthesis of homoleptic [Na{Ln(tBu2pz)4}]n
(3Ln), and [K{Ln(tBu2pz)4}]n (4Ln). From these a range of
novel heterobimetallic complexes of the general composi-
tion [Na(PhMe){Ln(tBu2pz)4}] (1Ln), [K(PhMe){Ln-
(tBu2pz)4}]¥2PhMe (2Ln) and [Na(tBu2pzH){Ln-
(tBu2pz)4}]¥PhMe (5Ln) have been prepared. All complexes
feature {Ln(tBu2pz)4}


� ions bridged to the alkali metal by
two pyrazolates (1Ln : m-h2 :h2+m-h4 :h2; 2Ln : m-h2 :h5 ;
3,4,5Ln : m-h2 :h3) with the remaining face of the alkali metal
in the [M{Ln(tBu2pz)4}] units covered by h4-PhMe (1Ln), h6-
PhMe (2Ln), and h1(N)-Ph2pzH (5Ln) ligands, or linked to
another unit by h1(C)-Na(K) pyrazolate coordination, giving
polymeric chains (3,4Ln). The structures vividly illustrate
the growing versatility of pyrazolate coordination. Perhaps
surprisingly, the lanthanoid contraction has no effect on the
structures within each series, resembling the behavior of the
homoleptic [Ln2(tBu2pz)6] (Ln=La±Lu) series.[32] The ele-
vated-temperature metathesis approach should prove to be
of wide significance in accessing homoleptic complexes.


Experimental Section


All products and some starting materials were air-sensitive. These re-
quired use of Schlenk and vacuum-line techniques, and therefore manip-
ulation in an inert atmosphere. All solvents were pre-dried with sodium
metal and then further dried by distillation over sodium and sodium ben-
zophenone. LnCl3 (Ln=La, Nd, Sm, Ho, Tb) were purchased from
Cerac, ErCl3 was bought from Aldrich, NdCl3 and YbCl3 were prepared
by a literature method[27] and K(tBu2pz) was prepared as previously de-
scribed.[55] The metal analyses were adapted from the method described
in a previous paper.[39a] The Campbell Microanalytical Laboratory of the
University of Otago, New Zealand, performed the microanalyses. Sam-
ples were transported sealed under nitrogen. Listed infrared data, using a
Perkin Elmer 1600 FTIR spectrometer, are of Nujol mulls for the region
4000±650 cm�1. 1H NMR spectra were recorded with a Bruker DRX400
spectrometer. Visible/near-IR spectra were recorded with a Varian-Cary
17 spectrophotometer. Molar absorption coefficients (e) are given in
moldm�3 cm�1.


Na(tBu2pz): Na(tBu2pz) was synthesized by heating tBu2pzH (2.97 g,
16.47 mmol) and NaH (0.43 g, 17.92 mmol) in toluene (40 mL) at 100±
110 8C for 6±8 h. The solvent was then removed under vacuum and no
further purification was carried out on the remaining white product. IR:
ñ=1560 w, 1496 vs, 1396 m, 1360 vs, 1300 m, 1248 vs, 1208 s, 1161 m,
1134 m, 1064 m, 1016 m, 1008 s, 994 m, 782 vs, 734 m, 695 mcm�1.


General : The alkali metal 3,5-di-tert-butylpyrazolate, the appropriate lan-
thanoid(iii) halide (amounts below) and only for reactions utilizing
K(tBu2pz), 1,2,4,5-tetramethylbenzene (TMB), were sealed in a Carius


Table 8. Selected sodium±carbon and sodium±nitrogen distances [ä] in
[Na(tBu2pzH){Ln(tBu2pz)4}]¥PhMe (5Ln ; 5Ln=5Nd, 5Yb). (Data for
5Er are available from the deposition).


Na±A, A= 5Nd 5Yb


N(11) 2.429(2) 2.411(5)
N(12) 2.665(2) 2.667(5)
N(21) 2.695(2) 2.705(5)
N(22) 2.437(2) 2.440(4)
N(51) 2.349(2) 2.353(5)
N(52)[a] 3.261(2) 3.271(5)
C(13)[a] 3.310(2) 3.280(5)
C(14)[a] 3.511(3) 3.446(6)
C(15) 3.018(3) 2.941(5)
C(23) 3.111(2) 3.053(5)
C(24)[a] 3.663(3) 3.594(5)
C(25)[a] 3.426(2) 3.389(5)


[a]™Nonbonding∫.


Figure 4. X-ray crystal structure of [Na(h1-tBu2pzH){Nd(tBu2pz)4}] (5Nd),
representative of 5Ln.
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tube under a vacuum of �10�2 Torr. The Carius tube was heated in an
oven (conditions with individual compounds), and upon completion of
the reaction, accompanied by solidification of the reaction mixture, the
contents of the tube were transferred to a Schlenk flask. 1,2,4,5-Tetrame-
thylbenzene was removed by extraction with hexane and filtration (can-
nula). The products were then extracted by stirring with toluene and fil-
tered. Reduction of the filtrate volume and cooling produced crystals
(some of which were separated for X-ray crystallography). The bulk was
filtered off under vacuum. Heating of a representative member (3Er,
2La) indicates that 2Ln and 3Ln are thermally stable (m.p. >300 8C),
with loss of toluene observed at 60 8C for 2La. This caused the clear solid
to become opaque, with no other visible change noted. Compounds 5Nd
and 5Er lost tBu2pzH at 155 8C�160 8C and 5Nd melted at 207±214 8C,
but 5Er did not melt below 360 8C. The single crystals changed slowly
from clear to opaque at the surface when placed in oil for X-ray crystal-
lography.


Synthesis of [Na{La(tBu2pz)4}]n (3La): LaCl3 (0.35 g, 1.43 mmol) and
Na(tBu2pz) (1.13 g, 5.58 mmol) were heated at 250 8C for five days and
then at 300 8C for seven days. The white solid obtained was then extract-
ed with toluene (60 mL) and the solvent was removed under vacuum
until crystallization occurred. The mixture was placed in an ultrasonic
bath overnight to redissolve the crystalline product and the solution was
then cooled to �10 8C. Colorless crystals of 3La were deposited and col-
lected. Yield: 0.17 g (14%). IR: ñ=1596 m, 1520 s, 1503 vs, 1404 s,
1360 vs, 1304 m, 1251 vs, 1222 vs, 1203 s, 1154 m, 1103 m, 1018 s, 1007 m
(sh), 983 vs, 929 w, 814 m, 793 s, 726 s, 693 mcm�1; 1H NMR (C6D6): d=
1.24 (s, 72H; tBu), 6.11 (s, 4H; H4 pz); elemental analysis calcd (%) for
C44H76LaN8Na (879.04): C 60.12, H 8.71, N 12.75, La 15.81; found: C
58.45, H 8.58, N 11.88, La 15.64.


Attempted synthesis of [Na(PhMe){Nd(tBu2pz)4}] (1Nd) or [Na{Nd-
(tBu2pz)4}]n (3Nd); synthesis of [Na(tBu2pzH){Nd(tBu2pz)4}]¥PhMe
(5Nd): Na(tBu2pz) (1.13 g, 5.58 mmol) and NdCl3 (0.35 g, 1.40 mmol)
were heated at 250 8C for six days. Extraction of the blue product with
toluene (50 mL, 40 mL) gave a mixture of purple-blue and colorless crys-
tals upon cooling. X-ray crystallography revealed the purple-blue crystals
to be 5Nd. Sufficient purple-blue crystals were handpicked for micro-
analysis and an IR spectrum. IR: ñ=3341 m, 1560 m, 1515 s, 1498 vs,
1399 s, 1358 vs, 1306 s, 1286 m, 1247 vs, 1224 s, 1204 s, 1126 m, 1053 w,
1015 s, 991 s, 800 m, 790 m, 776 m, 728 s, 722 m, 714 m, 694 m,
666 mcm�1; elemental analysis calcd (%) for [Nd(tBu2pz){Nd(t-
Bu2pz)4}]¥


1=2PhMe, C58.5H100N10NaNd (1110.74): C 63.26, H 9.07, N 12.61;
elemental analysis calcd (%) for 5Nd, C62H104N10NaNd (1156.79): C
64.37, H 9.06, N 12.11; found: C 63.07, H 7.77, N 12.60; IR of the impure
colorless product, Na(tBu2pz): ñ=3278 w, 3116 w, 1563 w, 1515 s, 1498 vs,
1399 s, 1358 vs, 1306 s, 1246 vs, 1206 s, 1129 m, 1101 w, 1053 m, 1014 vs,
997 s, 776 s, 727 s, 694 mcm�1; elemental analysis calcd (%) for Na(t-
Bu2pz), C11H19N2Na (202.27): C 65.30, H 9.47, N 11.37; found: C 63.37,
63.67; H 9.66, 9.90; N 12.59, 12.79.


Synthesis of [Na(PhMe){Tb(tBu2pz)4}] (1Tb) and [Na{Tb(tBu2pz)4}]n
(3Tb): TbCl3 (0.44 g, 1.67 mmol) and Na(tBu2pz) (1.05 g, 5.18 mmol)
were heated at 250 8C for six days. Extraction with toluene yielded color-
less crystals of 1Tb (which fluoresced green under a UV lamp), but the
bulk sample analyzed as 3Tb, 0.22 g (19%). IR: ñ=3353 w (trace
tBu2pzH impurity), 1562 w, 1503 m, 1360 s, 1307 w, 1250 vs, 1226 m,
1205 w, 1018 m, 992 m, 934 w, 782 vs, 728 m, 694 w, 660 scm�1; elemental
analysis calcd (%) for 3Tb, C44H76N8NaTb (899.06): C 58.78, H 8.52, N
12.46, Tb 17.69; found: C 59.15, H 8.88, N 12.41, Tb 17.55.


Synthesis of [Na(PhMe){Ho(tBu2pz)4}] (1Ho) and [Na{Ho(tBu2pz)4}]n
(3Ho): HoCl3 (0.35 g, 1.29 mmol) and Na(tBu2pz) (1.13 g, 5.58 mmol)
were heated at 250 8C for three days and then at 300 8C for a further two
days. Extraction of the orange residue with toluene afforded initially
pale-orange single crystals of 1Ho (metal analysis calcd (%) for
C51H84HoN8Na (997.20): Ho 15.79, found 16.54) which reverted to 3Ho
on standing. Yield: 0.23 g (18%). IR: ñ=3235 w (tBu2pzH impurity),
1570 m, 1505 m, 1497 m, 1434 m, 1410 m, 1359 m, 1307 s, 1244 vs, 1204 s,
1184 s, 1127 s, 1016 w, 1003 m (sh), 984 s, 800 w, 777w, 746 w, 727 wcm�1;
visible/near IR [lmax (e), PhMe]: 362 (28), 419 (11), 451 (50), 470 (10),
541 (6), 647 (4), 791 (1), 1143 nm (9); elemental analysis calcd (%) for
3Ho, C44H76HoN8Na (905.05): C 58.39, H 8.46, N 12.38; elemental analy-
sis calcd for 1Ho, C51H84HoN8Na (997.20): C 61.43, H 8.49, N 11.24;
found: C 55.03, 55.57; H 9.27, 8.78; N 11.72, 11.92.


Synthesis of [Na{Er(tBu2pz)4}]n (3Er) and [Na(tBu2pzH){Er(t-
Bu2pz)4}]¥PhMe (5Er): Na(tBu2pz) (0.95 g, 4.70 mmol) was heated with
ErCl3 (0.38 g, 1.39 mmol) for three days at 250 8C. Pink crystals formed in
the neck of the Carius tube, which were collected and found to be 3Er
by X-ray crystallography. The pink residue was then extracted with tolu-
ene (2î50 mL), giving a bulk sample of 5Er, with some single crystals
which were characterized by X-ray crystallography. Yield: 0.18 g, (16%).
IR: ñ=3352 m, 1560 w, 1504 w, 1460 vs, 1304 s, 1302 w, 1285 w, 1250 s,
1229 s, 1205 m, 1126 m, 1013 m, 1005 m, 992 m, 793 m, 730 mcm�1; visi-
ble/near IR [lmax (e), PhMe]: 380 (77), 490 (6), 522 (42), 595 (4), 654 nm
(5); elemental analysis calcd (%) for 5Er, C64H104ErN10Na (1179.82): C
63.12, H 8.89, N 11.87, Er 14.18; found: C 59.18, 59.86; H 8.87, 8.90; N
11.24, 11.24; Er 14.02; the carbon microanalysis, performed considerably
later than the metal analysis, suggests loss of toluene, though the %N
does not. Elemental analysis calcd for [Na(tBu2pzH){Er(tBu2pz)4}],
C55H96ErN10Na (1087.67): C 60.73, H 8.90, N 12.88.


Synthesis of [Na(PhMe){Yb(tBu2pz)4}] (1Yb), [Na{Yb(tBu2pz)4}]n
(3Yb), and [Na(tBu2pzH){Yb(tBu2pz)4}]¥PhMe (5Yb): Heating Na(t-
Bu2pz) (1.13 g, 5.58 mmol) and YbCl3 (0.41 g, 1.47 mmol) at 250 8C for
one day and at 300 8C for two days gave some yellow and a very small
amount of red solids. Extraction with toluene (40 mL) gave a colorless
solution from which a few colorless single crystals deposited. These were
identified by X-ray crystallography as 5Yb, followed by 1Yb : 0.95 g
(68%). Metal analysis calcd for 1Yb, C51H84N8NaYb (1005.31): Yb 17.21;
found Yb 16.36, which reverted to 3Yb on standing IR: ñ=3344 vw
(trace tBu2pzH impurity), 1560 m, 1506 m, 1497 m, 1411 m, 1359 s,
1250 vs, 1205 m, 1179 m, 1131 m, 1017 m, 1005 m, 989 m, 800 m, 778 m,
667 mcm�1; visible/near IR [lmax (e), PhMe]: 923 (19), 941 (12), 982 nm
(30); elemental analysis calcd for 3Yb, C44H76N8NaYb (913.16): C 57.87,
H 8.39, N 12.27; found: C 57.91, H 7.88, N 11.48 (elemental analysis
calcd (%) for 1Yb, C51H84N8NaYb (1005.31): C 60.93, H 8.42, N 11.15).


Synthesis of [K(PhMe){La(tBu2pz)4}]¥2PhMe (2La) and [K{La-
(tBu2pz)4}]n (4La): K(tBu2pz) (1.20 g, 5.50 mmol), LaCl3 (0.36 g,
1.47 mmol) and TMB (1.0 g) were heated for four days at 250 8C. Remov-
al of TMB with hexane, extraction by toluene (50 mL, then 40 mL) and
concentration yielded colorless crystals of 2La with the bulk product ana-
lyzing for 4La, 0.26 g (21%). IR: ñ=1560 m, 1517 m, 1499 s, 1421 s,
1406 s, 1359 vs, 1306 s, 1246 vs, 1204 s, 1181 s, 1130 s, 1012 m, 993 s,
984 m, 932 m, 798 m, 782 m, 668 scm�1; 1H NMR (C6D6): d=1.36 (s,
72H; tBu); 6.16 (s, 4H; H4 pz); elemental analysis calcd (%) for 4La,
C44H76KLaN8 (895.14): C 59.04, H 8.56, N 12.52, La 15.52; found: C
57.71, H 8.56, N 12.52, La 15.86.


Synthesis of [K{Nd(tBu2pz)4}]n (4Nd): K(tBu2pz) (1.20 g, 5.50 mmol) was
heated with NdCl3 (0.38 g, 1.4 mmol) and TMB (1.0 g) at 200 8C for 24 h.
Extraction with toluene after removal of TMB yielded large blue crystals
of 4Nd. Yield: 0.75 g (60%), m.p. >360 8C. IR: ñ=1605 w, 1516 w,
1428 m, 1409 m, 1359 s, 1312 w, 1250 m, 1225 m, 1206 w, 1081 w, 1030 w,
1015 s, 995 s, 852 w, 796 s, 763 s, 728 vs, 694 scm�1; 1H NMR (200 MHz)
(C6D6): d=�0.23 (br s, 72H; tBu); 18.06 (s, 4H; H4 pz); visible/near IR
[lmax (e), PhMe]: 532 (18), 575 (72), 593 (90), 745 (9), 810 nm (9); ele-
mental analysis calcd (%) for C44H76KN8Nd (900.48): C 58.69, H 8.51, N
12.44, Nd 16.02; found: C 58.18, H 9.15, N 12.47, Nd 15.88. A data set
was collected for the crystals but the structure could not be solved.


Synthesis of [K(PhMe){Sm(tBu2pz)4}]¥2PhMe (2Sm) and
[K{Sm(tBu2pz)4}]n (4Sm): K(tBu2pz) (1.20 g, 5.50 mmol) was heated with
SmCl3 (0.36 g, 1.40 mmol) and TMB (1.0 g) at 200 8C for 3.5 days. Work
up with toluene, as for 2La, yielded colorless plate-shaped crystals. The
crystals were found by X-ray crystallography to be 2Sm and the bulk
sample analyzed as a 11=2 toluene solvate of 4Sm shortly after isolation.
Yield: 0.10 g (7%). Metal analysis calcd (%) for C54.5H88KN8Sm
(1044.80): Sm 14.32; found 14.39, but reverted to 4Sm on standing. IR:
n̄=1560 w, 1517 m, 1501 m, 1408 m, 1360 s, 1308 w, 1286 w, 1250 m,
1226 m, 1206 w, 1014 m, 994 m, 798 m, 782 m, 723 mcm�1; 1H NMR
(C6D6): d=1.05 (s, 72H; tBu); 6.51 (s, 4H; H4 pz), visible/near IR [lmax


(e), PhMe]: 346 (14), 376 (12), 406 (4), 1077 nm (6); elemental analysis
calcd for 4Sm, C44H76KSmN8 (906.60): C 58.29, H 8.45, N 12.36; found:
57.53, 57.76; H 9.08, 8.94; N 12.61, 12.66. Some of the crystals of 2Sm
were stored under low viscosity perfluoroalkyl ether oil for several weeks
and a crystal of 4Sm was isolated from powdery material formed on des-
olvation.
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Synthesis of [K(PhMe){Tb(tBu2pz)4}]¥2PhMe (2Tb) and [K{Tb-
(tBu2pz)4}]n (4Tb): K(tBu2pz) (1.20 g, 5.50 mmol), TbCl3 (0.37 g,
1.39 mmol) and TMB (1.0 g) were heated at 300 8C for three days. Work
up, as for 2La, produced large colorless crystals of 2Tb, which fluoresced
bright green upon irradiation with a UV lamp. The bulk sample initially
analyzed as a 11=2 solvate of 4Tb. Yield: 0.16 g (11%); m.p. >360 8C.
Metal analysis calcd (%) for C54.5H88KN8Tb (1053.36): Tb 15.09, found
14.94, but reverted to 4Tb on standing. IR: n̄=3239 vw (tBu2pzH impuri-
ty), 3114 w, 1560 w, 1517 m, 1502 vs, 1424 vs, 1408 s, 1359 vs, 1308 m,
1249 vs, 1226 vs, 1206 s, 1130 m, 1014 s, 994 vs, 798 s, 782 s, 729 m,
723 mcm�1; elemental analysis calcd for 4Tb, C44H76KTbN8 (915.16): C
57.75, H 8.37, N 12.24; found: C 57.27, 57.30; H 8.43, 8.05; N 12.29,
12.32.


Synthesis of [K(PhMe){Ho(tBu2pz)4}]¥2PhMe (2Ho) [K{Ho(tBu2pz)4}]n
(4Ho) and [K(dme){Ho(tBu2pz)4}] (6Ho): K(tBu2pz) (1.20 g, 5.50 mmol),
HoCl3 (0.37 g, 1.36 mmol) and TMB (1.0 g) were heated at 250 8C for
three days. Work up, as for 2La, produced pale-orange single crystals of
2Ho. Yield: 0.26 g (16%). Metal analysis calcd (%) for C65H100HoKN8


(1197.57): Ho 13.77; found 13.00, which reverted to 4Ho on standing. IR:
ñ=3236 m (tBu2pzH impurity), 1569 m, 1504 m, 1360 m, 1307 m, 1286 m,
1278 vs, 1205 m, 1179 m, 1128 s, 1016 w, 1003 m, 992 m, 802 w, 782 w,
728 w, 668 mcm�1; visible/near IR [lmax (e), PhMe]: 345 (38), 362 (53),
419 (23), 451 (91), 541 (11), 640 nm (5); elemental analyses calcd for
4Ho, C44H76HoKN8 (921.17): C 57.37, H 8.32, N 12.16; found C 56.73, H
8.23, N 11.93. The toluene-insoluble residue was then extracted with
DME (40 mLî2) producing pale-orange crystals of 6Ho after cooling of
the solution. Yield: 0.21 g (15%). IR: ñ=3232 m (tBu2pzH impurity),
1570 m, 1502 m, 1429 m, 1409 m, 1358 s, 1309 s, 1279vs, 1204 s, 1179 m,
1129 s, 1072 m, 1038 m, 1016 m, 1003 m, 992 s, 940 w, 851 w, 804 w, 793 w,
782 w, 755 w, 727 w, 698 mcm�1; visible/near IR [lmax (e), PhMe]: 362
(14), 419 (10), 454 (37), 539 (6), 645 nm (4); elemental analysis calcd (%)
C48H86HoKN8O2 (1011.29): C 57.01, H 8.57, N 11.08; found: C 57.09,
56.86; H 8.62, 8.54; N 11.29, 11.47.


Synthesis of [K(PhMe){Yb(tBu2pz)4}]¥2PhMe (2Yb) and [K{Yb-
(tBu2pz)4}]n (4Yb): K(tBu2pz) (1.20 g, 4.50 mmol), YbCl3 (0.39 g,
1.40 mmol) and TMB (1.0 g) were heated to 250 8C for three days, then
at 300 8C for one day. Workup, as for 2La, gave crystals of 2Yb
(X-ray crystallography), but the bulk sample analyzed as 4Yb. Yield:
0.08 g (8%). IR: ñ=1592 w, 1503 m, 1426 m, 1411 m, 1358 s, 1309 m,
1249 s, 1228 s, 1205 m, 1228 m, 1016 m, 994 m, 982 m, 797 m, 781 m,
728 wcm�1; elemental analysis calcd (%) for 4Yb, C44H76KN8Yb (929.27):
C 56.87, H 8.24, N 12.06; found: C 56.68, 56.65; H 9.68, 9.45; N 12.18,
12.14.


Synthesis of [K(PhMe){Lu(tBu2pz)4}]¥2PhMe (2 Lu) and [K{Lu-
(tBu2pz)4}]n (4 Lu): K(tBu2pz) (0.60 g, 2.25 mmol) and LuCl3 (0.19 g,
0.68 mmol) heated to 250 8C for three days gave, after work up as for
2 La, colorless single crystals of 2Lu (determined by X-ray crystallogra-
phy), but gave a bulk sample of 4Lu. Yield: 0.07 g (10%). IR: ñ=


3229 m, 1568 w, 1505 m, 1461 vs, 1359 m, 1286 m, 1250 s, 1205 m, 1178 m,
1129 m, 1013 m, 1004 m, 992 m, 799 m, 728 vs, 694 mcm�1; 1H NMR
(C6D6): d=1.02 (s, 72H, tBu); 6.95 (s, 4H, H4 pz); elemental analysis
calcd (%) for C44H76KLuN8 (931.21): C 56.75, H 8.23, N 12.03; found: C
56.51, H 8.52, N 12.30.


Crystal/refinement data : Full spheres of low-temperature CCD area-de-
tector data were measured (1Ln; 2La, Tb; 3La; 5Ln Bruker AXS instru-
ment (UWA), T approximately 153 K; ’empirical’/multiscan absorption
correction (proprietary software)) (2Sm, Yb, Lu; 3Er Enraf-Nonius
Kappa CCD (Monash), T approximately 123 K) (4Sm Siemens CCD
(Leipzig), T approximately 223 K)) yielding Nt(otal) reflections, these
merging to N unique (Rint cited), No with F >4s(F) being considered ’ob-
served’ and used in the large block least-squares refinements, refining
anisotropic displacement parameter forms, (x, y, z, Uiso)H being constrain-
ed at estimates. All data were measured using monochromatic Mo Ka ra-
diation sources, l=0.7107 ä. Conventional residuals R, Rw (weights:
(s2(F) + 0.0004 F2)�1) are cited at convergence.[56] Neutral atom complex
scattering factors were employed within the Xtal 3.7 program system.[57]


Pertinent results are given below and in the Tables and Figures, the latter
showing 50% probability amplitude displacement envelopes for the non-
hydrogen atoms, hydrogen atoms having arbitrary radii of 0.1 ä; CCDC-
216779±CCDC-216791 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via


www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).


1Ln: [Na(PhMe){Ln(tBu2pz)4}] (Ln=Tb, Ho) (�C51H84N8NaLn) are iso-
morphous, monoclinic, space group P21/c (C5


2, no. 14), Z=4 f.u.. (x, y, z,
Uiso)H were refined for both structures.


1Tb : Mr=991.2. a=11.7270(6), b=19.731(1), c=23.714(1) ä, b=


97.903(1) 8, V=5435 ä3. 1cald=1.211 gcm�3. mMo=1.35 mm�1; specimen:
0.30î0.15î0.13 mm; ’T’min/max=0.72. 2qmax=75 8 ; Nt=113402, N=28622
(Rint=0.041), No=20740; R=0.030, Rw=0.034.


1Ho : Mr=997.2. a=11.6968(8), b=19.727(1), c=23.681(2) ä, b=


98.213(2) 8, V=5408 ä3. 1cald=1.225 gcm�3. mMo=1.51 mm�1; specimen:
0.19î0.16î0.06 mm; ’T’min/max=0.61. 2qmax=65 8 ; Nt=112241, N=19123
(Rint=0.078), No=13409; R=0.033, Rw=0.034.


2Ln : [K(PhMe){Ln(tBu2pz)4}]¥2PhMe (Ln=La, Sm, Tb, Yb, Lu) (�
C65H100KN8Ln) are isomorphous, orthorhombic, space group Pnma (D16


2 ,
No. 62, Z=4 f.u. As modelled in this space group, Ln, K,
C(151,231,103,203,206) lie in the crystallographic mirror plane y=0.25,
associated pertinent ligand components disordered to either side, site oc-
cupancies obligate 0.5. tButyl substituent 33 was modeled as rotationally
disordered about the pendant bond, site occupancies set at 0.5.


2La : Mr=1171.6. a=23.208(3), b=17.878(3), c=16.190(2) ä, V=


6717 ä3. 1cald=1.158 gcm�3. mMo=0.74 mm�1; specimen: 0.32î0.30î
0.18 mm; ’T’min/max=0.58. 2qmax=58 8 ; Nt=65382, N=8936 (Rint=0.082),
No=4451; R=0.063, Rw=0.074.


2Sm : Mr=1183.0. a=23.161(5), b=17.715(4), c=16.227(3) ä, V=


6658 ä3. 1cald=1.180 gcm
�3. mMo=0.99 mm�1; specimen: not recorded (no


correction). 2qmax=53 8 ; Nt=62214, N=7026 (Rint=0.094), No=4756;
R=0.055, Rw=0.10.


2Tb : Mr=1191.6. a=23.138(2), b=17.657(2), c=16.203(1) ä, V=


6620 ä3. 1cald=1.195 gcm�3. mMo=1.17 mm�1; specimen: 0.24î0.18î
0.06 mm; ’T’min/max=0.70. 2qmax=58 8 ; Nt=136131, N=9076 (Rint=0.085),
No=6152; R=0.056, Rw=0.087.


2Yb : Mr=1205.7. a=23.099(5), b=17.536(3), c=16.232(3) ä, V=


6575 ä3. 1cald=1.218 gcm
�3. mMo=1.53 mm�1; specimen: not recorded (no


correction). 2qmax=53 8 ; Nt=43709, N=6879 (Rint=0.011), No=3999;
R=0.059, Rw=0.094.


2 Lu : Mr=1207.6. a=23.091(5), b=17.516(4), c=16.236(3) ä, V=


6569 ä3. 1cald=1.221 gcm
�3. mMo=1.61 mm�1; specimen: not recorded (no


correction). 2qmax=53 8 ; Nt=68950, N=6874 (Rint=0.083), No=4821;
R=0.065, Rw=0.013.


3Ln, 4Ln: [Na(Ln(tBu2pz)4}](¥|¥) (Ln=La, Er; 3Ln);
[K{Ln(tBu2pz)4}](¥|¥) (Ln=Sm; 4Sm) (�C44H76N8(Na/K)Ln) are isomor-
phous, monoclinic, space group P21/m (C1


2, No.10, Z=2 f.u. The polymer
lies about a mirror plane (y=0.25), Ln, Na/K, C(132, 34, 44) lying in the
plane with disorder of the remainder of the associated ligands to either
side, occupancies obligate 0.5.


3La : Mr=879.0. a=9.651(1), b=20.449(3), c=12.564(2) ä, b=


102.842(3)8, V=2418 ä3. 1cald=1.207 gcm�3. mMo=0.93 mm�1; specimen:
0.30î0.25î0.20 mm; ’T’min/max=0.84. 2qmax=70 8 ; Nt=43888, N=10931
(Rint=0.036), No=9059; R=0.045, Rw=0.053.


3Er : Mr=907.4. a=9.614(2), b=20.424(4), c=12.302(3) ä, b=


102.50(3)8, V=2358 ä3. 1cald=1.278 gcm�3. mMo=1.83 mm�1; specimen:
0.30î0.25î0.17 mm; (no correction). 2qmax=57 8 ; Nt=26975, N=6007
(Rint=0.040), No=5085; R=0.035, Rw=0.043.


4Sm : Mr=906.6. a=9.946(2), b=20.517(4), c=12.639(3) ä, b=


103.04(3) 8, V=2513 ä3. 1calcd=1.198 gcm�3. mMo=1.29 mm�1; specimen:
0.30î0.25î0.17 mm; ’T’min/max=0.44. 2qmax=53 8 ; Nt=13990, N=5263
(Rint=0.072), No=3615; R=0.072, Rw=0.085.


5Ln : [Na(tBu2pzH){Ln(tBu2pz)4}]¥PhMe (Ln=Nd, Er, Yb) (�
C62H104N10NaLn) are isomorphous, triclinic, space group P1≈ (C1


i , no. 2,
Z=2. tert-Butyl 24 was modeled as rotationally disordered about the
pendant bond over two sets of sites for Ln=Nd, Er, occupancies set at
0.5 after trial refinement for Ln=Nd, 0.782(4) and complement for Ln=
Er, and fully ordered for Ln=Yb.


5Nd : Mr=1156.8. a=13.2558(8), b=15.3232(9), c=16.3948(10) ä, a=


88.260(2), b=82.988(2), g=87.695(2) 8, V=3302 ä3. 1cald=1.164 gcm
�3.


mMo=0.84 mm�1; specimen: 0.18î0.10î0.06 mm; ’T’min/max=0.89. 2qmax=
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75 8 ; Nt=61142, N=28902 (Rint=0.043), No=19612; R=0.045, Rw=


0.038.


5Er : Mr=1179.8. a=13.2105(7), b=15.3022(8), c=16.2484(9) ä, a=


88.632(1), b=82.847(1), g=87.985(1) 8, V=3256 ä3. 1cald=1.203 gcm�3.
mMo=1.34 mm�1; specimen: 0.32î0.21î0.18 mm; ’T’min/max=0.83. 2qmax=


75 8 ; Nt=66682, N=33392 (Rint=0.029), No=27570; R=0.031, Rw=


0.027. (x, y, z, Uiso)H were refined throughout (minor component of
tButyl 24 excepted).


5Yb : Mr=1185.6. a=13.208(1), b=15.281(1), c=16.199(1) ä, a=


88.791(2), b=82.726(2), g=88.098(2) 8, V=3241 ä3. 1cald=1.213 gcm
�3.


mMo=1.49 mm�1; specimen: 0.25î0.21î0.16 mm; ’T’min/max=0.90. 2qmax=


58 8 ; Nt=67615, N=17051 (Rint=0.056), No=14228; R=0.051, Rw=


0.073.
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A Surface-Modified Dendrimer Set for Potential Application as Drug
Delivery Vehicles: Synthesis, In Vitro Toxicity, and Intracellular Localization


Sabine Fuchs,[a] Timo Kapp,[b] Henning Otto,[c] Torsten Schˆneberg,[d] Peter Franke,[c]


Ronald Gust,*[b] and A. Dieter Schl¸ter*[a]


Introduction


Dendrimers have attracted considerable attention in the last
two decades.[1,2] They combine a monodisperse nanoscale
geometry with high endgroup density at their ™surface,∫
through which properties can be widely engineered.[3±5]


Larger dendrimers contain dynamic inner cavities in which
guest molecules can be trapped and released.[6±13] Some rep-
resentatives possess charges in the periphery and, thus, are
soluble in polar and protic solvents, sometimes even in
water.[3,4, 14±16] In the last few years, water-soluble dendrimers
have gained more and more importance in biochemical and
biomedical applications.[17, 18] Especially the polyamidoamine


(PAMAM) family is now being used extensively as transfec-
tion agents for DNA transfer into living cells,[19±23] while
others are used as contrast agents for magnetic resonance
imaging (MRI),[24,25] and in boron neutron capture therapy
(BNCT) for cancer treatment.[26±29] Because of such applica-
tions these and related behavior of dendrimers in living or-
ganisms, as well as in cell culture, is being researched but
little is known yet about their way into living cells, about
their intracellular distribution, and aspects such as immuno-
genic response and cell toxicity.


In 1996 Roberts et al. investigated the biological behavior
of PAMAM dendrimers of the third, fifth, and seventh gen-
eration in vitro and in vivo.[30] The authors studied the be-
havior of dendrimers in V79 cells and in Swiss±Webster
mice for a number of biological properties, including in vitro
and in vivo toxicity, immunogenicity, and biodistribution. No
evidence for immunogenicity was found, but like Duncan
et al.[31] a few years later, they found a concentration- and
generation-dependent toxicity of the dendrimers. Especially
the seventh-generation dendrimers exhibited a considerably
larger toxicity than those of the fifth or third generation.
The differences between the lower generations were not
very pronounced, though an increase in toxicity with in-
creasing generation could be concluded. In mice, the G3
dendrimer showed the highest accumulation in kidney
tissue, while G5 and G7 preferentially localized in the pan-
creas. In 2000 Duncan and co-workers performed a broader,
more systematic investigation on five different dendrimer
types in vitro with three different cell lines (B16F19, CCRF,
and HepG2), in vivo with Wistar rats, and with freshly pre-
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Abstract: The synthesis, cytotoxicity,
and behavior in cell culture of a new
set of first- (G1) and second-generation
(G2) dendrimers is reported. The sur-
face functionality of these dendrimers
has been varied to see whether struc-
ture/toxicity relations can be observed.
The outermost functional groups are
amines that are decorated either with
protons, tert-butoxycarbonyl (Boc) or


benzyloxycarbonyl (Cbz) protecting
groups, Boc-protected or unprotected
natural amino acid residues, ethylene-
diamine ligands, and/or dansyl fluores-
cence labels. The cytotoxicity was de-


termined in vitro in concentration-de-
pendent assays using the human MCF-
7 breast cancer cell line. Cellular
uptake and intracellular distribution
was monitored by confocal fluores-
cence microscopy after internalization
of the dansyl-labeled dendrimers by
HeLa cells.
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pared rat erythrocytes for haemolysis assays.[31] Dendrimers
tested were the polycationic PAMAMs and two kinds of
poly(propyleneimine) dendrimers with either a diaminobu-
tane (DAB) or a diaminoethane (DAE) core, respectively.
They also tested the polyanionic, carboxylate-terminated
™half-generation∫ PAMAMs and DABs, as well as un-
charged oligoethyleneoxide-terminated carbosilane (CSi-
PEO) dendrimers. All investigations were carried out for
various generations and concentrations. Furthermore, pre-
liminary biodistribution studies with 125I-labeled PAMAM
dendrimers in vivo were performed. The authors found that
all cationic dendrimers were cytotoxic with the degree of
toxicity depending on dendrimer-type, cell-type, and genera-
tion. They also caused haemolysis and changes in erythro-
cyte morphology. In contrast, dendrimers with carboxylate
surfaces were neither haemolytic nor cytotoxic.[31] These ex-
amples show that polycationic species appear to be more
problematic than polyanionic ones. Despite such advances,
one still has not reached a substantial understanding of the
inherent structure/toxicity relationships of dendrimers. It
may well be that each dendrimer type and each generation
within the types has its own behavior in biological systems
and mechanism of toxicity. It is, thus, obviously necessary to
more broadly explore the influence of different surface func-
tionalizations of otherwise identical dendrimers on their in
vitro and in vivo behavior. Such investigations are a prereq-
uisite for considering these branched macromolecules as
drug delivery systems, for example, as novel carriers for an-
ticancer drugs.


In this context it would be desirable to learn how den-
drimers distribute in cells. Such studies have already been
performed, mainly with PAMAM dendrimers aimed for use
as transfection or drug-delivery agents. Juliano and co-work-
ers visualized the subcellular distribution of fluorescence-la-
beled dendrimer±oligonucleotide complexes by two-color
fluorescence microscopy.[32] The authors found that the den-
drimer±oligonucleotide complexes remained associated
during the process of uptake into vesicular compartments
and entry into the nucleus. A large majority of cells showed
strong fluorescence intensity in the nuclei after one hour of
incubation with dendrimers and oligonucleotides. Also cells
treated with Oregon green 488-conjugated dendrimers alone
showed nuclear fluorescence. It remained unclear in this
study whether nuclear localization of the dendrimer±oligo-
nucleotide complexes was just an intermediate stage of in-
tracellular trafficking, or rather the final stage of intracellu-
lar distribution. The authors conclude from their nuclear
fractionations that a substantial amount of dendrimer mate-
rial was also located at other sites of the cell, presumably at
the plasma membrane and at different intracellular mem-
branes. Also, Baker et al. described the targeted uptake of
folic acid-conjugated dendrimers carrying a fluorescein iso-
thiocyanate (FITC) fluorescence tag and their intracellular
recognition using confocal fluorescence microscopy.[33] After
24 h of incubation, a ’clumpy’ cytoplasmatic staining of the
cells could be observed, but the exact place of intracellular
localization remained unclear. These investigations clearly
demonstrate the necessity to get a better insight into the
structure/action relationship of dendrimers in biological sys-


tems. More than ever it is now important to unravel the
import pathways of the dendrimer into living cells to get an
impression on how and where they act in living organisms.


Herein, we describe the synthesis of new sets of first- and
second-generation (G1 and G2) polyamidoamine (yet not
PAMAM) dendrimers, which differ only in surface motifs.
As such were used a) quaternized amines (set A dendrim-
ers), b) the natural, proteinogenic amino acids l-phenylala-
nine, l-methionine, and l-aspartic acid (set B dendrimers),
c) diaminopropionic acid, a bidentate ligand, for example,
for Ptii-binding (set C dendrimers), as well as d) the 5-dime-
thylaminonaphthalene-1-sulfonyl (dansyl) motif[34] for partial
or complete fluorescence labeling of the dendrimers (set D
dendrimers). Some of the modified dendrimers carry chelat-
ing ligands for Ptii (l-methionine, diaminopropionic acid)
and could thus be potentially used for binding cisplatin-like
complexes.[35, 36] As a fluorescence tag the dansyl group was
chosen because of its high fluorescence intensity and polar
nature, which should not detrimentally interfere with the
dendrimers’ required water solubility. Dendrimer sets A±C
were used to start a systematic exploration of the influence
of the surface functionalization on the dendrimer toxicity in
cell culture, and first results of this endeavor will be report-
ed here. Set D was employed in studies on cell uptake and
intracellular distribution using confocal fluorescence micro-
scopy. Initial conclusive findings will also be reported in this
study.


Results and Discussion


Synthesis and purification of building blocks and dendrim-
ers : Schemes 1±7 contain all syntheses performed. Scheme 1
describes the steps leading to core 4, which was used as the
center piece for all dendrimers. Scheme 2 shows the steps
leading to tert-butyloxycarbonyl (Boc)-protected G1 (7) and
G2 dendrimers (9), which together with core 4, represent
the parent set of all dendrimers reported (set A). Scheme 3
and Scheme 4 depict the sequences to the protected [12a±c
(G0) and 20a±c (G1)] and deprotected amino acid terminat-
ed dendrimers [13a±c (G0) and 21a±c (G1)] (set B), and
Scheme 3 and Scheme 5 the ones to the protected [15 (G0)
and 24 (G1)] and deprotected diaminopropionic acid termi-
nated dendrimers [16 (G0) and 25 (G1)] (set C) respectively.
Finally, in Scheme 6 and Scheme 7 one can see the syntheses
of the completely (26, 27, 28) and partially dansylated den-
drimers (33±36) (set D). The two main reactions used are
Suzuki±Miyaura cross-coupling[37±40] to attach the branches
to the branching unit (phenyl) and standard peptide cou-
pling reactions[41±43] for dendron and dendrimer assembly.
Whenever possible, terminal amines were Boc protected
during the conversions, as this protecting group is stable
under the applied reaction conditions.[44±46] Purification of
the protected dendrimers in most cases could easily be per-
formed by standard column chromatography.


Although all synthetic steps are conventional, relatively
easy to perform, and gave products in good yield and high
purity, a few comments on synthetic issues seem neverthe-
less appropriate. For the triamine core molecule 4 1,3,5-tri-
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bromobenzene (1) and tert-butyl allylcarbamate 2 were used
as starting components (Scheme 1). Their cross-coupling
gave the Boc-protected core molecule 3 in 94% yield, which
indicates a very high conversion per coupling step. Pure
product 4 was obtained on a 10 g scale and precipitated
from the reaction mixture as trishydrochloride. The known


dendrons 5 and 6[47] were attached to 4 with the EDC/HOBt
strategy[43] in good overall yields of 75±78% to the corre-
sponding set A G1 and G2 dendrimers 7 and 9, respectively
(Scheme 2).


The dendrimers of set B were obtained by starting from
the Boc- and, in case of l-aspartic acid, Boc- and tBu-pro-


Scheme 2. Synthesis of the basic dendrimer set A. Reagents and conditions: a) 1. CH2Cl2, EDC, HOBt, �20 8C/1 h, room temperature/2 h, 2) 4, DIPEA,
�30 8C/1 h, room temperature 16 h (78%); b) 1. CH2Cl2, EDC, HOBt, �20 8C/1 h, room temperature/2 h, 2. 4, DIPEA, �30 8C/1 h, room temperature
24 h (75%); c) CH2Cl2, CF3CO2H, room temperature, 1 h (98%); d) CH2Cl2, CF3CO2H, room temperature, 2 h (99%).


Scheme 1. Synthesis of the triamine core molecule 4. Reagents and conditions: a) 1. 2, 9-BBN, toluene, room temperature, 12 h, 2. 1m KOH, 1,
[Pd(PPh3)4], 60 8C, 24 h (94%); b) 3, aqueous HCl, THF, room temperature, 18 h (96%).
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tected hydroxysuccinimide esters of l-phenylalanine, l-me-
thionine, and l-aspartic acid. Isolated yields for the three
G0 dendrimers 12a±c were 80±89% (Scheme 3). The G1
dendrons 18a,b (Scheme 4) were used to convergently
access the corresponding l-methionine and l-phenylalanine
G1 dendrimers 20a and 20b, respectively. In contrast to this
mode of synthesis, the l-aspartic acid G1 dendrimer 20c was
built divergently by utilizing the Boc- and tBu-protected l-


aspartic acid hydroxysuccinimide ester 11c and deprotected
parent G1 dendrimer 8. The reason for this change in strat-
egy was difficulties in saponifying the G1 dendron of struc-
ture 18 with R1=CO2tBu and R2=C2H5 (not shown) at R2


without cleaving the R1 ester (Scheme 4). All reactions in-
volving the oxidatively sensitive l-methionine were per-
formed under nitrogen. The deprotections were carried out
in the presence of the ™cleavage cocktail∫ of ethane-
dithiol (EDT), thioanisole, and triisopropylsilane (TIPS)
as nucleophilic scavengers to avoid undesired alkylation


of the thioether. The MALDI-TOF mass spectra of
the G1 dendrimer 20a nevertheless showed signals of low
intensity due to the incorporation of up to three oxygen
atoms.


The non-proteinogenic d/l-diaminopropionic acid was
used for the synthesis of dendrimers 15 (Scheme 3) and 24
(Scheme 5) of set C. They ought to exhibit even better che-
lating properties than their methionine analogs of set B. The
synthetic route starts with the commercially available d/l-di-
aminopropionic acid, which was Boc-protected at both
amine functionalities to 14 in a slightly modified version of
the procedure described by Sergheraert et al.,[36] and no at-
tempt was done to separate the two enantiomers. Com-
pound 14 was activated with O-(1H-benzotriazole-1-yl)-
N,N,N’,N’-tetramethyluronium tetrafluoroborate (TBTU)[48]


and reaction with core 4 gave the Boc-protected G0 (15)
and G1 dendrimers (24) in 80 and 57% isolated yield, re-
spectively (Scheme 3 and Scheme 5). The Boc-protected in-


termediates possessed poor sol-
ubility in dichloromethane,
probably due to intramolecular
hydrogen bonding. In all cases
polar solvents such as DMF or
methanol had to be added to
render the diaminopropionic
acid modified compounds com-
pletely soluble.


The highly fluorescent dansyl
group was chosen for the fluo-
rescence-tagged dendrimers of
set D.[34] To achieve the fully la-
beled series, the parent den-
drimers 4, 8, and 10 were treat-
ed with an 1.5±3-fold excess of
dansyl chloride per amine func-
tionality (Scheme 6). The re-
spective highly fluorescent den-
drimers 26, 27, and 28 were iso-
lated in yields of 65±92%. In
contrast to the procedures re-
cently described by Vˆgtle
et al.[34g,h,i] for dansylation of
poly(propylene amine) and pol-
ylysine dendrimers, the reac-
tions proceeded fast and were
in most cases already finished
after one hour at room temper-
ature (TLC monitoring). This
finding is consistent with the re-
sults of Bartzatt, who described
dansylation of primary and sec-
ondary amines in aqueous
Na2CO3 buffer to be complete
within one hour.[34d] The degree
of dansylation was quantified
by NMR spectroscopy and
found to be beyond 95%. In ac-
cordance with this the MALDI-
TOF mass spectra showed clean


Scheme 3. Synthesis of the amino acid-terminated G0 dendrimers of set B and C. Reagents and conditions: a)
11a + 4, CH2Cl2, DIPEA, �10 8C/1 h, room temperature, 18 h (85%); 11b + 4, CH2Cl2/DMF, DIPEA, 0 8C/
1 h, room temperature, 18 h (80%); 11c + 4, CH2Cl2, DIPEA, �10 8C/1 h, room temperature, 18 h (89%); b)
CH2Cl2/CF3CO2H/EDT/thioanisole/methanol/TIPS, r.t., 1 h (99%); c) CH2Cl2/methanol, CF3CO2H, room tem-
perature, 1 h (99%); d) CH2Cl2/CF3CO2H, room temperature, 3 h (98%); e) 1. CH2Cl2/DMF, TBTU, DIPEA,
�20 8C/15 min, room temperature/30 min), 2. 4, DIPEA, �20 8C/30 min, room temperature/18 h (80%); f)
CH2Cl2, CF3CO2H, room temperature, 1 h (100%).
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molecular ion peaks. Dendrimers 26±28 were well soluble in
dichloromethane/methanol mixtures, but exhibited poor sol-
ubility in water. Compounds 27 and 28 tended to aggregate
in water and in cell culture media (with 28 forming the
larger aggregates under comparable conditions), whereas for
the small G0 dendrimer 26 no aggregation was observed.
Despite these properties dendrimers 26 and 27 showed cell
uptake (see below).


In addition, dendrimers 33±36 carrying a second function-
al group besides the fluorescence label were synthesized
(Scheme 7). The synthetic strategy applied differs from the
direct sulfonamide derivatization used by Vˆgtle et al. for
their labeling of light-harvesting dendrimers with different
chromophoric groups.[34c] The orthogonally protected
branching unit 30 served as the key compound for the syn-
thetic route leading to dendrimers 33±36. The corresponding


Scheme 4. Synthesis of the amino acid terminated G1 dendrimers of set B. Reagents and conditions: a) 11a + 17, CH2Cl2, DIPEA, �10 8C/1 h, room
temperature/18 h (79%); 11b + 17, CH2Cl2/DMF, DIPEA, room temperature/18 h (82%); b) 1m KOH, methanol/water/THF, 40 8C, 12 h (80%); c) 1m
KOH, methanol/water/THF, 50 8C, 12 h (92%); d) 1. 19a, [19b], CH2Cl2/DMF, EDC, HOBt, �20 8C [5 8C]/1 h, room temperature 2 h , 2. 4, DIPEA,
�30 8C [0 8C]/1 h, room temperature 18 h (20a : 54%, 20b : 48%); e) CH2Cl2/DMF, DIPEA, �10 8C/1 h, room temperature 18 h (71%); f) CH2Cl2/
CF3CO2H/EDT/thioanisole/methanol/TIPS, room temperature, 1 h (97%); g) CH2Cl2, CF3CO2H, room temperature, 1 h (99%); h) CH2Cl2, CF3CO2H,
room temperature, 3 h (100%).
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G1-dendrimer 31 was isolated in 63% yield. Its partial de-
protection to 32 and subsequent dansylation gave the highly
fluorescent dendrimer 33 in 99% yield.


Deprotection of its remaining three benzyloxycarbonyl
(Cbz) protecting groups proved to be difficult, but could fi-
nally be realized by reaction with neat trifluoroacetic acid
over a period of seven days. Reaction of the dansylated and
deprotected dendrimer 34 with the Boc-protected diamino-
propionic acid 14 gave dendrimer 35 in 33% yield. Its quan-
titative deprotection finally resulted in dendrimer 36, which
carried both the diaminopropionic acid chelating ligands as
well as the dansyl imaging functions.


In all cases, the purity of the dendrimers was checked by
analytical RP-HPLC in their protected form and found to


be above 98%. Figure 1 (see p. 1175) shows the elution
curves of four typical cases (dendrimers 10, 20c, 24, and 35).
All compounds were characterized by their fully assigned
1H and 13C NMR spectra and molecular ion peaks in the
mass spectra. The composition of those compounds that did
not give correct data from elemental analysis was proven by
high-resolution EI, FAB, or isotopically resolved MALDI-
TOF mass spectrometry (see Experimental Section).
Figure 1 shows the enlargened molecular ion regions of mo-
lecular ion peaks of the MALDI-TOF MS spectra of den-
drimers 10, 20c, 24, and 35. The 1H NMR spectra of the de-
protected dendrimers 10 and 36 illustrate the achieved
purity (Figure 2; see p. 1177). All deprotections were quanti-
fied by high-field 1H NMR integration and found to be vir-


Scheme 5. Synthesis of the diaminopropionic acid terminated G1 dendrimer of set C. Reagents and conditions: a) 1. 14, CH2Cl2/DMF, TBTU, DIPEA,
�20 8C/30 min, room temperature/15 min, 2. 17, DIPEA, �20 8C/30 min, room temperature/12 h (90%); b) 1m KOH, methanol/THF, 50 8C, 12 h (87%);
c) 1. 23, CH2Cl2/DMF, TBTU, DIPEA, �10 8C/15 min, room temperature/30 min, 2. 4, DIPEA, 0 8C/15 min, room temperature/18 h (57%); d) CH2Cl2,
CF3COOH, room temperature, 1 h (99%).
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Scheme 6. Synthesis of completely dansylated set D dendrimers. Reagents and conditions: a) Dns-Cl, TEA, CH2Cl2, 1 h, room temperature (92%); b)
Dns-Cl, TEA, CH2Cl2, 6 h, room temperature (74%); c) Dns-Cl, TEA, CH2Cl2, 12 h, room temperature (65%).
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Scheme 7. Synthesis of set D dendrimers with two functional units. Reac-
tions and conditions: a) KOH, Boc2O, Cbz-Cl THF/water, 0 8C, 1 h
(35%); b) 1m KOH, methanol/water, 50 8C, 12 h (98%); c) 1. CH2Cl2,
EDC, HOBt, �20 8C/1 h, room temperature 2 h , 2. 4, DIPEA, �20 8C 8C/
1 h, room temperature 24 h (63%); d) CH2Cl2, CF3COOH, room temper-
ature, 1 h (88%); e) Dns-Cl, TEA, CH2Cl2, 3 h, room temperature
(99%); f) CF3COOH, room temperature, 7 days (99%); g) 1. 14, TBTU,
DIPEA; CH2Cl2/DMF, �20 8C/30 min, room temperature/30 min, 2. 34,
DIPEA, �20 8C/1 h, room temperature/24 h (33%); h) CH2Cl2,
CF3COOH, room temperature, 1 h (97%).
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tually quantitative with the conversion 33 to 34 being the
only exception. Traces of remaining Cbz (500 MHz NMR)
were still found even after repeated deprotection attempts.


The deprotected dendrimers of sets A±D were fully solu-
ble in water and in buffered cell culture media as judged by
visual inspection, and could immediately been examined in
cell culture. The only exception was the mixed dansylated
dendrimer 36, which turned out to be highly water-soluble
but precipitated with phosphate in phosphate buffered
saline (PBS) buffer at a concentration of 1 mm.


Ammonium salts of most primary amines have pKa values
of 9±10. At pH 7 most of the amines are thus protonated. It
is reasonable to assume that most of the amines on the den-
drimer basically behave like independent primary amines
and, thus, are also protonated, though their degree of proto-
nation was not determined. Standard PAMAMs are only
partially protonated at physiological pH due to the surpris-
ingly low pKa values of their terminal (pKa=6.9[49]) and in-
ternal amines (pKa=3.9[49]).[19] In the following the unpro-
tected dendrimers are therefore somewhat unspecifically re-
ferred to as being polycationic and no correlation to total
numbers of charges is attempted.


In vitro cytotoxicity in MCF-7 cell culture : All dendrimers
were examined in MCF-7 cell culture at concentrations of
1±20 mm over a period of nine days (Figures 3±8). The exact


conditions are given in the Ex-
perimental Section. Despite
their charge differences all den-
drimers, by visual inspection,
gave molecularly dispersed sol-
utions in the cell experiments.
The only two exceptions were
compounds 28 and 36, whose
behavior in buffered cell media
was already described above.
The completely dansylated den-
drimers 26 and 27 of set D pos-
sessed only low solubility in
water, but caused no extensive
aggregate formation in fetal
calf serum (FCS) containing
cell culture media. Only the
dansylated G2 dendrimer 28 ex-
hibited a strong tendency to ag-
gregate even in cell culture
media and was thus not used in
the subsequent cell uptake
studies. Dendrimers 26, 27, and
36 were mixed with cell culture
media by low-energy ultrasoni-
fication prior to addition to the
cultured cells. This always re-
sulted in clear solutions for the
cytotoxicity and cell uptake ex-
periments as judged by visual
inspection. Only for dendrimers
27 and 36 fluorescence micros-
copy proved the formation of


smaller aggregates. At 37 8C, however, at which all experi-
ments were performed, they never formed aggregates which
could have been precipitated by centrifugation. Mainly the
same procedure was performed for all Boc-protected den-
drimers of sets A±C, except that only two concentrations
were tested (5 and 10 mm) because of the expected lower
water solubility. It has to be noted, however, that at none of
the tested concentrations precipitation of the dendrimers
was observed. Control experiments with similar concentra-
tions of the sodium salts of the used counterions (chloride
and trifluoroacetate) were performed and showed no effect
in MCF7 cell culture, which assures that all cytotoxic effects
were caused by the dendrimers.


The water-soluble dendrimers of set A exhibited a con-
centration- and generation-specific cytotoxicity (Figure 3b;
see p. 1178). While core 4 was inactive at every concentra-
tion tested, the G1 dendrimer 8 showed a concentration-de-
pendent reduction of cell proliferation at 10 mm. The maxi-
mum effect was reached for each concentration at the end
of the test (Figure 3b: after 220 h at 20 mm : T/C=15%). The
antiproliferative effect of its G2 analogue 10 was much
higher than for 8. At concentrations of 5±10 mm no surviving
cells were observed. Concentrations from 0.5±3 mm were
then chosen to examine the concentration-dependent cyto-
toxic effects of this dendrimer. Its absolute cytotoxicity was
the highest observed for all dendrimers examined; even a


Figure 1. A) Analytical HPLC traces of the Boc-protected dendrimers 9, 20c, 24, and 35. Purity of the com-
pounds was determined by UV detection (254 nm) and subsequent integration. Aa) dendrimer 20c ; eluent:
methanol/H2O (9:1/v:v), flow rate: 1 mLmin�1; purity: 97.2% (aggregate: 2.6%). Substance eluting after
0.89 min (*) (2.6%) appeared within the void volume of the used column (for details see Experimental Sec-
tion); it is consequently likely to be an artefact or an aggregate of high molar mass. Ab) dendrimer 35 ; eluent:
methanol/H2O (9:1/v:v), flow rate: 1 mLmin�1; purity: 100%. (Ac) dendrimer 24 ; eluent: methanol/H2O (9:1/
v:v), flow rate: 1 mLmin�1; purity: 98.3%. (Ad) dendrimer 9 ; eluent: methanol/H2O (9:1/v:v), flow rate:
1 mLmin�1; purity: 100%. B) MALDI-TOF-MS spectra of dendrimers 9, 20c, 24, and 35 ; dithranol was used
as a matrix (for details see Experimental Section). From the whole spectra only the enlargend parts of the iso-
topically resolved [M+K]+ and [M+Na]+ signals are depicted. In no case signals of higher mass were ob-
served. Ba) dendrimer 20c ; Bb) dendrimer 35 ; Bc) dendrimer 24 ; Bd) dendrimer 9.
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2 mm concentration lowered the viable cell mass under the
amount at the beginning of the test (Figure 3b).


The same experiments were also carried out with set B
dendrimers. Figure 4 (see p. 1179) depicts the results of the
deprotected G0 and G1 dendrimers 13a±c and 21a±c, and
Figure 5 those of their protected analogues 12a±c and 20a±
c, respectively. The cationic 13a and the zwitterionic 13c did
not show significant antiproliferative effects even at 20 mm
(Figure 4), while the cationic 13b exhibited a pronounced
cytotoxicity increase with increasing concentration (Fig-
ure 4a). It should be noted that in this case the highest activ-
ity was observed after an incubation time of 70±100 h, which
was lowered during the course of incubation. This can be in-
terpreted to mean that the cells become resistant to this
compound. The same trend was observed with the corre-
sponding G1 dendrimers. Whereas 21c did not show any an-
tiproliferative effects even at 20 mm, 21a was slightly anti-


proliferative at higher concentrations, and 21b exhibited the
highest level of cytotoxicity of this series without any ap-
pearance of resistance (Figure 4b).


The protected set B dendrimers 12a±c and 20a±c
(Figure 5; see p. 1180) showed a somewhat unexpected be-
havior in that most, but not all, of them were not antiproli-
ferative. 12a and 12b turned out to be cytotoxic. While 12b
showed concentration dependency, no difference between
the two concentrations tested (5 and 10 mm) was observed
for 12a. This might indicate that the available amount of
12a in solution is not higher than 5 mm. The reason for this
unexpected behavior of the smaller protected dendrimers is
unclear. All other protected dendrimers showed no effect
on cell proliferation.


For the Boc-protected set C dendrimers 15 and 24 no an-
tiproliferative effect was observed. A rather unexpected and
potentially important result was found for the unprotected


Figure 2. 1H NMR spectra (500 MHz) of the two deprotected dendrimers 10 (a) and 36 (b) in [D4]methanol; protons 9 and 11 of dendrimer 36 show dia-
stereotopic coupling and are therefore split into two distinct signals. In both spectra [D4]methanol is marked by (*), and remaining H2O from lyophiliza-
tion is assigned by (+); the signal of proton 17 was reduced in size, as indicated by (� ).
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dendrimers 16 and 25. Despite their positive charges both
compounds had no effect on proliferation at all concentra-
tions tested (Figure 6; see p. 1180).


The set D dendrimers 26±28 showed no cytotoxicity at all
concentrations tested (Figure 7; see p. 1181). In contrast, the
partially dansylated dendrimers 34 and 36 were both cyto-
toxic at higher concentrations (10 and 20 mm) (Figure 8).
34 reached even cytocidal effects at 20 mm. Dendrimer
36, which carries both diaminopropionic acid and dansyl


substituents, can be considered a hybrid of the fully
dansylated G1 dendrimer 27 and dendrimer 25, which is
fully covered with diaminopropionic acid groups. In this
sense, the fact that only 36 shows toxicity is somewhat sur-
prising.


The findings regarding the deprotected representatives of
sets A and B correlate well with the observations by Rob-
erts et al.[30] and Duncan et al.,[31] who also found polycation-
ic dendrimers to be cytotoxic depending on their generation


Figure 2. (Continued).
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number and concentration in cell culture media. Since cyto-
toxic behavior of polycationic compounds was not only re-
ported for dendrimers, but especially also for positively
charged polyelectrolytes like poly(ethyleneimine) (PEI),
poly(l-lysine hydro bromide) (PLL), poly(diallyl-dimethyl-
ammonium chloride) (DAD-MAC), diethylaminoethyl
(DEAE)-dextran, and chitosans,[50,51] it is conceivable that
toxicity correlates with the presence of positive charges,
though a detailed molecular picture of the toxic mechanism
is not yet available. The cytotoxic effect of polycations is
sometimes explained by means of charge density and flexi-
bility of the macromolecules.[50,52] Ryser proposed that the
three-dimensional structure of compounds is important in
their biological response on cell membranes.[53] Branched
molecules were found to be more efficient in neutralizing
the cell surface charge than polymers with linear or globular
structures, and rather rigid molecules like dendrimers were
less toxic than linear or branched polymers.[50] Fischer et al.
concluded from their experiments that membrane leakage
occured first in cells exposed to cationic polymers and is fol-
lowed by a decrease in metabolic activity.[50] In contrast to


these findings it is somewhat surprising that the completely
ethylenediamine-modified dendrimers of set C exhibited no
cytotoxic effects at all concentrations tested (Figure 6). It is
not yet clear whether the bidendate nature of the terminal
diaminopropionic amide substituents with its different pro-
tonation, metal ion complexation, and hydrogen bonding be-
havior is responsible for this finding. While the completely
dansylated dendrimers of set D did not exhibit antiprolifera-
tive effects, the observed cytotoxicity of the mixed dansylat-
ed (34 and 36) and phenylalanine dendrimers (13b and 21b)
suggests that ’tenside effects’ (disruption of cell membranes
by interaction with negatively charged groups and hydro-
phobic parts) are likely to be responsible for the observed
cell death. Also, induction of apoptosis by the added den-
drimers cannot be completely excluded, though indications
for such a mechanism have not yet been reported.[50] It is
unlikely that details of the interior structure of the dendrim-
ers, in particular the phenyl branching groups, are responsi-
ble for the observed toxicity, because in the analogous stud-
ies under identical conditions the Boc-protected dendrimers
3, 7, and 9 (Figure 3) did not show cytotoxicity. It should be


Figure 3. In vitro cytotoxicity of core molecule 4 and of the basic dendrimers 8 and 10. Comparison of the a) Boc-protected and the b) deprotected
forms. For detailed information on the investigation of the T/Ccorr [%] and T [%] values see Experimental Section.
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noted, however, that these compounds have a lower solubili-
ty in cell culture media and, thus, their bioavailability may
be reduced.


Nevertheless, the polycationic nature of compounds
cannot fully explain the observed cytotoxicity in every case.
The results of dendrimers 13b, 21b, 16, 25, 34, and 36 show
that other structural factors may also play a role. A correla-
tion of cytotoxicity data with structural motifs such as the
hydrophobic or ionic groups is tempting but does not seem
to be appropriate at the present state. An even more broad
study would be required.


Cellular uptake and localization : To study cellular uptake
and intracellular distribution of the dansylated dendrimers,
human HeLa cells were incubated for 20 h with dendrimers
26, 27, 34, and 36 at a final concentration of 5 mm. Then, the
cells were fixed and, for better orientation within the cell,
immunostained with an antibody raised against the mem-
brane forms of the lamina-associated polypeptide 2 (LAP-
2), which are enriched at the inner membrane of the nuclear
envelope and are partially also present in the endoplasmic
reticulum.[54] Integral membrane proteins of the nuclear en-
velope interact with lamins and chromosomes, and binding


is modulated by mitotic phosphorylation. The cells were
then analyzed by confocal fluorescence microscopy. Figure 9
and Figure 10 (see p. 1181 and 1182, respectively) present
typical confocal images of such experiments. Similar experi-
ments with human MCF-7 cells and mouse fibroblast cells
(NIH 3T3) performed under the same conditions resulted in
the same distribution pattern (not shown).


All experiments were reproducible, and the observed in-
tracellular patterns were representative for the cells of each
single experiment. At least 30±40% of all cells exhibited a
specific intracellular fluorescence, and 90% of the fluores-
cence-positive cases showed practically the same distibution
patterns as presented in Figure 9 and Figure 10.


Figure 9 shows the differential interference contrast
(DIC) and fluorescence images of the cells incubated with
dendrimer 26, obtained by confocal fluorescence microsco-
py. Already in the DIC image, large intracellular aggregates
with a granular structure were identified, (red arrows in Fig-
ure 9a). Upon excitation (364 nm), these aggregates exhibit-
ed a strong green-blue fluorescence and could, therefore,
easily be identified and located within cells (dendrimer fluo-
rescence encoded in blue in Figure 9c and Figure 10). Com-
pared with the fluorescence pattern of Cy2-immunolabeled


Figure 4. In vitro cytotoxicity of the a) amino acid-terminated G0 dendrimers 13a, 13b, 13c , and b) of the corresponding G1 dendrimers 21a, 21b, 21c.
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LAP-2, the distribution of the aggregated dendrimers was
distinguishable from the nuclear envelope staining (Fig-
ure 9c). The granular structures were typically located near
the cell nucleus. Between one and three aggregates were


normally observed per cell, and
their diameters ranged from 2
to 4 mm. For dendrimer 27 the
size of the formed aggregates
was larger, and they appeared
more granular (Figure 10a).
The rather long incubation time
prior to observation in compari-
son with typical cellular traf-
ficking time-scales of dendrim-
ers[33,55±57] suggests that a stable
situation had been reached. The
water-soluble dendrimer 34, on
the other hand, showed a more
punctated distribution pattern,
with a diameter of the granules
of approximately 0.5±1 mm on
average. This pattern could be


of endosomal or lysosomal origin, since distribution and size
agree well with that of compartments formed by fused
endo- or lysosomes (Figure 10b). The intracellular distribu-
tion pattern of dendrimer 36, finally, resembled that of 26


Figure 5. In vitro cytotoxicity of a) the Boc-protected amino acid-terminated G0 dendrimers 12a, 12b, 12c, and b) of the corresponding G1 dendrimers
20a, 20b, 22c.


Figure 6. In vitro cytotoxicity of the diaminopropionic acid G0 and G1 dendrimers 16 and 25.
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and 27. One to three large aggregates near the cell nucleus
were typically observed (Figure 10c).


A similar punctated intracellular distribution pattern has
been described previously for other dendrimers. Polypro-
line-based dendrimers of Giralt and co-workers exhibited a
more or less vesicular distribution in normal rat kidney


(NRK) cells after one hour of
incubation. In this case, endocy-
tosis was suggested to be the
mechanism of cellular
uptake.[55] Juliano et al. also
found a slightly ™clumpy∫ cellu-
lar distribution of Oregon green
488-conjugated PAMAM den-
drimer/oligonucleotide com-
plexes in HeLa cells. Dendrim-
ers were not only found inside
the nucleus but also at other
sites in the cell, presumably at
the plasma membrane and in
endomembrane compart-
ments.[32,58] As shown in
Figure 9 and Figure 10, none of
the dendrimers investigated in
this study displays a localization
inside of the nucleus. Instead,
they are rather always found di-
rectly next to the nucleus. This
could suggest a localization
within or close to the Golgi ap-
paratus. An example for such a
distribution was given by
Merlin et al. who found a se-
questration of daunorubicin in
the Golgi vesicles in drug-resis-
tent MCF-7 cells.[59,60] Tanke,
Reedijk and co-workers report
a punctated staining of a cyto-
plasmatic region, when human


osteosarcoma (U2-OS) cells were incubated with fluoro-
phore-labeled platinum complexes.[61] Co-localization experi-
ments with a Golgi apparatus-selective stain also indicated
the involvement of Golgi-vesicles in the intracellular proc-
essing. A related early endosomal or lysosomal localisation
also seems to be likely for dendrimer 34 because of its ob-


Figure 7. In vitro cytotoxicity of the dansylated dendrimers 26, 27, and 28.


Figure 8. In vitro cytotoxicity of the mixed dendrimers 34 and 36 with two different surface moieties.


Figure 9. Confocal fluorescence microscopy images. HeLa cells were incubated with a final concentration of
5 mm of dendrimer 26 for 20 h at 37 8C, washed, fixed and immunostained for the nuclear envelope marker
LAP-2 (membrane isoforms) which was visualized with a Cy2-labeled secondary antibody. Dendrimer localiza-
tion is indicated by red arrows. a) DIC image; b) overlay of LAP-2 staining (green) and dendrimer fluores-
cence (blue); c) Dendrimer fluorescence (blue channel).
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served distribution pattern (Figure 10), but this has not been
proven yet.


To finally answer the question of intracellular localization
of the dendrimers reported here after uptake by the cell,
further kinetic and co-localization studies have to be per-
formed. Initial kinetic studies indicate that cellular uptake
of the dendrimers is a rather fast process and probably fin-
ishes after 4±5 h (data not shown). If the dendrimers are
taken up by endocytosis, they should initially be localized in
clathrin-coated vesicles which subsequently fuse to larger
endosomes and then lysosomes. Some of the dendrimers
might also be directed towards the Golgi apparatus. There-
fore, the exact intracellular localization of the dendrimers
needs to be characterized in more detail, for example by co-
localization with known markers for the different intracellu-
lar compartments.[62]


Conclusion


With a series of simple and optimized steps a set of low gen-
eration polyamidoamine dendrimers was synthesized, many
of which are highly water-soluble. Convergent and divergent
strategies were applied in order to make accessible a bou-
quet of differently surface decorated representatives at the
least synthetic effort. The surfaces of the dendrimers were
decorated with natural amino acid and ethylenediamine
moieties, fluorescence labels, and simple amino-protecting
groups either as the only substituents or in combinations.


In vitro cytotoxicity experiments were performed with all
these dendrimers using the human breast cancer cell line
MCF-7. These experiments proved that surface-functionali-
zation grossly influences dendrimer toxicity. Based on the
data obtained a broader structure/toxicity correlation could
not be established yet. A few interesting conclusions can
nevertheless be drawn: The internal structure of the present-
ed dendrimers does not seem to play a profound role, de-
spite the common view that the interior of low-generation
dendrimers is accessible. The surface decoration, however, is
crucial for toxicity. Most of the examined noncharged den-
drimers (e.g., the protected and dansylated ones) are non-
toxic though they are clearly bioavailable as was proved by
cell uptake experiments, and all completely diamino pro-
pionic acid decorated dendrimers are also nontoxic. Espe-
cially this last case shows that positive charges on a den-


drimer surface do not automati-
cally cause cell toxicity as one
may have been inclined to con-
clude both from literature re-
sults and those obtained in the
present work. It is not clear yet
whether the bidendate nature
of ethylenediamine plays a role
here, for example by chelating
metal ions.


Confocal fluorescence micros-
copy studies revealed that all
dansylated dendrimers are in-
ternalized by HeLa cells and


remain intracellularly present over a 20-hour incubation
period. Further kinetic studies will address the velocity of
the cellular uptake and the intracellular trafficking to their
final destination.


Hopefully, the results of such experiments, in combination
with studies on metabolic degradation and the biodistribu-
tion pattern in animals will finally enable the design of opti-
mized and nontoxic drug-carrier systems.


Experimental Section


Abbreviations : 9-BBN: 9-borabicyclononane; Boc: tert-butyloxycarbonyl;
Cbz: benzyloxycarbonyl; CCA: a-cyano-4-hydroxy-cinnamonic acid;
DCM: dichloromethane; DIPEA: N-ethyl-diisoropylamine; DMF: N,N-
dimethylformamide; DMSO: dimethyl sulfoxide; Dns: 5-dimethylamino-
naphthalene-1-sulfonyl; Dpa: diaminopropionic acid; EDC: N-(3-dime-
thylaminopropyl)-N’-ethyl-carbodiimide hydrochloride; EDTA: ethylene-
diamine tetraacetate; FCS: fetal calf serum; HOBt: hydroxy-benzotria-
zole hydrate; HRMS: high-resolution mass spectrometry; MNBA: m-ni-
trobenzyl alcohol; PBS: phosphate-buffered saline; RP-HPLC: reversed-
phase high-performance liquid chromatography; TBTU: O-(1H-benzo-
triazole-1-yl)-N,N,N’,N’-tetramethyluronium tetrafluoroborate; THF: tet-
rahydrofuran.


Synthesis and purification of the dendrimers: general remarks : All start-
ing materials were purchased from commercial sources and used without
further purification. Solvents were dried under standard conditions. Lyo-
philization from water was performed by using deionized, destilled,
’MilliQ’ (Millipore) (0.45 mm) filtered water. The following compounds
were prepared according to literature procedures: N-(tert-butyloxycarbo-
nyl)allylamine (2),[63] 5,[47c] 6,[47b,c] 14,[36] and 17.[47b] Compounds 29 and 30
are known,[47b] but were prepared according to a different procedure.[64]


Therefore their analytical and spectral data are not given. All other com-
pounds are new. Whenever possible, reactions were monitored by thin-
layer chromatography (TLC) using TLC silica gel coated aluminum
plates 60F254 (Merck). Compounds were detected by UV light (254 nm or
366 nm) and/or by treatment with a solution of ninhydrine in ethanol fol-
lowed by heating. 1H and 13C NMR spectra were recorded using Bruker
AC 500 (500 MHz) and AB 250 (250 MHz) instruments; the solvent
signal was used for internal calibration. Mass spectra were recorded by
using a Varian MAT 711 and CH6 (EI) or Type CH5DF (FAB), and a
Bruker Reflex with delayed extraction source (MALDI-TOF). Elemental
analyses were performed by using a Perkin-Elmer EA 240. Because of
the polarity of the prepared compounds, it was generally difficult to
obtain correct data from elemental analysis. This was specifically so for
the Boc-protected and dansylated dendrimers, and for some of the free
carboxylic acids, for which the carbon values obtained differed from the
calculated ones by up to 1%. Analytical RP-HPLC was carried out using
an HPLC System consisting of a Gynkotek UVD 340 S Diode Array De-
tector, a Gynkotek Mod. 480 Pump, and a Knaur Eurosphere column
(C18, 100±5 mm, 4î120 mm).


Figure 10. Confocal fluorescence microscopy images; overlay of DIC-image, and dendrimer fluorescence.
HeLa cells were incubated with dendrimers at a final concentration of 5 mm (see text for details). a) dendrimer
27; b) dendrimer 34 ; c) dendrimer 36.
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For clarity reasons a simplified nomenclature has been added in front of
each compound name in the Experimental Section. For example, in
(Boc-N)33D0 the text in parentheses (here Boc-N) defines the functional
endgroup, the subscript number, here (3), is number of those groups, the
regular sized number (3) gives the total number of modifiable endgroups,
and finally the letter D plus a number (here 0) stands for a dendrimer of
the corresponding specific generation.


(Boc-N)33D0 : 1,3,5-tris-[(tert-butyloxycarbonylamino)propyl]benzene
(3): 9-BBN (15.4 g, 126 mmol) was added at 0 8C to a solution of tert-
butyl allylcarbamate 2 (16.5 g, 105 mmol) in dry toluene. The reaction
mixture was allowed to warm up to room temperature and stirred for an
additional 12 h. Then 1,3,5-tribromobenzene (1, 7.87 g, 25.0 mmol) and a
1m solution of KOH in water (225 mL) were added. After degassing the
reaction mixture, [Pd(PPh3)4] (1.16 g, 1.00 mmol) was added. The reac-
tion mixture was degassed repeatedly thereafter and stirred at 50 8C for
24 h. After complete reaction (TLC) the layers were separated, the or-
ganic phase was washed with brine once, and the aqueous phase was ex-
tracted with diethyl ether. The combined organic layers were dried over
magnesium sulfate and the solvent was removed in vacuo. Column chro-
matography (silica gel, hexane/ethyl acetate (3:1/v:v)) and subsequent re-
cristallization from hexane/ethyl acetate (4:1/v:v) yielded the Boc-pro-
tected core (12.9 g, 23.5 mmol; 94.0%) as a colorless solid. Rf=0.30
(hexane/ethyl acetate=2:1/v:v); m.p. 89 8C; 1H NMR (500 MHz, CDCl3):
d=1.41 (s, 27H; CH3), 1.75 (q, 3J(H,H)=7.4 Hz, 6H; CH2), 2.54 (t,
3J(H,H)=7.6 Hz, 6H; CH2Ar), 3.08 (m, 6H; CH2N), 4.65 (s, br, 3H;
NH), 6.78 ppm (s, 3H; ArH); 13C NMR (63 MHz, CDCl3): d=28.38
(CCH3), 31.58 (CH2), 32.85 (CH2Ar), 40.07 (CH2N), 78.97 (CCH3),
126.10 (ArC), 141.67 (ArC), 155.95 ppm (CO); MS (EI, 80 eV, 180 8C);
m/z (%): 549 (3.2) [M]+ , 449 (49.8) [M�C5H8O2]


+ , 263 (100.0); elemen-
tal analysis calcd (%) for C30H51N3O6 (549.75): C 65.54, H 9.35, N 7.64;
found: C 65.47, H 9.06, N 7.51.


(N)33D0 : 1,3,5-tris(propylamine)benzene trishydrochloride (4): The Boc-
protected core 3 (8.80 g, 16.0 mmol) was dissolved in THF and stirred
with a 25% HCl solution (28.0 mL, 192 mmol) for 12 h at room tempera-
ture. Part of the pure product already precipitated from the reaction mix-
ture, for the other part the solvent was removed in vacuo, the residue dis-
solved in ethanol and precipitated with diethyl ether. The procedure
yielded the trishydrochloride (5.49 g, 15.3 mmol; 95.6%) as a colorless
solid. M.p. 290 8C (decomp); 1H NMR (500 MHz, [D4]methanol): d=2.04
(quin, 3J(H,H)=7.6 Hz, 6H; CH2), 2.74 (t, 3J(H,H)=7.6 Hz, 6H;
CH2Ar), 2.99 (t, 3J(H,H)=7.8 Hz, 6H; CH2N), 7.05 ppm (s, 3H; ArH);
13C NMR (63 MHz, [D4]methanol): d=30.16 (CH2), 33.34 (CH2Ar), 40.35
(CH2N), 127.55 (ArC), 142.45 ppm (ArC); MS (EI, 80 eV, 200 8C): m/z
(%): 249 (15.0) [M]+ , 219 (100.0) [M�CH2NH2]


+ ; HRMS: m/z : monoi-
sotopic mass calcd for C15H27N3


+ : 249.22050, found: 249.22221.


(Boc-N)66D1: 1,3,5-tris-{3,5-bis[(tert-butyloxycarbonylamino)propyl]-N-
propylbenzamide}benzene (7): The free acid 5 (1.83 g, 4.20 mmol) was
dissolved in dry dichloromethane, HOBt (674 mg, 4.40 mmol) was added,
and the solution was stirred for 15 min. Afterwards the reaction mixture
was cooled down to �20 8C, EDC (882 mg, 4.60 mmol) was added, and
the mixture was subsequently stirred for additional 2 h. During that time
the reaction mixture wass allowed to warm up to room temperature
slowly. After complete reaction (TLC), the mixture was cooled down to
�30 8C, and DIPEA (2.01 mL, 1.53 g, 11.8 mmol) was added. The trisa-
mine core 4 (359 mg, 1.00 mmol) was dissolved in a small amount of dry
methanol and slowly added to the reaction mixture under vigorous stir-
ring. The solution was stirred for an additional 16 h, and during that time
allowed to warm up to room temperature slowly. After complete reaction
the solution was washed twice with sodium hydrogencarbonate solution
and once with brine. The organic layer was dried over magnesium sulfate,
the solvent removed in vacuo, and the crude product purified by column
chromatography (silica gel, dichloromethane containing 2% methanol as
eluent) to afford the G1 dendrimer (1.18 g, 784 mmol, 78.4%) as a color-
less foam. Rf=0.37 (dichloromethane/methanol=19:1/v:v); m.p. 89 8C;
1H NMR (250 MHz, CDCl3): d=1.40 (s, 54H; CH3), 1.72 (m, 12H; CH2),
1.94 (m, 6H; CH2), 2.55 (m, 6H + 12H; CH2Ar), 3.05 (m, 12H; CH2N),
3.41 (m, 6H; CH2N), 4.78 (m, br, 6H; NH), 7.85 (s, 3H; ArH), 7.02 (s,
br, 3H; NH), 7.03 (s, 3H; ArH), 7.37 ppm (s, 6H; ArH); 13C NMR
(63 MHz, CDCl3): d=28.41 (CCH3), 30.85 (CH2), 31.35 (CH2), 32.48
(CH2), 33.16 (CH2), 39.58 (CH2), 48.77 (CH2), 79.10 (CCH3), 124.79
(ArC), 126.28 (ArC), 131.45 (ArC), 134.91 (ArC), 141.71 (ArC), 141.78


(ArC), 156.09 (CONBoc), 167.75 ppm (CON); MS (FAB+ , MNBA/DCM/
DMSO): m/z (%): 1505 (17.8) [M+H]+ , 1504 (17.8) [M]+, 1404 (57.1)
[M�C5H9O2]


+ , 1304 (22.8) [M�2(C5H9O2)]
+ , 1204 (23.3)


[M�3(C5H9O2)]
+ , 1104 (22.8) [M�4(C5H9O2)]


+ , 1004 (21.5)
[M�5(C5H9O2)]


+ , 904 (100) [M�6(C5H9O2)]
+ ; MS (MALDI-TOF, di-


thranol): m/z : 1543 [M+K]+, 1527 [M+Na]+ ; monoisotopic mass calcd
for C84H129N9NaO15


+ : 1526.95, found: 1526.94.


(N)66D1: 1,3,5-tris[3,5-bis(3-aminopropyl)-N-propylbenzamide]benzene
hexatrifluoroacetate (8): The Boc-protected G1 dendrimer 7 (336 mg,
223 mmol) was dissolved in a small amount of dichloromethane (10 mL).
Trifluoroacetic acid (2 mL) was added, and the reaction mixture was stir-
red for 1 h at room temperature. After complete reaction (TLC) the sol-
vent was removed in vacuo to give the deprotected dendrimer (348 mg,
219 mmol; 98.2%) as a colorless oil which could be lyophilized from
water. M.p. 97 8C; 1H NMR (250 MHz, [D4]methanol): d=2.02 (m, 6H
+ 12H; CH2), 2.69 (t, 3J(H,H)=7.4 Hz, 6H; CH2Ar), 2.79 (t, 3J(H,H)=
7.8 Hz, 12H; CH2Ar), 2.99 (t, 3J(H,H)=7.5 Hz, 12H; CH2N), 3.44 (t,
3J(H,H)=7.1 Hz, 6H; CH2N), 6.97 (s, 3H; ArH), 7.33 (s, 3H; ArH),
7.57 ppm (s, 6H; ArH); 13C NMR (63 MHz, [D4] methanol): d=30.12
(CH2), 32.21 (CH2), 33.28 (CH2), 34.33 (CH2), 40.26 (CH2), 40.87 (CH2),
126.30 (ArC), 127.26 (ArC), 132.66 (ArC), 136.58 (ArC), 142.71 (ArC),
143.23 (ArC), 170.24 ppm (CON); MS (FAB+ , DMSO/2-nitrophenol):
m/z (%): 927 (3.3) [M+Na]+ , 905 (15.6) [M+H]+ , 219 (100)
[C13H19N2O]+ ; MS (MALDI-TOF, CCA): m/z : monoisotopic mass calcd
for C54H82N9O3


+ : 904.65, found: 904.85 [M+H]+ .


(Boc-N)1212D2 : 1,3,5-Tris(3,5-bis{3,5-bis[(tert-butyloxycarbonylamino)-
propyl]-N-propylbenzamide}-N-propylbenzamide)benzene (9): The G2
acid 4 (830 mg, 800 mmol) was dissolved in dry dichloromethane. HOBt
(130 mg, 851 mmol) was added, and the reaction mixture was stirred for
15 min at room temperature. The mixture was cooled down to �20 8C
and EDC (171 mg, 890 mmol) was added. The solution was stirred for an
additional 2 h and allowed to warm up to room temperature. After com-
plete reaction (TLC) the mixture was cooled down to �30 8C and
(381 mL, 290 mg, 2.24 mmol) DIPEA was added. The trisamine core 4
(65.0 mg, 180 mmol) was dissolved in a small amount of dry methanol
and slowly added to the reaction mixture under vigorous stirring. The sol-
ution was stirred for an additional 12 h and during that time allowed to
warm up to room temperature. Afterwards the mixture was washed twice
with sodium hydrogencarbonate solution and once with brine. The organ-
ic layer was dried over magnesium sulfate, and the solvent removed in
vacuo. The crude product was purified by column chromatography (silica
gel, dichloromethane containing 4% methanol as eluent) to afford
(526 mg, 154 mmol; 85.6%) of the G2 dendrimer 9 as a colorless foam.
Rf=0.19 (dichloromethane/methanol=19:1/v:v); m.p. 106 8C; 1H NMR
(500 MHz, CDCl3): d=1.38 (s, 108H; CH3), 1.69 (quin, 3J(H,H)=7.4 Hz,
24H; CH2), 1.82 (m, 12H; CH2), 1.86 (m, 6H; CH2), 2.52 (m, 24H +


12H + 6H; CH2Ar), 3.29 (m, 24H; CH2N), 3.31 (m, 12H; CH2N), 3.37
(m, 6H; CH2N), 4.94 (s, br, 12H; NH), 6.83 (s, 3H; ArH), 7.00 (s, 3H;
ArH), 7.03 (s, 6H; ArH), 7.28 (s, br, 6H + 3H; NH), 7.31 (s, 6H; ArH),
7.43 ppm (s, 12H; ArH); 13C NMR (126 MHz, CDCl3): d=28.43 (CCH3),
29.68 (CH2), 30.74 (CH2), 31.33 (CH2), 32.51 (CH2), 32.85 (CH2), 33.37
(CH2), 39.32 (CH2), 39.66 (CH2), 53.40 (CH2), 79.06 (CCH3), 124.91
(ArC), 126.33 (ArC), 131.38 (ArC), 131.63 (ArC), 134.73 (ArC), 134.83
(ArC), 141.75 (ArC), 141.84 (ArC), 141.95 (ArC) 142.04 (ArC), 156.16
(CONBoc), 167.86 (CON), 167.96 ppm (CON); MS (MALDI-TOF, IAA):
m/z : 3452 [M+K]+ , 3436 [M+Na]+ ; monoisotopic mass calcd for
C192H285N21NaO33


+ : 2436.12, found: 2436.29.


(N)1212D2 : 1,3,5-Tris{3,5-bis[3,5-bis(3-aminopropyl)-N-propylbenza-
mide]-N-propylbenzamide}benzene dodecatrifluoroacetate (10): The
Boc-protected G2 dendrimer 9 (180 mg, 54.1 mmol) was dissolved in di-
chloromethane (8 mL). Trifluoroacetic acid (2 mL) was added, and the
reaction mixture was stirred for 2 h at room temperature. After complete
reaction (TLC) the solvent was removed in vacuo to give the deprotected
dendrimer (192 mg, 53.6 mmol, 99.1%) as a colorless oil which could be
lyophilized from water. M.p. 110±112 8C; 1H NMR (500 MHz, [D4]metha-
nol): d=1.97 (m, 18H; H-4 + H-10), 2.02 (m, 24H; H-10’) 2.67 (t,
3J(H,H)=7.4 Hz, 6H; H-3), 2.73 (t, 3J(H,H)=7.6 Hz, 12H; H-9), 2.77 (t,
3J(H,H)=7.8 Hz, 24H; H-9’), 2.98 (t, 3J(H,H)=7.7 Hz, 24H; H-11’), 3.43
(m, 18H; H-11 + H-5), 6.96 (s, 3H; H-1), 7.30 (s, 3H; H-8), 7.32 (s, 6H;
H-8’), 7.50 (s, 6H; H-8), 7.55 ppm (s, 12H; H-7’); 13C NMR (126 MHz,
[D4]methanol): d=30.11 (C-10’), 31.95 (C-10), 32.04 (C-4), 33.28 (C-9’),
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34.19 (C-9), 34.35 (C-3), 40.27 (C-11’), 40.72 (C-11), 40.86 (C-5), 126.02
(C-7), 126.30 (C-7’), 127.33 (C-1), 132.69 (C-8’), 132.91 (C-8), 136.01 (C-
2±2’’’’), 136.50 (C-2±2’’’’), 142.72 (C-2±2’’’’), 143.25 (C-2±2’’’’), 143.70 (C-2±
2’’’’), 170.22 (C-6,6’), 170.48 ppm (C-6’,6); MS (MALDI-TOF; CCA):
m/z : 2252 [M+K]+, 2236 [M+Na]+ , 2214 [M+H]+ ; monoisotopic mass
calcd for C132H190N21O9


+ : 2213.51, found: 2213.55.


(Boc-Met)33D0 : 1,3,5-tris-[l-(3-methylsulfanyl-1-propylcarbamoylpro-
pyl)carbamic acid tert-butyl ester]benzene (12a): The hydroxysuccini-
mide ester 11a (3.74 g, 10.8 mmol) was dissolved in dry dichloromethane
under a nitrogen atmosphere, and the solution was cooled down to
�10 8C. Afterwards DIPEA (1.57 mL, 1.16 g, 9.00 mmol) and a solution
of core 4 (1.08 g, 3.00 mmol) in dry methanol was added dropwise. The
reaction mixture was stirred for an additional 12 h, and during that time
allowed to warm up to room temperature. After complete reaction the
mixture was washed twice with sodium hydrogencarbonate solution and
once with brine, and dried over magnesium sulfate. The solvent was re-
moved under reduced pressure, and the crude product was subsequently
purified by column chromatography (silica gel, dichloromethane contain-
ing 2% methanol as eluent) under a nitrogen atmosphere. The procedure
yielded 12a (2.40 g, 2.54 mmol, 84.7%) as a colorless foam. Rf=0.32 (di-
chloromethane/methanol=19:1/v:v); m.p. 162 8C; 1H NMR (500 MHz,
CDCl3): d=1.41 (s, 27H; CCH3), 1.80 (m, 6H; CH2), 1.98 (m, 3H;
CHCH2), 2.03 (m, 3H; CHCH2), 2.08 (s, 9H; SCH3), 2.55 (m, 6H + 6H;
CH2Ar + CH2S), 3.17 (m, 6H; CH2N), 4.34 (m, br, 3H; CH), 5.80 (s, br,
3H; NH), 6.77 (s, 3H; ArH), 7.17 ppm (s, br, 3H; NH); 13C NMR
(126 MHz, CDCl3): d=15.31 (SCH3), 28.36 (CCH3), 30.26 (CH2S), 30.51
(CH2), 31.98 (CHCH2), 32.28 (CH2Ar), 38.34 (CH2N), 53.61 (CH), 79.91
(CCH3), 126.45 (ArC), 141.24 (ArC), 155.90 (CONBoc), 171.98 ppm
(CON); MS (FAB+ , MNBA/ethanol): m/z (%): 965 (1.5) [M+Na]+ , 943
(2.4) [M+H]+ , 57 (100) [C4H9]


+ ; elemental analysis calcd (%) for
C45H78N6O9S3 (943.3): C 57.29, H 8.33, N 8.91, S 10.20; found: C 57.24, H
8.29, N 8.81, S 10.26.


(Boc-Phe)33D0 : 1,3,5-tris-[l-(2-phenyl-1-propylcarbamoylethyl)-carbam-
ic acid tert-butyl ester]benzene (12b): The hydroxysuccinimide ester 11b
(3.91 g, 10.8 mmol) was dissolved in dry dichloromethane under a nitro-
gen atmosphere and cooled down to 0 8C. Subsequently DIPEA
(1.57 mL, 1.16 g, 9.00 mmol) and a solution of 4 (1.08 g, 3.00 mmol) in
dry methanol were added dropwise. The reaction mixture was stirred for
additional 12 h, and during that time allowed to warm up to room tem-
perature. After complete reaction the mixture was washed twice with
sodium hydrogencarbonate solution and once with brine, dried over mag-
nesium sulfate, and the solvent was evaporated in vacuo. Column chro-
matography (silica gel; dichloromethane containing 3% methanol as
eluent) afforded 12b (2.37 g, 2.39 mmol, 79.7%) as a colorless solid. Rf=


0.46 (dichloromethane/methanol=19:1/v:v); m.p. 190 8C; 1H NMR
(500 MHz, CDCl3): d=1.34 (s, 27H; CH3), 1.65 (m, 6H; CH2), 2.39 (t,
3J(H,H)=6.4 Hz, 6H; CH2Ar), 3.02 (m, 6H; CH2N), 3.02 (m, 6 H +


3H; CH2N + CHCH2), 3.10 (m, 3H; CHCH2), 4.44 (m, br, 3H; CH),
5.64 (s, br, 3H; NH), 6.67 (s, 3H; ArH), 6.81 (s, br, 3H; NH), 7.19 ppm
(m, 15H; ArHphe);


13C NMR (127 MHz, CDCl3): d=28.31 (CCH3), 30.45
(CH2), 32.25 (CH2Ar), 38.29 (CHCH2), 38.95 (CH2N), 55.42 (CH), 79.84
(CCH3), 126.31 (ArC), 126.65 (ArCphe), 128.40 (ArCphe), 129.35 (ArCphe),
137.05 (ArCphe), 141.05 (ArC), 155.52 (CONBoc), 171.69 ppm (CON); MS
(FAB+ , MNBA/methanol/DMSO): m/z (%): 1013 (0.3) [M+Na]+ , 991


(0.9) [M+H]+ , 120 (100) [C8H10N]+ ; elemental analysis calcd (%) for
C57H78N6O9 (991.3): C 69.06, H 7.93, N 8.48; found: C 69.10, H 7.83, N
8.29.


(Boc/tBu-Asp)33D0 : 1,3,5-tris-(l-3-tert-butoxycarbonylamino-N-propyl-
succinamic acid tert-butyl ester)benzene (12c): The hydroxysuccinimide
ester 11c (2.67 g, 6.90 mmol) was dissolved in dry dichloromethane and
cooled down to �10 8C. DIPEA (1.02 mL, 775 mg, 6.00 mmol) and a solu-
tion of core 4 (718 mg, 2.00 mmol) in dry methanol were added dropwise.
The reaction mixture was stirred for additional 12 h, and during that time
allowed to warm up to room temperature. After complete reaction the
mixture was washed twice with sodium hydrogencarbonate solution and
once with brine, dried over magnesium sulfate, and the solvent was
evaporated in vacuo. Column chromatography (silica gel, dichlorome-
thane containing 3% methanol as eluent) afforded pure 12c (1.88 g,
1.77 mmol; 88.5%) as a colorless foam. Rf=0.39 (dichloromethane/meth-
anol=19:1/v:v); m.p. 80 8C; 1H NMR (500 MHz, CDCl3): d=1.42 (s,
27H; CH3), 1.43 (s, 27H; CH3), 1.79 (quin, 3J(H,H)=7.2 Hz, 6H; CH2),
2.55 (t, 3J(H,H)=7.4 Hz, 6H; CH2Ar), 2.62 (dd, 2J(H,H)=16.7 Hz,
3J(H,H)=6.7 Hz, 3H; CHCH2), 2.80 (dd, 2J(H,H)=16.7 Hz, 3J(H,H)=
5.0 Hz, 3H; CHCH2), 3.19 (q, 3J(H,H)=6.6 Hz, 6H; CH2NH), 4.42 (m,
br, 3H; CH), 5.79 (s, br, 3H; CHNH), 6.71 (s, br, 3H; CONH), 6.78 ppm
(s, 3H; ArH); 13C NMR (126 MHz, CDCl3): d=28.02 (CCH3), 28.32
(CCH3), 30.81 (CH2), 32.56 (CH2Ar), 37.49 (CHCH2), 38.75 (CH2N),
50.85 (CH), 80.26 (CCH3), 81.45 (CCH3), 126.31 (ArC), 141.42 (ArC),
155.57 (CONBoc), 170.93 (COtBu), 171.09 ppm (CON); MS (FAB+ ,
MNBA/DCM): m/z (%): 1064 (0.4) [M+H]+ , 964 (2.3) [M�C5H8O2]


+ , 57
(100) [C4H9]


+ ; elemental analysis calcd (%) for C54H90N6O15 (1063.3): C
61.00, H 8.53, N 7.90; found: C 60.84, H 8.22, N 7.73.


(Met)33D0 : 1,3,5-tris(l-2-amino-4-methylsulfanyl-N-propylbutyramide)-
benzene tristrifluoroacetate (13a): Under a nitrogen atmosphere den-
drimer 12a (755 mg, 800 mmol) was dissolved in a ’cleavage cocktail’ mix-
ture of dichloromethane/trifluoroacetic acid/ethanedithiol/thioanisole/
methanol/triisopropylsilane (50:37.5:5:5:2:0.5/v:v), and stirred for 1 h at
room temperature. After complete reaction (TLC) the ’cleavage cocktail’
mixture was removed in vacuo to give the deprotected methionine G0
dendrimer 13a (778 mg, 790 mmol; 98.8%) as a colorless oil, which could
be lyophilized from water. M.p. 84±86 8C; 1H NMR (500 MHz, [D4]meth-
anol): d=1.87 (quin, 3J(H,H)=7.4 Hz, 6H; CH2), 2.16 (s, 9H; SCH3),
2.17 (m, 6H; CHCH2), 2.62 (m, 6H; SCH2), 2.65 (m, 6H; CH2Ar), 3.25
(m, 3H; CH2N), 3.34 (m, 3H; CH2N), 3.99 (t, 3J(H,H)=6.6 Hz, 3H;
CH), 6.92 ppm (s, 3H; ArH); 13C NMR (127 MHz, [D4]methanol): d=
15.16 (SCH3), 29.93 (SCH2), 32.10 (CH2), 32.19 (CHCH2), 34.10
(CH2Ar), 40.37 (CH2NH), 53.87 (CH), 127.28 (ArC), 143.06 (ArC),
169.68 ppm (CON); MS (EI, 80 eV, 290 8C): m/z (%): 642 (6.5) [M]+ , 539
(88.2) [M�C4H9NS]+ , 350 (100) [M�C12H26N3OS2]


+ ; HRMS: m/z : mon-
oisotopic mass calcd for C27H48N6O3S2


+ : 568.32366 [M�C3H6S]
+ , found:


568.32294.


(Phe)33D0 : 1,3,5-Tris(l-2-amino-3-phenyl-N-propylpropionamide)ben-
zene tristrifluoroacetate (13b): The l-phenylalanine G0 dendrimer 12b
(991 mg, 1.00 mmol) was dissolved in dichloromethane/methanol=19:1/
v:v (40 mL). Trifluoroacetic acid (5 mL) was added, and the reaction mix-
ture was stirred at room temperature for 1 h. After complete reaction
(TLC) the solvent was removed in vacuo to afford the deprotected l-


phenylalanine dendrimer 13b (1.02 g, 987 mmol; 98.7%) as a colorless
solid. M.p. 115±117 8C; 1H NMR (500 MHz, [D4]methanol): d=1.72
(quin, 3J(H,H)=7.5 Hz, 6H; CH2), 2.49 (t, 3J(H,H)=7.6 Hz, 6H;
CH2Ar), 3.15 (m, 3H; CH2N), 3.16 (m, 3H; CH2N), 3.26 (m, 6H;
CHCH2), 4.09 (t, 3J(H,H)=7.5 Hz, 3H; CH), 6.81 (s, 3H; ArH), 7.32 (m,
9H; ArHphe), 7.35 ppm (m, 6H; ArHphe);


13C NMR (127 MHz, [D4]meth-
anol): d=32.16 (CH2), 34.22 (CH2Ar), 39.02 (CH2N), 40.54 (CHCH2),
56.15 (CH), 127.48 (ArC), 129.08 (ArCphe), 130.33 (ArCphe), 130.80
(ArCphe), 136.02 (ArCphe), 143.21 (ArC), 169.73 ppm (CON); MS (EI,
80 eV, 150±180 8C): m/z (%): 690 (2.8) [M]+ , 513 (59.3) [M�C10H13N2O]+


, 44 (100) [C3H8]
+ ; HRMS: m/z : monoisotopic mass calcd for


C42H54N6O3: 690.42622, found: 690.42572.


(Asp)33D0 : 1,3,5-Tris(l-3-amino-N-propylsuccinamic acid)benzene tris-
trifluoroacetate (13c): Trifluoroacetic acid (4 mL) was added to a solu-
tion of 12c (106 mg, 100 mmol) in dichloromethane (10 mL), and the re-
action mixture was stirred for 2 h at room temperature. After complete
reaction (TLC) the solvent was removed in vacuo to yield the deprotect-
ed aspartic acid G0 dendrimer (92 mg, 98 mmol; 98%) as a colorless oil,
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which could be lyophilized from water. M.p. 106±109 8C; 1H NMR
(500 MHz, [D4]methanol): d=1.86 (quin, 3J(H,H)=7.3 Hz, 6H; CH2),
2.64 (t, 3J(H,H)=7.6 Hz, 6H; CH2Ar), 2.87 (dd, 2J(H,H)=17.5 Hz,
3J(H,H)=7.8 Hz, 3H; CHCH2), 2.94 (dd, 2J(H,H)=17.6 Hz, 3J(H,H)=
5.2 Hz, 3H; CHCH2), 3.23 (m, 3H; CH2N), 3.31 (m, 3H; CH2N), 4.19
(m, 3H; CH), 6.92 ppm (s, 3H; ArH); 13C NMR (63 MHz, [D4]metha-
nol): d=31.92 (CH2), 33.85 (CH2), 36.41 (CH2), 40.27 (CH2), 51.22 (CH),
127.39 (ArC), 143.00 (ArC), 169.19 (CON), 173.12 ppm (COO); MS
(FAB-, MNBA/methanol): m/z (%): 593 (2.3) [M�H]� , 113 (89.9)
[C4H5N2O2]


� ; monoisotopic mass calcd for C27H41N6O9
� : 593.3, found:


593.3 [M�H]� .


(Boc-Dpa)33D0 : 1,3,5-tris[(2-tert-butoxycarbonylamino-1-propylcarba-
moylethyl)carbamic acid tert-butyl ester]benzene (15): A solution of 14
(4.11 g, 13.5 mmol) in a mixture of dry dichloromethane/DMF (14:1/v:v)
was cooled down to - 20 8C. DIPEA (2.30 mL, 1.74 g, 13.5 mmol) and a
solution of TBTU (4.43 g, 14.1 mmol) in DMF were added slowly and al-
lowed to warm to room temperature. The reaction mixture was stirred at
room temperature for additional 30 min, cooled down to �20 8C again,
followed by the dropwise addition of DIPEA (3.80 mL, 2.91 g;
22.5 mmol) and a solution of the trishydrochloride core 4 (1.08 g,
3.00 mmol) in dry methanol. The mixture was stirred for additional 12 h
and during that time allowed to warm to room temperature. After com-
plete reaction (TLC), the mixture was washed twice with sodium hydro-
gencarbonate solution, once with brine, and dried over magnesium sul-
fate. The solvent was removed under reduced pressure and column chro-
matography (silica gel, dichloromethane containing 4% methanol as
eluent) afforded the desired product (2.66 g, 2.40 mmol, 80.0%) as a col-
orless foam. Rf=0.21 (dichloromethane/methanol=19:1/v:v); m.p.
113 8C; 1H NMR (500 MHz, CDCl3): d=1.38 (s, 27H; CH3), 1.40 (s, 27H;
CH3), 1.79 (m, 6H; CH2), 2.54 (t, 3J(H,H)=7.0 Hz, 6H; CH2Ar), 3.14
(m, 6H; CH2N), 3.44 (m, 6H; CHCH2), 4.26 (m, br, 3H; CH), 5.56 (s, br,
3H; NHBoc), 6.05 (s, br, 3H; NHBoc), 6.79 (s, 3H; ArH), 7.08 ppm (s, br,
3H; CONH); 13C NMR (127 MHz, CDCl3): d=28.30 (CCH3), 30.39
(CH2), 32.08 (CH2Ar), 38.14 (CH2N), 42.56 (CHCH2), 55.60 (CH), 77.25
(CCH3), 79.66 (CCH3), 126.52 (ArC), 141.14 (ArC), 156.10 (CONBoc),
157.05 (CONBoc), 170.75 ppm (CON); MS (FAB+ , MNBA/DCM/metha-
nol): m/z (%): 1131 (0.9) [M+Na]+ , 1009 (4.8) [M�C5H8O2+H]+ , 609
(2.2) [M�5(C5H8O2)+H]+ , 508 (21.2) [M�6( C5H8O2)]


+ , 57 (100)
[C4H9]


+ ; elemental analysis calcd (%) for C54H93N9O15 (1108.4): C 58.52,
H 8.46, N 11.37; found: C 58.31, H 8.23, N 11.33.


(Dpa)33D0 : 1,3,5-tris(2,3-diamino-N-propylpropionamide)benzene hexa-
trifluoroacetate (16): Trifluoroacetic acid (5 mL) was added to a solution
of the Boc-protected diaminopropionic acid G0 dendrimer 15 (554 mg,
500 mmol) in dichloromethane (10 mL), and the mixture was stirred for
1 h at room temperature. After complete reaction (TLC) the solvent and
the excess of trifluoroacetic acid were removed in vacuo. Lyophilization
from water yielded deprotected 16 (595 mg, 499 mmol; 99.8%) as a color-
less solid. M.p. 101±103 8C; 1H NMR (500 MHz, [D4]methanol): d=1.89
(quin, 3J(H,H)=7.4 Hz, 6H; CH2), 2.66 (t, 3J(H,H)=7.7 Hz, 6H;
CH2Ar), 3.25 (m, 3H; CH2N), 3.38 (m, 3H; CHCH2), 3.40 (m, 3H;
CH2N), 3.47 (dd, 2J(H,H)=13.7 Hz, 3J(H,H)=5.5 Hz, 3H; CHCH2), 4.19
(t, 3J(H,H)=6.0 Hz, 3H; CH), 6.94 ppm (s, 3H; ArH); 13C NMR
(63 MHz, [D4]methanol): d=31.77 (s, CH2), 33.97 (s, CH2Ar), 40.65 (s,
CH2N), 41.13 (s, CHCH2), 52.23 (s, CH), 118.03 (q, 1J(C,F)=294.4 Hz,
CF3CO2H), 127.34 (s, ArC), 142.97 (s, ArC), 163.35 (q, 2J(C,F)=34.2 Hz,
CF3CO2H), 166.99 ppm (s, CON); MS (FAB+ , MNBA/DMSO): m/z
(%): 640 (1.1) [M+Cs]+ , 508 (3.2) [M+H]+ ; elemental analysis calcd
(%) for C36F18H51N9O15 (1191.8): C 36.28, H 4.31, N 10.58; found: C
35.89, H 4.38, N 10.70.


3,5-Bis[l-(3-methylsulfanyl-1-propylcarbamoylpropyl)carbamic acid tert-
butyl ester]benzoic acid ethyl ester (18a): The Boc-l-methionine hydrox-
ysuccinimide ester 11a (1.59 g, 4.60 mmol) was dissolved in dry dichloro-
methane under a nitrogen atmosphere, and cooled down to �10 8C.
DIPEA (680 mL, 517 mg; 4.00 mmol) and the G1 hydrochloride 17
(675 mg, 2.00 mmol) dissolved in dry methanol were added dropwise.
The reaction mixture was allowed to warm up to room temperature
while being stirred for additional 12 h. After complete reaction (TLC)
the organic layer was washed twice with sodium hydrogencarbonate solu-
tion and once with brine. The organic phase was subsequently dried over
magnesium sulfate, and the solvent was removed in vacuo. The crude
product was purified by column chromatography (silica gel, dichlorome-


thane containing 2±3% methanol as eluent) to afford the desired product
(1.15 g, 1.58 mmol, 79.0%) as a colorless foam. Rf=0.09 (dichlorome-
thane/methanol=49:1/v:v); m.p. 75 8C; 1H NMR (500 MHz, CDCl3): d=
1.34 (t, 3J(H,H)=7.1 Hz, 3H; CH2CH3), 1.37 (s, 18 H CCH3), 1.81 (quin,
3J(H,H)=7.0 Hz, 4H; CH2), 1.92 (m, 2H; CHCH2), 2.02 (m, 2H;
CHCH2), 2.05 (s, 6H; SCH3), 2.51 (t, 3J(H,H)=7.3 Hz, 4H; CH2Ar), 2.61
(m, 4H; SCH2), 3.15 (m, 4H; CH2N), 4.29 (m, br, 2H; CH), 4.31 (q,
3J(H,H)=7.1 Hz, 2H; CH2CH3), 5.69 (d, br, 3J(H,H)=6.1 Hz, 2H;
CHNH), 7.05 (s, br, 2H; CONH), 7.14 (s, 1H; ArH), 7.62 ppm (s, 1H;
ArH); 13C NMR (63 MHz, CDCl3): d=14.26 (CH2CH3), 15.24 (SCH3),
28.28 (CCH3), 30.23 (CH2), 30.44 (CH2), 32.00 (CH2), 32.11 (CH2), 38.16
(CH2), 53.62 (CH), 60.83 (CH2CH3), 79.83 (CCH3), 127.16 (ArC), 130.78
(ArC), 133.60 (ArC), 141.42 (ArC), 155.89 (CONBoc), 166.63 (CON),
172.09 ppm (COO); MS (FAB+ , MNBA/DCM): m/z (%): 727 (10.3)
[M+H]+ , 627 (22.2) [M�C5H9O2+H]+ , 527 (62.0) [M�2(C5H9O2)+H]+ ,
57 (100) [C4H9]


+ ; elemental analysis calcd (%) for C35H58N4O8S2 (727.0):
C 57.82, H 8.04, N 7.71; found: C 57.54, H 7.94, N 7.60.


3,5-Bis[l-(2-phenyl-1-propylcarbamoylethyl)carbamic acid tert-butyl es-
ter]benzoic acid ethyl ester (18b): A solution of the Boc-l-phenylalanine
hydroxysuccinimide ester 11b (5.22 g, 14.4 mmol) in dry dichloromethane
was cooled down to 5 8C. DIPEA (2.09 mL, 1.55 g, 12.0 mmol) and the
bishydrochloride dendron 17 (2.02 g, 6.00 mmol), dissolved in dry metha-
nol, were added slowly. The reaction mixture was allowed to warm up to
room temperature slowly and was stirred for an additional 12 h. After
complete reaction (TLC) the organic layer was washed twice with
sodium hydrogencarbonate solution and once with brine. The organic
phase was subsequently dried over magnesium sulfate. The solvent was
evaporated under reduced pressure, and column chromatography (silica
gel, dichloromethane containing 2% methanol as eluent) afforded the
Boc-l-phenylalanine dendron (3.72 g, 4.90 mmol; 81.7%) as a colorless
solid. Rf=0.59 (dichloromethane/methanol=19:1/v:v); m.p. 121 8C;
1H NMR (250 MHz, CDCl3): d=1.35 (s, 18H; CCH3), 1.36 (t, 3J(H,H)=
7.3 Hz, 3H; CH2CH3), 1.69 (m, 4H; CH2), 2.47 (t, 3J(H,H)=7.0 Hz, 4H;
CH2Ar), 3.03 (m, 4H; CH2N), 3.05 (m, 4H; CHCH2), 4.40 (m, br, 2H;
CH), 4.33 (q, 3J(H,H)=7.1 Hz, 2H; CH2CH3), 5.61 (d, br, 3J(H,H)=
5.9 Hz, 2H; CHNH), 6.68 (s, br, 2H; CONH), 7.05 (s, 1H; ArH), 7.19
(m, 10H; ArHPhe), 7.60 ppm (s, 2H; ArH); 13C NMR (63 MHz, CDCl3):
d=14.33 (CH2CH3), 28.31 (CCH3), 30.42 (CH2), 32.11 (CH2), 38.25
(CH2), 38.82 (CH2), 52.00 (CH), 60.87 (CH2CH3), 79.98 (CCH3), 126.78
(ArC), 127.16 (ArC), 128.51 (ArC), 129.34 (ArC), 130.84 (ArC), 133.57
(ArC), 136.98 (ArC), 141.47 (ArC), 155.61 (CONBoc), 166.69 (CON),
171.64 ppm (COO); MS (FAB+ , MNBA/DCM): m/z (%): 781 (0.2)
[M+Na]+ , 759 (5.0) [M+H]+ , 659 (11.2) [M�C5H9O2+H]+ , 559 (35.8)
[M�2(C5H9O2)+H]+ , 120 (100) [C8H10N]+ , 57 (70.1) [C4H9]


+ ; elemental
analysis calcd (%) for C43H58N4O8 (758.9): C 68.05, H 7.70, N 7.38;
found: C 67.79, H 7.66, N 7.31.


3,5-Bis[l-(3-methylsulfanyl-1-propylcarbamoylpropyl)carbamic acid tert-
butyl ester]benzoic acid (19a): The l-methionine G1 dendron 18a
(2.18 g, 3.00 mmol) was dissolved in methanol/water/THF (3:1:1/v:v)
under a nitrogen atmosphere, a 1m KOH solution (24.0 mL, 24.0 mmol)
was added, and the reaction mixture was subsequently heated to 40 8C
for 12 h. After complete reaction (TLC), acetic acid was added to give
pH 5, and the product subsequently extracted with dichloromethane. The
united organic layers were dried over magnesium sulfate and the solvent
was removed in vacuo. Chromatographic workup (silica gel, dichlorome-
thane containing 4% methanol as eluent) gave the desired product
(1.68 g, 2.40 mmol; 80.0%) as a colorless foam. Rf=0.11 (dichlorome-
thane/methanol=19:1/v:v); m.p. 89 8C; 1H NMR (250 MHz, [D4]metha-
nol): d=1.48 (s, 18H; CCH3), 1.88 (m, 4H; CH2), 1.91 (m, 2H; CHCH2),
2.03 (m, 2H; CHCH2), 2.08 (s, 6H; SCH3), 2.53 (m, 4H; SCH2), 2.67 (t,
3J(H,H)=7.8 Hz, 4H; CH2Ar), 3.22 (m, 4H; CH2N), 4.14 (t, 3J(H,H)=
6.7 Hz, 2H; CH), 7.30 (s, 1H; ArH), 7.69 (s, 2H; ArH), 8.05 ppm (m, br,
2H; CONH); 13C NMR (63 MHz, [D4]methanol): d=15.39 (SCH3), 28.71
(CCH3), 31.15 (CH2), 31.15 (CH2), 31.85 (CH2), 32.95 (CH2), 33.59
(CH2), 55.12 (CH), 80.68 (CCH3), 128.31 (ArC), 131.98 (ArC), 134.37
(ArC), 143.22 (ArC), 157.51 (CONBoc), 169.98 (CON), 174.43 ppm
(COO); MS (FAB+ , MNBA/DCM): m/z (%): 699 (4.8) [M+H]+ , 599
(7.9) [M�C5H9O2+H]+ , 499 (23.5) [M�2(C5H9O2)+H]+ , 57 (100)
[C4H9]


+ ; monoisotopic mass calcd for C33H55N4O8S2
+ : 699.4, found: 699.5


[M+H]+ .
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3,5-Bis[l-(2-phenyl-1-propylcarbamoylethyl)carbamic acid tert-butyl es-
ter]benzoic acid (19b): A 1m KOH solution (13.6 mL, 13.6 mmol) was
added to a solution of the phenylalanine G1 dendron 18b (1.29 g,
1.70 mmol) in methanol/water/THF (3:1:1), and the reaction mixture was
stirred at 50 8C for 12 h. After complete saponification (TLC), acetic acid
was added to give pH 5. The product was subsequently extracted with di-
chloromethane, and the organic phases were dried with magnesium sul-
fate. Evaporation of the solvent and subsequent chromatographic purifi-
cation (silica gel, dichloromethane containing 4% methanol) afforded
the G1 acid 19b (1.15 g, 1.57 mmol, 92.4%) as a colorless foam. Rf=0.25
(dichloromethane/methanol=19:1/v:v); m.p. 152 8C; 1H NMR (250 MHz,
[D4]methanol): d=1.41 (s, 18H; CCH3), 1.75 (quin, 3J(H,H)=7.3 Hz,
4H; CH2), 2.59 (t, 3J(H,H)=7.7 Hz, 4H; CH2Ar), 2.90 (m, 2H; CHCH2),
3.06 (m, 2H; CHCH2), 3.19 (m, 4H; CH2N), 4.32 (t, 3J(H,H)=7.3 Hz,
2H; CH), 7.25 (s, 1H; ArH), 7.28 (m, 10H; ArHphe), 7.70 (s, 2H; ArH),
8.00 ppm (m, br, CONH); 13C NMR (63 MHz, [D4]methanol): d=28.67
(CCH3), 31.88 (CH2), 33.65 (CH2), 39.52 (CH2), 39.84 (CH2), 57.62 (CH),
80.66 (CCH3), 127.75 (ArC), 128.37 (ArC), 129.44 (ArC), 130.39 (ArC),
132.11 (ArC), 134.46 (ArC), 138.55 (ArC), 143.46 (ArC), 157.46
(CONBoc), 170.09 (CON), 174.17 ppm (COO); MS (FAB+ , MNBA/
DCM): m/z (%): 753 (6.9) [M+Na]+ , 731 (14.2) [M+H]+ , 631 (19.6)
[M�C5H9O2+H]+ , 531 (67.8) [M�2(C5H9O2)+H]+ , 120 (100) [C8H10N]+ ,
57 (38.2) [C4H9]


+ ; monoisotopic mass calcd for C41H54N4NaO8
+ : 753.4,


found: 753.5 [M+Na]+ .


(Boc-Met)66D1: 1,3,5-tris-{3,5-bis[l-(3-methylsulfanyl-1-propylcarba-
moylpropyl)carbamic acid tert-butyl ester]-N-propylbenzamide}benzene
(20a): The G1 acid 19b (1.10 g, 1.58 mmol) was dissolved in dry dichloro-
methane under a nitrogen atmosphere. HOBt (246 mg, 1.61 mmol) was
added, and the mixture was stirred at room temperature for 15 min. Af-
terwards the reaction mixture was cooled down to �20 8C, EDC (323 mg,
1.68 mmol) was added, and the flask was allowed to warm up to room
temperature while being stirred for an additional 2 h. After the active
ester had formed (TLC), the reaction was cooled down to �30 8C,
DIPEA (726 mL, 552 mg, 4.30 mmol), and the trishydrochloride core 4
(123 mg, 340 mmol), dissolved in dry methanol (5 mL), were added drop-
wise. The reaction mixture was stirred for additional 18 h, and during
that time was allowed to warm up to room temperature slowly. After
complete reaction (TLC), the mixture was washed twice with sodium hy-
drogencarbonate solution and once with brine, and the organic layer was
dried over magnesium sulfate. The solvent was evaporated under reduced
pressure and the crude product purified by column chromatography
(silica gel, dichloromethane containing 2% methanol as eluent) to afford
the desired product (421 mg, 184 mmol, 54.1%) as a colorless foam. Rf=


0.21 (dichloromethane/methanol=19:1/v:v); m.p. 171 8C; 1H NMR
(500 MHz, [D4]methanol): d=1.39 (s, 54H; CCH3), 1.80 (m, 12H; CH2),
1.83 (m, 6H; CHCH2), 1.92 (m, 6H; CH2), 1.97 (m, 6H; CHCH2), 2.05
(s, 18H; SCH3), 2.49 (m, 12H; SCH2), 2.63 (m, 6 H + 12H; CH2Ar +


CH2S), 3.17 (m, 12H; CH2N), 3.38 (m, 6H; CH2N), 4.18 (m, br, 6H;
CH), 6.95 (s, 3H; ArH), 7.21 (s, 3H; ArH), 7.46 ppm (s, 6H; ArH);
13C NMR (63 MHz, [D4]methanol): d=15.51 (SCH3), 28.71 (CCH3), 30.94
(CH2), 31.34 (CH2), 31.65 (CH2), 32.84 (CH2), 33.32 (CH2), 33.95 (CH2),
39.37 (CH2), 40.48 (CH2), 54.79 (CH), 80.66 (CCH3), 125.75 (ArC),
126.96 (ArC), 132.53 (ArC), 135.56 (ArC), 142.67 (ArC), 142.74 (ArC),
157.09 (CONBoc), 169.86 (CON), 173.90 ppm (CON); MS (MALDI-TOF,
dithranol): m/z : 2330 [M+K]+ , 2313 [M+Na]+ ; monoisotopic mass calcd
for C114H183N15NaO21S6


+ : 2313.19, found: 2313.55.


(Boc-Phe)66D1: 1,3,5-tris-{3,5-bis[l-(2-phenyl-1-propylcarbamoylethyl)-
carbamic acid tert-butyl ester]-N-propylbenzamide}benzene (20b): HOBt
(297 mg, 2.20 mmol) was added to a solution of the G1 acid 19b
(1.53 mg, 2.10 mmol) in a mixture of dry dichloromethane/DMF (19:1/
v:v), and the reaction mixture was stirred for 15 min at room tempera-
ture. The flask was cooled down to 0 8C, EDC (441 mg, 2.30 mmol) was
added, and the solution was stirred for additional 2 h while warming up
to room temperature. When the formation of the active ester was com-
plete (TLC), the reaction mixture was cooled down to 5 8C again, and
DIPEA (1.03 mL, 763 mg, 5.90 mmol) and the trishydrochloride core 4
(179 mg, 500 mmol), dissolved in dry methanol (5 mL), were added
slowly. The reaction mixture was allowed to warm up to room tempera-
ture slowly while being stirred for additional 18 h. After complete reac-
tion (TLC) the solution was washed twice with sodium hydrogencarbon-
ate solution and once with brine, and the organic layer was dried over


magnesium sulfate. Evaporation of the solvent under reduced pressure
and subsequent purification by column chromatography (silica gel, di-
chloromethane containing 3% methanol as eluent) gave the Boc-protect-
ed phenylalanine-G1-dendrimer 20b (575 mg, 241 mmol, 48.2%) as a col-
orless foam. Rf=0.32 (dichloromethane/methanol=19:1/v:v); m.p.
173 8C; 1H NMR (500 MHz, CDCl3/[D4]methanol): d=1.37 (s, 54H;
CCH3), 1.72 (quin, br, 12H; CH2), 1.96 (quin, 3J(H,H)=7.3 Hz, 6H;
CH2), 2.51 (t, br, 12H; CH2Ar), 2.66 (t, 3J(H,H)=7.5 Hz, 6H; CH2Ar),
2.96 (m, 6H; CHCH2), 3.03 (m, 6H; CHCH2), 3.11 (m, 12H; CH2N),
3.42 (m, 6H; CH2N), 4.31 (m, br, 6H; CH), 6.92 (s, 3H; ArH), 7.06 (s,
3H; ArH), 7.19 (m, 18H; ArHphe), 7.25 (m, 12H; ArHphe), 7.38 ppm (s,
6H; ArH); 13C NMR (127 MHz, [D4]methanol): d=28.50 (CCH3), 30.78
(CH2), 31.30 (CH2), 32.86 (CH2), 33.61 (CH2), 38.94 (CH2), 39.21 (CH2),
40.15 (CH2), 56.47 (CH), 80.44 (CCH3), 125.39 (ArC), 126.68(ArC),
127.20 (ArC), 128.86 (ArC), 129.43 (ArC), 129.70 (ArC), 132.18 (ArC),
135.16 (ArC), 137.32 (ArC), 142.27 (ArC), 156.41 (CONBoc), 169.40
(CON), 172.90 ppm (CON); MS (MALDI-TOF, dithranol): m/z : 2425
[M+K]+ , 2409 [M+Na]+ ; monoisotopic mass calcd for
C114H183N15NaO21S6


+ : 2409.36, found: 2409.36.


(Boc/tBu-Asp)66D1: 1,3,5-tris-[3,5-bis(l-3-tert-butoxycarbonylamino-N-
propylsuccinamic acid tert-butyl ester)-N-propylbenzamide]benzene
(20c): A solution of the l-aspartic acid hydroxysuccinimide ester 11c
(522 mg, 1.35 mmol) in dry dichloromethane was cooled down to �10 8C.
The G1 dendrimer 8 (238 mg, 150 mmol), dissolved in dry methanol
(3 mL), and DIPEA (153 mL, 116 mg, 900 mmol) were added dropwise.
The solution was stirred at �10 8C for 1 h, and was afterwards allowed to
warm up to room temperature slowly while being stirred for an addition-
al 18 h. After complete reaction (TLC) the mixture was washed twice
with sodium hydrogencarbonate solution and once with brine. The organ-
ic phase was dried over magnesium sulfate, the solvent subsequently
evaporated in vacuo, and the crude product was purified by column chro-
matography (silica gel, dichloromethane containing 3% methanol as
eluent) to afford pure 20c (269 mg, 106 mmol; 70.7%) as a colorless
foam. Rf=0.15 (dichloromethane/methanol=19:1/v:v); m.p. 107 8C;
1H NMR (500 MHz, CDCl3): d=1.39 (s, 54H; CCH3), 1.41 (s, 54H;
CCH3), 1.75 (quin, 3J(H,H)=7.0 Hz, 12H; CH2), 1.95 (quin, 3J(H,H)=
7.2 Hz, 6H; CH2), 2.55 (t, 3J(H,H)=7.2 Hz, 12H; CH2Ar), 2.64 (t,
3J(H,H)=7.7 Hz, 6H; CH2Ar), 2.44 (dd, 2J(H,H)=16.8 Hz, 3J(H,H)=
6.3 Hz, 6H; CHCH2), 2.79 (dd, 2J(H,H)=16.6 Hz, 3J(H,H)=5.2 Hz, 6H;
CHCH2), 3.13 (m, 6H; CH2N), 3.19 (m, 6H; CH2N), 3.42 (m, 6H;
CH2N), 4.42 (m, br, 6H; CH), 5.80 (d, br, 3J(H,H)=7.7 Hz, 6H; CHNH),
6.75 (t, br, 3J(H,H)=5.6 Hz, 6H; CONH), 6.90 (s, 3H; ArH), 7.05 (s,
3H; ArH), 7.17 (t, br, 3H; CONH), 7.37 ppm (s, 6H; ArH); 13C NMR
(127 MHz, CDCl3): d=28.02 (CCH3), 28.33 (CCH3), 30.64 (CH2), 30.78
(CH2), 32.28 (CH2), 33.07 (CH2), 37.54 (CH2), 38.43 (CH2), 39.61 (CH2),
51.01 (CH), 80.23 (CCH3), 81.55 (CCH3), 125.07 (ArC), 126.34 (ArC),
131.56 (ArC), 134.86 (ArC), 141.51 (ArC), 141.69 (ArC), 155.59
(CONBoc), 167.95 (CON), 170.97 (COtBu), 171.06 ppm (CON); MS
(MALDI-TOF, dithranol): m/z : 2570 [M+K]+ , 2554 [M+Na]+ ; monoiso-
topic mass calcd for C132H207N15NaO33


+ : 2553.49, found: 2553.59 .


(Met)66D1: 1,3,5-tris-[3,5-bis(l-2-amino-4-methylsulfanyl-N-propylbutyr-
amide)-N-propylbenzamide]benzene hexatrifluoroacetate (21a): The
Boc-protected G1 dendrimer 20a (150 mg, 65.4 mmol) was dissolved in a
’cleavage cocktail’ mixture (10 mL) containing dichloromethane/trifluoro-
acetic acid/ethanedithiol/thioanisole/methanol/triisopropylsilane
(50:37.5:5:5:2:0.5/v:v) under a nitrogen atmosphere, and stirred for 1 h at
room temperature. After complete deprotection (TLC), the ’cleavage
cocktail’ mixture was removed by repeated evaporation under reduced
pressure by using methanol as solvent. The residue was dried under high
vacuum, and lyophilization from water afforded the desired product
(150 mg, 63.1 mmol, 96.5%) as a colorless solid. M.p. 91±92 8C; 1H NMR
(500 MHz, [D4]methanol): d=1.91 (quin, 3J(H,H)=7.4 Hz, 12H; CH2),
1.97 (quin, 3J(H,H)=7.7 Hz, 6H; CH2), 2.14 (s, 18H; SCH3), 2.13 (m,
6H; CHCH2), 2.17 (m, 6H; CHCH2), 2.61 (m, 12H; CH2S), 2.69 (m, 6H;
CH2Ar), 2.72 (m, 12H; CH2Ar), 3.28 (m, 6H; CH2N), 3.33 (m, 6H;
CH2N), 3.43 (t, 3J(H,H)=7.1 Hz, 6H; CH2N), 4.00 (t, 3J(H,H)=6.6 Hz,
6H; CH), 6.97 (s, 3H; ArH), 7.28 (s, 3H; ArH), 7.51 ppm (s, 6H; ArH);
13C NMR (127 MHz, [D4]methanol): d=15.47 (SCH3), 30.25 (SCH2),
32.16 (CH2), 32.41 (CH2), 32.46 (CHCH2), 34.22 (CH2Ar), 34.61
(CH2Ar), 40.55 (CH2N), 41.12 (CH2N), 54.08 (CH), 126.37 (ArC), 127.61
(ArC), 133.13 (ArC), 136.49 (ArC), 143.51 (ArC), 143.75 (ArC), 170.04
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(CON), 170.77 ppm (CON); MS (MALDI-TOF, CCA): m/z : monoisotop-
ic mass calcd for C84H136N15O9S6


+ : 1690.90, found: 1690.91 [M+H]+.


(Phe)66D1: 1,3,5-tris-[3,5-bis(l-2-amino-3-phenyl-N-propylpropiona-
mide)-N-propylbenzamide]benzene hexatrifluoroacetate (21b): Trifluoro-
acetic acid (1.5 mL) was added to a solution of the Boc-protected G1
dendrimer 20b (24 mg, 10 mmol) in dichloromethane (4 mL), and the re-
action mixture was stirred for 1 h at room temperature. When cleavage
of the Boc protecting group was complete (TLC), the solvent was re-
moved in vacuo to yield the deprotected G1l-phenylalanine dendrimer
(25 mg, 9.9 mmol, 99%) after lyophilization from water. M.p. 126±127 8C;
1H NMR (500 MHz, [D4]methanol): d=1.74 (quin, 3J(H,H)=7.4 Hz,
12H; CH2), 1.96 (quin, 3J(H,H)=7.3 Hz, 6H; CH2), 2.56 (t, 3J(H,H)=
7.6 Hz, 12H; CH2Ar), 2.69 (t, 3J(H,H)=7.5 Hz, 6H; CH2Ar), 3.13 (m,
12H; CHCH2), 3.16 (m, 6H; CH2N), 3.27 (m, 6H; CH2N), 3.43 (t,
3J(H,H)=7.1 Hz, 6H; CH2N), 4.08 (t, 3J(H,H)=7.5 Hz, 6H; CH), 6.97 (s,
3H; ArH), 7.16 (s, 3H; ArH), 7.29 (m, 18H; ArHphe), 7.35 (m, 12H;
ArHphe), 7.45 ppm (s, 6H; ArH); 13C NMR (127 MHz, [D4]methanol):
d=31.95 (CH2), 32.49 (CH2), 34.08 (CH2Ar), 34.63 (CH2Ar), 39.05
(CHCH2), 40.44 (CH2N), 41.13 (CH2N), 56.18 (CH), 126.32 (ArC),
127.61 (ArC), 129.14 (ArCphe), 130.37 (ArCphe), 130.80 (ArCphe), 133.08
(ArC), 136.01 (ArCphe), 136.42 (ArC), 143.54 (ArC), 143.68 (ArC), 169.75
(CON), 170.80 ppm (CON); MS (MALDI-TOF, CCA): m/z : 1825
[M+K]+ , 1809 [M+Na]+ , 1787 [M+H]+ ; monoisotopic mass calcd for
C108H136N15O9


+ : 1787.06, found: 1787.21.


(Asp)66D1: 1,3,5-tris[3,5-bis(l-3-amino-N-propylsuccinamic acid)-N-pro-
pylbenzamide]benzene hexatrifluoroacetate (21c): Trifluoroacetic acid
(2 mL) was added to a solution of dendrimer 20c (101 mg, 40.0 mmol) in
dichloromethane (2 mL), and the solution was stirred at room tempera-
ture for 1 h. When the deprotection was complete (TLC), the solvent was
repeatedly removed in vacuo. Lyophilization from water afforded the de-
protected l-aspartic acid dendrimer (91 mg, 40 mmol, 100%) as a color-
less solid. M.p. 155±156 8C; 1H NMR (500 MHz, [D4]methanol): d=1.89
(quin, 3J(H,H)=7.2 Hz, 12H; CH2), 1.97 (quin, 3J(H,H)=7.3 Hz, 6H;
CH2), 2.71 (m, 18H; CH2Ar), 2.93 (dd, 2J(H,H)=17.8 Hz, 3J(H,H)=
7.9 Hz, 6H; CHCH2), 3.00 (dd, 2J(H,H)=17.7 Hz, 3J(H,H)=5.0 Hz, 6H;
CHCH2), 3.26 (m, 6H; CH2N), 3.32 (m, 6H; CH2N), 3.38 (t, 3J(H,H)=
7.1 Hz, 6H; CH2N), 4.17 (m, 6H; CH), 6.92 (s, 3H; ArH), 7.23 (s, 3H;
ArH), 7.45 ppm (s, 6H; ArH); 13C NMR (127 MHz, [D4]methanol): d=
32.08 (CH2), 32.38 (CH2), 34.07 (CH2Ar), 34.65 (CH2Ar), 36.52
(CHCH2), 40.54 (CH2N), 41.22 (CH2N), 51.51 (CH), 126.37 (ArC),
127.62 (ArC), 133.26 (ArC), 136.41 (ArC), 143.52 (ArC), 143.77 (ArC),
169.41 (CON), 170.83 (CON), 173.02 ppm (COO); MS (MALDI-TOF,
CCA): m/z : 1594.9; monoisotopic mass calcd for C78H112N15O21


+ : 1594.82,
found: 1594.85 [M+H]+ .


Ethyl-3,5-bis-[(2-tert-butoxycarbonylamino-2-propylcarbamoylethyl)car-
bamic acid tert-butyl ester]benzoate (22): A solution of the Boc-protect-
ed diaminopropionic acid 14 (3.96 g, 13.0 mmol) in a solvent mixture of
dry dichloromethane/DMF (29:1/v:v) was cooled down to �20 8C. Under
vigorous stirring TBTU (4.34 g, 13.5 mmol), dissolved in DMF, and
DIPEA (2.21 mL, 1.68 g, 13.0 mmol) were added slowly. The reaction
mixture was stirred at �20 8C for additional 30 min, and was then allowed
to warm up to room temperature. After complete formation of the active
ester (TLC), the reaction mixture was cooled down to �20 8C again. The
G1 hydrochloride 17 (1.69 g, 5.00 mmol) was dissolved in a small amount
of dry methanol, and, together with DIPEA (3.91 mL, 2.97 g, 23.0 mmol),
was added to the reaction mixture slowly. The solution was stirred for an
additional 30 min at �20 8C, and was then allowed to warm up to room
temperature slowly. After being stirred for additional 12 h the solution
was washed twice with sodium hydrogencarbonate solution, and once
with brine. The organic phase was dried over magnesium sulfate, the sol-
vent removed in vacuo, and the crude product was purified by column
chromatography (silica gel, dichloromethane containing 3% methanol as
eluent) to give the desired product (3.79 g, 4.52 mmol, 90.4%) as a color-
less solid. Rf=0.31 (dichloromethane/methanol=19:1/v:v); m.p. 147 8C;
1H NMR (250 MHz, [D7]DMF): d=1.40 (t, 3J(H,H)=7.2 Hz, 3H;
CH2CH3), 1.43 (s, 18H; CCH3), 1.45 (s, 18H; CCH3), 1.86 (quin,
3J(H,H)=7.3 Hz, 4H; CH2), 2.75 (t, 3J(H,H)=8.2 Hz, 4H; CH2Ar), 3.27
(m, 4H; CH2N), 3.46 (m, 4H; CHCH2), 4.25 (m, 2H; CH), 4.39 (q,
3J(H,H)=7.3 Hz, 2H; CH2CH3), 6.73 (d, br, 3J(H,H)=7.3 Hz, 2H;
CHNH), 6.86 (t, br, 2H; NHBoc), 7.45 (s, 1H; ArH), 7.74 (s, 2H; ArH),
8.14 ppm (t, br, 2H; CONH); 13C NMR (127 MHz, [D7]DMF): d=14.52


(CH2CH3), 28.44 (CCH3), 31.88 (CH2), 33.16 (CH2), 39.15 (CH2), 42.98
(CH2), 56.37 (CH), 61.30 (CH2CH3), 78.74 (CCH3), 78.99 (CCH3), 127.39
(ArC), 131.19 (ArC), 134.25 (ArC), 143.47 (ArC), 156.28 (CONBoc),
157.08 (CONBoc), 166.89 (COO), 171.04 ppm (CON); MS (FAB+ ,
MNBA/DCM): m/z (%): 859 (1.8) [M+Na]+ , 837 (1.1) [M+H]+, 737
(6.1) [M�C5H9O2+H]+ , 637 (2.0) [M�2.(C5H9O2)+H]+ , 537 (3.9)
[M�3(C5H9O2)+H]+ , 438 (15.2) [M�4(C5H9O2)]


+ , 57 (100) [C4H9]
+ ; el-


emental analysis calcd (%) for C41H68N6O12 (837.0): C 58.83, H 8.19, N
10.04; found: C 58.62, H 7.96, N 10.05.


3,5-Bis-[(2-tert-butoxycarbonylamino-2-propylcarbamoylethyl)carbamic
acid tert-butyl ester]benzoic acid (23): KOH (2.08 g, 37.0 mmol) was
added to a solution of the G1 ester 22 (3.87 g, 4.60 mmol) in methanol/
THF/water (3:1:1), and the reaction mixture was stirred for 12 h at 50 8C.
After complete reaction (TLC) acetic acid was added to give pH 5, and
the desired product was subsequently extracted with dichloromethane.
The combined organic layers were dried over magnesium sulfate, and the
solvent was evaporated in vacuo. Chromatographic separation (silica gel,
dichloromethane containing 5% methanol as eluent) gave the G1 acid
(3.22 g, 3.98 mmol, 86.5%) as a colorless solid. Rf=0.38 (dichlorome-
thane/methanol=9:1/v:v); m.p. 118 8C; 1H NMR (500 MHz, CDCl3): d=
1.37 (s, 18H; CCH3), 1.40 (s, 18H; CCH3), 1.80 (quar, br, 4H; CH2), 2.60
(t, br, 4H; CH2Ar), 3.16 (m, 4H; CH2N), 3.42 (m, 2H; CHCH2), 3.47 (m,
2H; CHCH2), 4.32 (m, 2H; CH), 5.61 (s, br, 2H; NH), 6.13 (d, br, 2H;
NH), 7.19 (s, 1H; ArH), 7.30 (s, br, 2H; NH), 7.65 ppm (s, 2H; ArH);
13C NMR (127 MHz, CDCl3): d=28.30 (CCH3), 30.33 (CH2), 32.09
(CH2), 38.14 (CH2), 42.48 (CH2), 55.41 (CH), 79.75 (CCH3), 80.14
(CCH3), 127.66 (ArC), 130.14 (ArC), 134.25 (ArC), 141.51 (ArC), 156.14
(CONBoc), 157.07 (CONBoc), 169.53 (COO), 170.96 ppm (COO); MS
(FAB+ , MNBA/DCM/methanol): m/z (%): 831 (1.3) [M+Na]+ , 809
(0.1) [M+H]+ , 709 (1.5) [M�C5H9O2+H]+ , 609 (0.8)
[M�2(C5H9O2)+H]+ , 509 (1.7) [M�3(C5H9O2)+H]+ , 409 (20.8)
[M�4(C5H9O2)+H]+ , 57 (100) [C4H9]


+ ; elemental analysis calcd (%) for
C39H64N6O12 (837.0): C 57.90, H 7.97, N 10.39; found: C 57.64, H 7.96, N
10.28.


(Boc-Dpa)66D1: 1,3,5-tris{3,5-bis-[(2-tert-butoxycarbonylamino-2-propyl-
carbamoylethyl)carbamic acid tert-butyl ester]-N-propylbenzamide}ben-
zene (24): The G1 acid 23 (1.46 g, 1.80 mmol) were dissolved in a solvent
mixture of dry dichloromethane/DMF (14:1/v:v), and cooled down to
�10 8C. TBTU (607 mg, 1.90 mmol), dissolved in a small amount of
DMF, and DIPEA (306 mL, 233 mg, 1.80 mmol) were added slowly under
vigorous stirring. The reaction mixture was allowed to warm up to room
temperature, and stirred at room temperature for additional 30 min.
After complete formation of the active ester (TLC), the reaction mixture
was cooled down to 0 8C, and the trishydrochloride core 4 (144 mg,
400 mmol), dissolved in a small amount of dry methanol, and DIPEA
(510 mL, 388 mg, 3.00 mmol) were added dropwise. The mixture was al-
lowed to warm up to room temperature slowly, and was then stirred for
additional 18 h. After the reaction was finished (TLC), the solution was
washed once with sodium hydrogencarbonate solution, and once with
brine. The organic phase was dried with magnesium sulfate. After evapo-
ration of the solvent under reduced pressure, the crude product was puri-
fied by column chromatography (silica gel, dichloromethane containing
5% methanol as eluent) to yield the G1 dendrimer (601 mg, 229 mmol;
57.3%) as a colorless solid. Rf=0.23 (dichloromethane/methanol=9:1/
v:v); m.p. 141 8C; 1H NMR (500 MHz, [D4]methanol): d=1.44 (s, 54H;
CCH3), 1.47 (s, 54H; CCH3), 1.86 (quin, 3J(H,H)=7.1 Hz, 12H; CH2),
1.97 (quin, 3J(H,H)=7.2 Hz, 6H; CH2), 2.68 (m, 18H; CH2Ar), 3.22 (m,
12H; CH2N), 3.32 (m, 6H; CHCH2), 3.41 (m, 6H; CHCH2), 3.43 (m,
6H; CH2N), 4.20 (m, br, 6H; CH), 6.96 (s, 3H; ArH), 7.26 (s, 3H; ArH),
7.48 ppm (s, 3H; ArH); 13C NMR (127 MHz, [D4]methanol): d=29.08
(CCH3), 32.23 (CH2), 32.43 (CH2), 33.98 (CH2Ar), 34.61 (CH2Ar), 40.04
(CH2N), 41.07 (CH2N), 43.52 (CHCH2), 57.21 (CH), 80.77 (CCH3), 81.10
(CCH3), 126.44 (ArC), 127.64 (ArC), 133.36 (ArC), 136.31 (ArC), 143.49
(ArC), 143.73 (ArC), 157.98 (CONBoc), 158.96 (CONBoc), 170.71 (CON),
173.25 ppm (CON); MS (MALDI-TOF, dithranol): m/z : 2660 [M+K]+ ,
2644 [M+Na]+ ; monoisotopic mass calcd for C132H213N21NaO33


+ : 2643.55,
found: 2643.77 [M+Na]+ .


(Dpa)66D1: 1,3,5-tris[3,5-bis-(2,3-diamino-N-propyl-propionamide)-N-
propylbenzamide]benzene dodecatrifluoroacetate (25): Trifluoroacetic
acid (5 mL) was added to a vigorously stirred solution of dendrimer 24
(105 mg, 40.0 mmol) in dichloromethane (5 mL). The reaction mixture
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was stirred for 1 h at room temperature. When deprotection was com-
plete (TLC), the solvent was removed in vacuo and the desired product
could be lyophilized from water. The procedure yielded the deprotected
G1 dendrimer (110 mg, 39.4 mmol, 98.5%) as a colorless solid. M.p. 119±
121 8C; 1H NMR (500 MHz, [D4]methanol): d=1.92 (m, 18H; CH2), 2.68
(t, 3J(H,H)=7.4 Hz, 6H; CH2Ar), 2.73 (t, 3J(H,H)=7.6 Hz, 12H;
CH2Ar), 3.25 (m, 6H; CH2N), 3.43 (m, 12H; CH2N), 3.45 (dd, 2J(H,H)=
13.9 Hz, 3J(H,H)=6.3 Hz, 6H; CHCH2), 3.52 (dd, 2J(H,H)=13.9 Hz,
3J(H,H)=5.4 Hz, 6H; CHCH2), 4.29 (t, 3J(H,H)=5.8 Hz, 6H; CH), 6.96
(s, 3H; ArH), 7.29 (s, 3H; ArH), 7.51 ppm (s, 3H; ArH); 13C NMR
(127 MHz, [D4]methanol): d=31.86 (s, CH2), 32.37 (s, CH2), 34.15 (s,
CH2Ar), 34.61 (s, CH2Ar), 40.85 (s, CH2N), 41.13 (s, CH2N), 41.47 (s,
CH2CH), 52.55 (s, CH), 118.36 (q, 1J(C,F)=292.5 Hz, CF3CO2H), 126.36
(s, ArC), 127.61 (s, ArC), 133.21 (s, ArC), 136.43 (s, ArC), 143.51 (s,
ArC), 143.73 (s, ArC), 163.49 (q, 2J(C,F)=35.4 Hz, CF3CO2H), 167.48 (s,
CON), 170.84 ppm (s, CON); MS (MALDI-TOF, CCA): m/z : 1459
[M+K]+ , 1443 [M+Na]+ , 1421 [M+H]+ ; monoisotopic mass calcd for
C72H118N21O9


+ : 1420.94, found: 1420.93.


(Dns)33D0 : 1,3,5-tris-(5-dimethylaminonaphthalene-1-sulfonic acid pro-
pylamide)benzene (26): Dry triethylamine (2.00 mL , 1.46 g, 14.4 mmol)
and the trishydrochloride core 4 (431 mg, 1.20 mmol), dissolved in a
small amount of dry methanol, were added dropwise at room tempera-
ture to a vigorously stirred solution of 5-dimethylamino-naphthalene-1-
sulfonyl chloride (dansyl chloride) (1.46 g, 5.40 mmol) in dry dichlorome-
thane. The reaction was stirred for 1 h in the dark and was continuously
checked by TLC. After complete reaction the organic layer was washed
once with brine, once with a saturated sodium carbonate solution, and
once again with brine. Column chromatography (silica gel, dichlorome-
thane containing 1% methanol as eluent) gave the dansylated G0 den-
drimer (1.04 g, 1.10 mmol, 91.7%) as a bright yellow-greenish solid. Rf=


0.46 (dichloromethane/methanol=49:1/v:v); m.p. 96 8C; 1H NMR
(500 MHz, CDCl3, 30 8C): d=1.57 (quin, 3J(H,H)=7.1 Hz, 6H; CH2),
2.31 (t, 3J(H,H)=7.5 Hz, 6H; CH2Ar), 2.84 (q, 3J(H,H)=6.6 Hz, 6H;
CH2N), 2.85 (s, 18H; NCH3), 4.97 (t, br, 3J(H,NH)=5.4 Hz, 3H; NH),
6.40 (s, 3H; ArH), 7.14 (d, 3J(H,H)=7.6 Hz, 3H; ArHdns), 7.45 (t,
3J(H,H)=7.9 Hz, 3H; ArHdns), 7.50 (t, 3J(H,H)=8.1 Hz, 3H; ArHdns),
8.19 (d, 3J(H,H)=7.6 Hz, 3H; ArHdns), 8.30 (d, 3J(H,H)=8.7 Hz, 3H;
ArHdns), 8.51 ppm (d, 3J(H,H)=8.4 Hz, 3H; ArHdns);


13C NMR
(127 MHz, CDCl3): d=31.03 (CH2), 32.34 (CH2Ar), 42.64 (CH2N), 45.44
(NCH3), 115.28 (ArCdns), 119.01 (ArCdns), 123.30 (ArCdns), 126.11 (ArC),
128.35 (ArCdns), 129.57 (ArCdns), 129.64 (ArCdns), 129.77 (ArCdns), 130.28
(ArCdns), 134.93 (ArCdns), 141.14 (ArC), 151.70 ppm (ArCdns); MS (EI,
80 eV, 320 8C); m/z (%): 948 (2.0) [M]+ , 714 (1.4) [M�C12H12NO2S]


+ ,
171 (100) [C12H12N]+ , 64 (38.3) [SO2]


+ ; HRMS: m/z : monoisotopic mass
calcd for C51H60N6O6S3


+ : 948.37365, found: 948.37652.


(Dns)66D1: 1,3,5-Tris{3,5-bis-[3-(5-dimethylaminonaphthalene-1-sulfony-
lamino)propyl]-N-propylbenzamide}benzene (27): A solution of dry trie-
thylamine (1.26 mL, 923 mg, 9.12 mmol) and the G1 dendrimer 8
(477 mg, 300 mmol) in dry methanol were added slowly to a vigorously
stirred solution of dansyl chloride (1.17 g, 4.32 mmol) in dry dichlorome-
thane at room temperature. The reaction mixture was continuously moni-
tored by TLC and stirred in the dark for 6 h. After complete reaction the
solution was washed once with brine, once with a saturated sodium car-
bonate solution, and once again with brine. The organic phase was dried
over magnesium sulfate, the solvent removed in vacuo, and the crude
product purified by column chromatography (silica gel, dichloromethane
containing 2±3% methanol as eluent). The procedure yielded the dansy-
lated G1 dendrimer as a bright yellow-greenish oil (512 mg, 222 mmol;
74.0%) that could be lyophilized from dioxane. Rf=0.50 (dichlorome-
thane/methanol=19:1/v:v); m.p. 114±117 8C; 1H NMR (500 MHz, CDCl3,
50 8C): d=1.61 (quin, 3J(H,H)=6.8 Hz, 12H; CH2), 1.83 (quin,
3J(H,H)=6.8 Hz, 6H; CH2), 2.42 (t, 3J(H,H)=7.2 Hz, 12H; CH2Ar), 2.53
(t, 3J(H,H)=6.9 Hz, 6H; CH2Ar), 2.80 (q, 3J(H,H)=6.3 Hz, 12H;
CH2N), 2.84 (s, 36H; NCH3), 3.32 (q, 3J(H,H)=5.9 Hz, 12H; CH2N),
5.52 (s, br, 6H; SO2NH), 6.75 (s, 3H; ArH), 6.77 (t, br, 3J(H,NH)=
5.4 Hz, 3H; CONH), 6.82 (s, 3H; ArH), 7.12 (d, 3J(H,H)=7.3 Hz, 6H;
ArHdns), 7.26 (s, 6H; ArH), 7.42 (m, 12H; ArHdns), 8.14 (d, 3J(H,H)=
7.2 Hz, 6H; ArHdns), 8.33 (d, 3J(H,H)=8.7 Hz, 6H; ArHdns), 8.50 ppm (d,
3J(H,H)=8.5 Hz, 6H; ArHdns);


13C NMR (127 MHz, CDCl3): d=30.56
(CH2), 30.77 (CH2), 32.09 (CH2Ar), 33.26 (CH2Ar), 39.78 (CH2N), 42.34
(CH2N), 45.51 (NCH3), 115.50 (ArCdns), 119.62 (ArCdns), 123.47 (ArCdns),


125.00 (ArC), 126.15 (ArC), 128.26 (ArCdns), 129.33 (ArCdns), 129.38
(ArCdns), 129.57 (ArCdns), 129.99 (ArCdns), 131.42 (ArC), 134.64 (ArC),
135.07 (ArCdns), 141.45 (ArC), 141.93 (ArC), 151.51 (ArCdns), 167.81 ppm
(CON); MS (MALDI-TOF, dithranol): m/z : 2341 [M+K]+ , 2325
[M+Na]+ , 2303 [M+H]+ ; monoisotopic mass calcd for C126H148N15O15S6


+


: 2302.96, found: 2303.08.


(Dns)1212D2 : 1,3,5-tris-(3,5-bis{3,5-bis[3-(5-dimethylaminonaphthalene-
1-sulfonylamino)propyl]-N-propylbenzamide}-N-propylbenzamide)ben-
zene (28): A solution of dry triethylamine (166 mL, 121 mg, 1.20 mmol)
and the deprotected G2 dendrimer 10 (72 mg, 20 mmol) in dry methanol
were added dropwise to a vigorously stirred solution of dansyl chloride
(194 mg, 720 mmol) in dry dichloromethane at room temperature. While
the solution was stirred in the dark for an additional 12 h the reaction
was continuously monitored by TLC. After complete reaction the solu-
tion was washed once with brine, once with a saturated sodium carbonate
solution, and once again with brine. The organic phase was dried over
magnesium sulfate, the solvent removed in vacuo, and the crude product
purified by column chromatography (silica gel, dichloromethane contain-
ing 2±4% methanol as eluent). The procedure afforded the desired G2
dendrimer (65 mg, 13 mmol; 65%) as a bright yellow-greenish oil which
could be lyophilized from dioxane. Rf=0.44 (dichloromethane/metha-
nol=19:1/v:v); m.p. 132±134 8C; 1H NMR (500 MHz, [D4]methanol,
30 8C): d=1.63 (quin, 3J(H,H)=7.0 Hz, 24H; CH2), 1.80 (m, 6H; CH2),
1.86 (m, 12H; CH2), 2.45 (m, 24 H + 6H; CH2Ar), 2.46 (t, 3J(H,H)=
6.9 Hz, 12H; CH2Ar), 2.59 (m, 24H; CH2N), 2.92 (s, 72H; NCH3), 3.31
(m, 6H; + 12H; CH2N), 6.75 (s, 3H; ArH), 6.78 (s, 6H; ArH), 7.12 (s,
3H; ArH), 7.26 (s, 6H; ArH), 7.29 (s, 12H; ArH), 7.38 (d, 3J(H,H)=
5.5 Hz, 12H; ArHdns), 7.49 (m, 24H; ArHdns), 8.13 (d, 3J(H,H)=7.3 Hz,
12H; ArHdns), 8.41 (d, 3J(H,H)=8.0 Hz, 12H; ArHdns), 8.55 ppm (d,
3J(H,H)=8.7 Hz, 12H; ArHdns);


13C NMR (127 MHz, [D4]methanol,
30 8C): d=30.04 (CH2), 30.61 (CH2), 31.18 (CH2), 32.51 (CH2Ar), 33.34
(CH2Ar), 33.62 (CH2Ar), 39.87 (CH2N), 40.15 (CH2N), 42.50 (CH2N),
46.02 (NCH3), 116.46 (ArCdns), 123.50 (ArCdns), 124.31 (ArCdns), 125.27
(ArC), 125.38 (ArC), 128.49 (ArCdns), 129.55 (ArCdns), 129.70 (ArCdns),
129.98 (ArCdns), 130.03 (ArCdns), 132.08 (ArC), 132.19 (ArC), 134.85
(ArC), 134.91 (ArC), 135.88 (ArCdns), 140.23 (ArC), 142.06 (ArC), 142.26
(ArC), 142.56 (ArC), 152.53 (ArCdns), 169.06 (CON), 169.09 ppm (CON);
MS (MALDI-TOF, dithranol): m/z : 5048 [M+K]+ , 5032 [M+Na]+ , 5010
[M+H]+ ; monoisotopic mass calcd for C276H322N33O33S12


+ : 5010.12,
found: 5010.21 [M+H]+ .


Ethyl-3-[3-(3-Benzyloxycarbonylaminopropyl)-5-(3-tert-butoxycarbonyla-
mino)propyl]benzoate (29): Dendron 17 (12.0 g, 35.6 mmol) was suspend-
ed in 1000 mL THF. An aqueous 1m KOH solution (300 mL, 300 mmol)
was added, and the mixture was cooled down to 0 8C. A solution of di-
tert-butyl dicarbonate (31.0 g, 142 mmol) and benzyl chloroformate
(6.07 g, 35.6 mmol) in THF was added slowly, and the reaction mixture
was stirred for 1 h. After complete reaction (TLC) the layers were sepa-
rated, the organic phase was washed with brine once, and the aqueous
layer was extracted with diethyl ether. The combined organic phases
were dried over magnesium sulfate, and the solvent was removed in
vacuo. Chromatographic separation (silica gel, dichloromethane contain-
ing 1% methanol as eluent) yielded the mixed-protected dendron 29
(6.13 g, 12.3 mmol, 34.6%) as a colorless oil. Rf=0.71 (dichloromethane/
methanol=19:1/v:v).


3-(3-Benzyloxycarbonylaminopropyl)-5-[3-(tert-butoxycarbonylamino)-
propyl]benzoic acid (30): A solution of the mixed-protected dendron 29
(6.00 g, 12.0 mmol) and KOH (3.08 g, 77.0 mmol) in methanol/water (3:1/
v:v) was stirred at 50 8C for 14 h. When the reaction was finished (TLC),
acetic acid was added to give pH 5. The product was extracted with di-
chloromethane, and the combined organic layers dried over magnesium
sulfate. After evaporation of the solvent under reduced pressure the
mixed-protected acid (5.50 g, 11.7 mmol, 97.5%) was received as a color-
less solid. Rf=0.35 (dichloromethane/methanol=19:1/v:v); m.p. 128 8C.


(Cbz-N)3(Boc-N)36D1: 1,3,5-tris-{3-[3-(benzyloxycarbonylamino)prop-
yl]-5-[3-(tert-butyloxycarbonylamino)propyl]-N-propylbenzamide}ben-
zene (31): HOBt (1.63 g, 12.1 mmol) was added to a solution of the
mixed-protected G1 acid 30 (5.41 g, 11.5 mmol) in dry dichloromethane
under a nitrogen atmosphere, and the suspension was stirred at room
temperature for 20 min. Thereafter, the mixture was cooled down to
�20 8C, EDC (2.43 g, 12.7 mmol) was added, and the reaction was al-
lowed to warm up to room temperature slowly while being stirred for ad-
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ditional 2 h. After complete formation of the active ester (TLC), the re-
action mixture was cooled down to �20 8C again. A solution of the trish-
ydrochloride core 4 (918 mg, 2.56 mmol) and DIPEA (7.6 mL, 5.6 g,
43 mmol) in dry methanol was added dropwise while the solution was
stirred at �20 8C for 1 h. The reaction was allowed to warm up to room
temperature slowly and was stirred for additional 24 h. After complete
reaction (TLC) the solution was washed twice with sodium hydrogencar-
bonate solution, and once with brine. The organic phase was dried over
magnesium sulfate, and the solvent removed in vacuo. Column chroma-
tography (silica gel, dichloromethane containing 3% methanol as eluent)
afforded the mixed-protected G1 dendrimer (2,61 g, 1.62 mmol, 63.3%)
as a colorless solid. Rf=0.43 (dichloromethane/methanol=19:1/v:v); m.p.
66 8C; 1H NMR (500 MHz, CDCl3): d=1.40 (s, 27H; CCH3), 1.69 (m,
6H; CH2), 1.74 (m, 6H; CH2), 1.89 (quin, 3J(H,H)=6.8 Hz, 6H; CH2),
2.54 (m, 12H; CH2Ar), 2.58 (t, 3J(H,H)=7.2 Hz, 6H; CH2Ar), 3.02 (m,
6H; CH2N), 3.10 (m, 6H; CH2N), 3.37 (m, 6H; CH2N), 4.72 (s, br, 3H;
NH), 5.03 (s, 6H; CH2ArCbz), 5.17 (s, br, 3H; NH), 6.83 (s, 3H; ArH),
7.02 (s, 3H; ArH), 7.11 (s, br, 3H; NH), 7.29 (m, 15H; ArHCbz), 7.36 (s,
3H; ArH), 7.38 ppm (s, 3H; ArH); 13C NMR (127 MHz, CDCl3): d=


28.41 (CCH3), 30.70 (CH2), 31.12 (CH2), 31.31 (CH2), 32.44 (CH2Ar),
33.13 (CH2Ar), 39.63 (CH2N + CH2N), 40.15 (CH2N), 66.55 (CH2ArCbz),
79.17 (CCH3), 124.82 (ArC), 124.90 (ArC), 126.27 (ArC), 127.97
(ArCCbz), 128.02 (ArCCbz), 128.45 (ArCCbz), 131.56 (ArC), 134.74 (ArC),
136.59 (ArCCbz), 141.68 (ArC), 141.75 (ArC), 141.82 (ArC), 156.10
(CONBoc), 156.55 (CONCbz), 167.86 ppm (CON); MS (MALDI-TOF, di-
thranol): m/z : 1645 [M+K]+, 1629 [M+Na]+ ; monoisotopic mass calcd
for C93H123N9NaO15


+ : 1628.90, found: 1628.99.


(Cbz-N)3(N)36D1: 1,3,5-tris{3-[3-(benzyloxycarbonylamino)propyl]-5-
(aminopropyl)-N-propylbenzamide}benzene tristrifluoroacetate (32): Tri-
fluoroacetic acid (25 mL) was added to a solution of the mixed-protected
G1 dendrimer 31 (2.41 g, 1.50 mmol) in dichloromethane (100 mL), and
the reaction mixture was stirred for 1 h at room temperature. After com-
plete reaction (TLC) the solvent was repeatedly removed in vacuo to
afford the partially deprotected dendrimer 32 (2.09 g, 1.35 mmol, 90.0%)
as a colorless oil. 1H NMR (500 MHz, [D4]methanol): d=1.81 (quin,
3J(H,H)=7.6 Hz, 6H; CH2), 1.91 (quin, 3J(H,H)=7.1 Hz, 6H; CH2), 1.96
(quin, 3J(H,H)=7.4 Hz, 6H; CH2), 2.64 (m, 12H; CH2Ar), 2.71 (t,
3J(H,H)=7.6 Hz, 6H; CH2Ar), 2.91 (t, 3J(H,H)=7.7 Hz, 6H; CH2N),
3.10 (t, 3J(H,H)=6.7 Hz, 6H; CH2N), 3.37 (t, 3J(H,H)=7.1 Hz, 6H;
CH2N), 5.05 (s, 6H; CH2ArCbz), 6.91 (s, 3H; ArH), 7.22 (s, 3H; ArH),
7.29 (m, 15H; ArHCbz), 7.44 (s, 3H; ArH), 7.48 ppm (s, 3H; ArH);
13C NMR (127 MHz, [D4]methanol): d=30.38 (CH2), 32.38 (CH2), 32.69
(CH2), 33.55 (CH2Ar), 33.92 (CH2Ar), 34.61 (CH2Ar), 40.51 (CH2N),
41.11 (CH2N), 41.37 (CH2N), 67.66 (CH2ArCbz), 126.38 (ArC), 126.56
(ArC), 127.61 (ArC), 128.96 (ArC), 129.26 (ArC), 129.77 (ArC), 133.11
(ArC), 136.67 (ArC), 138.74 (ArC), 142.64 (ArC), 143.52 (ArC), 144.13
(ArC), 159.22 (CONCbz), 170.60 ppm (CON); MS (MALDI-TOF, dithra-
nol): m/z : monoisotopic mass calcd for C78H100N9O9


+ : 1306.76, found:
1306.76 [M+H]+ .


(Cbz-N)3(Dns)36D1: 1,3,5-tris-{3-[3-(benzyloxycarbonylamino)propyl]-5-
(5-dimethylaminonaphthalene-1-sulfonic acid propylamide)}-N-propyl-
benzamide}benzene (33): A solution of the G1 trifluoroacetate 32 (2.09 g,
1.35 mmol) and dry triethylamine (2.82 mL, 2.05 g, 20.3 mmol) in dry
methanol (20 mL) was added dropwise to a vigorously stirred solution of
dansyl chloride (2.18 g, 8.10 mmol) in dry dichloromethane (250 mL).
The reaction was monitored by TLC. After complete reaction, the mix-
ture was washed once with brine, once with a saturated sodium carbonate
solution, and once again with brine. The organic layer was dried over
magnesium sulfate, and the solvent was removed in vacuo. Chromato-
graphic purification (silica gel, dichloromethane containing 4% methanol
as eluent) afforded the partially dansylated G1 dendrimer (2.68 g,
1.34 mmol; 99.3%) as a bright yellow solid. Rf=0.38 (dichloromethane/
methanol=19:1/v:v); m.p. 98±101 8C; 1H NMR (500 MHz, CDCl3): d=


1.61 (quin, 3J(H,H)=6.9 Hz, 6H; CH2), 1.67 (quin, 3J(H,H)=7.3 Hz, 6H;
CH2), 1.82 (quin, 3J(H,H)=6.8 Hz, 6H; CH2), 2.47 (m, 12H; CH2Ar),
2.52 (t, 3J(H,H)=7.1 Hz, 6H; CH2Ar), 2.77 (q, 3J(H,H)=6.2 Hz, 6H;
CH2N), 2.85 (s, 18H; NCH3), 3.06 (q, 3J(H,H)=6.7 Hz, 6H; CH2N), 3.31
(q, 3J(H,H)=6.0 Hz, 6H; CH2N), 5.02 (s, 6H; CH2ArCbz), 5.15 (t, br, 3H;
NH), 5.82 (s, br, 3H; NH), 6.80 (s, 3H; ArH), 6.86 (s, 3H; ArH), 7.00 (s,
br, 3H; NH), 7.14 (d, 3J(H,H)=7.3 Hz, 3H; ArHdns), 7.26 (m, 15H;
ArHCbz), 7.28 (s, 3H; ArH), 7.36 (s, 3H; ArH), 7.42 (m, 6H; ArHdns),


8.13 (d, 3J(H,H)=7.3 Hz, 3H; ArHdns), 8.36 (d, 3J(H,H)=8.7 Hz, 3H;
ArHdns), 8.52 ppm (d, 3J(H,H)=8.5 Hz, 3H; ArHdns);


13C NMR
(127 MHz, CDCl3): d=30.72 (CH2), 30.83 (CH2), 31.19 (CH2), 32.12
(CH2Ar), 32.55 (CH2Ar), 33.31 (CH2Ar), 39.80 (CH2N), 40.36 (CH2N),
42.28 (CH2N), 45.60 (NCH3), 66.65 (CH2ArCbz), 115.59 (ArCdns), 119.40
(ArCdns), 123.50 (ArCdns), 123.58 (ArCdns), 124.93 (ArC), 125.21 (ArC),
126.31 (ArC), 128.05 (ArCCbz), 128.11 (ArCCbz), 128.30 (ArCdns), 128.56
(ArCCbz), 129.46 (ArCdns), 130.16 (ArCdns), 131.53 (ArC), 134.94 (ArC),
135.23 (ArCdns), 136.70 (ArCCbz), 141.42 (ArC), 141.90 (ArC), 142.00
(ArC), 151.65 (ArCdns), 156.69 (CONCbz), 167.90 ppm (CON); MS
(MALDI-TOF, dithranol): m/z : 2028 [M+Na]+ , 2006 [M+H]+ ; monoiso-
topic mass calcd for C114H133N12O15S3


+ : 2005.92, found: 2005.94.


(N)3(Dns)36D1: 1,3,5-tris{3-(aminopropyl)-5-(5-dimethylaminonaphtha-
lene-1-sulfonic acid propylamide)-N-propylbenzamide}benzene (34): A
solution of the mixed dansylated dendrimer 33 (401 mg, 200 mmol) in tri-
fluoroacetic acid (8 mL) was stirred for seven days at room temperature.
The reaction was continuously monitored by TLC. After complete reac-
tion the solvent was repeatedly removed in vacuo to afford the partially
deprotected dendrimer 34 as a yellow-greenish solid (379 mg, 198 mmol,
99.0%) after lyophilization from water. M.p. 119±120 8C; 1H NMR
(500 MHz, [D4]methanol): d=1.68 (quin, 3J(H,H)=7.1 Hz, 3H; CH2),
1.96 (m, 12H; CH2), 2.56 (t, 3J(H,H)=7.4 Hz, 6H; CH2Ar), 2.66 (t,
3J(H,H)=7.6 Hz, 6H; CH2Ar), 2.71 (t, 3J(H,H)=7.7 Hz, 6H; CH2Ar),
2.84 (t, 3J(H,H)=6.7 Hz, 6H; CH2N), 2.87 (s, 18H; NCH3), 2.95 (t,
3J(H,H)=7.7 Hz, 6H; CH2N), 3.40 (t, 3J(H,H)=5.6 Hz, 6H; CH2N), 6.96
(s, 3H; ArH), 7.09 (s, 3H; ArH), 7.27 (d, 3J(H,H)=6.9 Hz, 3H; ArHdns),
7.34 (s, 3H; ArH), 7.49 (s, 3H; ArH), 5.53 (t, 3J(H,H)=7.9 Hz, 3H;
ArHdns), 7.58 (t, 3J(H,H)=8.1 Hz, 3H; ArHdns), 8.14 (d, 3J(H,H)=7.3 Hz,
3H; ArHdns), 8.39 (d, 3J(H,H)=8.8 Hz, 3H; ArHdns), 8.53 ppm (d,
3J(H,H)=8.5 Hz, 3H; ArHdns);


13C NMR (127 MHz, [D4]methanol): d=
30.39 (CH2), 32.39 (CH2), 32.42 (CH2), 33.54 (CH2Ar), 33.55 (CH2Ar),
34.63 (CH2Ar), 40.53 (CH2N), 41.12 (CH2N), 43.37 (CH2N), 46.13
(NCH3), 116.81 (ArCdns), 120.90 (ArCdns), 124.66 (ArCdns), 126.37 (ArC),
126.54 (ArC), 127.63 (ArC), 128.28 (ArCdns), 129.46 (ArCdns), 130.42
(ArCdns), 131.37 (ArCdns), 133.07 (ArC), 136.50 (ArCdns), 137.32 (ArCdns),
142.61 (ArC), 142.99 (ArC), 143.55 (ArC), 143.81 (ArC), 153.25 (ArCdns),
170.57 ppm (CON); MS (FAB+ , MNBA/methanol): m/z (%):1604 (1.2)
[M+H]+ , 170 (42.5) [C12H12N]+ ; MS (MALDI-TOF, dithranol): m/z :
monoisotopic mass calcd for C90H115N12O9S3


+ : 1603.81, found: 1603.81.


(Boc-Dpa)3(Dns)36D1: 1,3,5-tris{3-[(2-tert-butoxycarbonylamino-2-pro-
pylcarbamoylethyl)carbamic acid tert-butyl ester]-5-(5-dimethylamino-
naphthalene-1-sulfonic acid propylamide)-N-propylbenzamide}benzene
(35): A solution of the Boc-protected diaminopropionic acid 14 (274 mg,
900 mmol) in dry dichloromethane/DMF (18:2/v:v) was cooled down to
�20 8C. DIPEA (153 mL, 116 mg, 900 mmol), and TBTU (303 mg, 945
mmol), dissolved in dry DMF (8 mL), were added slowly under vigorous
stirring. The reaction mixture was allowed to warm up to room tempera-
ture and stirred for an additional 30 min. After complete formation of
the active ester (TLC), the solution was cooled down to �20 8C again.
DIPEA (204 mL, 155 mg, 1.20 mmol) and the deprotected dansylated
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dendrimer 34 (195 mg, 100 mmol), dissolved in a small amount of metha-
nol (2 mL), were added dropwise to the vigorously stirred solution. The
reaction mixture was stirred at �20 8C for one hour, and was then al-
lowed to warm up to room temperature slowly. Afterwards the solution
was stirred at room temperature for an additional 24 h. When the reac-
tion was complete (TLC), the solution was washed twice with a saturated
sodium carbonate solution, and once with brine. The organic phase was
dried over magnesium sulfate, the solvent removed in vacuo, and the
crude product purified by column chromatography (silica gel, dichloro-
methane containing 4% methanol as eluent). Lyophilization from diox-
ane gave the mixed dansylated and diaminopropionic acid functionalized
dendrimer 35 (81 mg, 33 mmol; 33%) as a brilliant yellow-greenish solid.
Rf=0.16 (dichloromethane/methanol=19:1/v:v); m.p. 122±123 8C;
1H NMR (500 MHz, [D4]methanol): d=1.42 (s, 27H; H-18,18’), 1.44 (s,
27H; H-18’,18), 1.61 (quin, 3J(H,H)=7.0 Hz, 6H; H-12’), 1.78 (quin, br,
6H; H-12), 1.92 (quin, 3J(H,H)=6.8 Hz, 6H; H-4), 2.46 (t, br, 6H; H-
11’), 2.58 (t, br, 6H; H-11), 2.64 (t, br, 6H; H-3), 2.84 (t, 3J(H,H)=
6.5 Hz, 6H; H-13’), 2.96 (s, 18H; H-26), 3.19 (m, 6H; H-13), 3.30 (m,
3H; H-15a), 3.38 (m, 3H; H-15b), 3.40 (m, 6H; H-13), 4.17 (t, 3J(H,H)=
5.9 Hz, 3H; H-14), 6.93 (s, 3H; H-1), 6.97 (s, 3H; H-10), 7.26 (s, 3H; H-
8,8’), 7.40 (m, 6H; H-8’,8 + H-23), 7.60 (m, 6H; H-21 + H-24), 8.18 (d,
3J(H,H)=7.3 Hz, 3H; H-20,20’), 8.51 ppm (m, 6H; H-25 + H-20’,20);
13C NMR (127 MHz, [D4]methanol): d=29.04 (C-18,18’), 29.06 (C-18’,18),
32.24 (C-12), 32.35 (C-4), 32.45 (C-12’), 33.65 (C-11’), 33.97 (C-11), 34.62
(C-3), 40.11 (C-13’), 41.08 (C-5), 43.53 (C-13 + C-15), 46.50 (C-26), 57.26
(C-14), 80.81 (C-17,17’), 81.14 (C-17’,17), 117.42 (C-23), 120.29 (C-25),
125.32 (C-21), 126.35 (C-8’), 126.36 (C-8), 127.66 (C-1), 129.37 (C-24),
130.65 (C-20,20’), 131.23 (C-20’,20), 133.14 (C-10), 136.23 (C-19,19’,19’’),
137.78 (C-19,19’,19’’), 137.89 (C-19,19’,19’’), 143.46 (C-9,9’), 143.52 (C-
9’,9), 143.70 (C-7), 151.80 (C-22), 158.02 (C-16,16’), 158.98 (C-16’,16),
170.64 (C-6), 173.25 ppm (C-6’); MS (MALDI-TOF, dithranol): m/z :
2500 [M+K]+ , 2484 [M+Na]+ ; monoisotopic mass calcd for
C129H180N18NaO24S3


+ : 2484.25, found: 2484.21.


(Dpa)3(Dns)36D1: 1,3,5-tris-[3-(2,3-diamino-N-propylpropionamide)-5-
(5-dimethylaminonaphthalene-1-sulfonic acid propylamide)-N-propylben-
zamide]benzene (36): Trifluoroacetic acid (2 mL) was added to a solution
of dendrimer 35 (37.0 mg, 15.0 mmol) in dichloromethane (3 mL), and the
solution was stirred for 1 h at room temperature. After complete reaction
(TLC) the solvent was repeatedly removed in vacuo. Lyophilization from
water yielded the deprotected mixed dansylated and diaminopropionic
acid modified dendrimer 36 as a brilliant yellow-greenish solid (37.0 mg,
14.5 mmol; 96.7%). M.p. 110±112 8C; 1H NMR (500 MHz, [D4]methanol):
d=1.66 (quin, 3J(H,H)=7.1 Hz, 6H; H-8’), 1.88 (m, 6H; H-8), 1.94 (m,
6H; H-3), 2.53 (t, 3J(H,H)=7.4 Hz, 6H; H-7’), 2.66 (m, 12H; H-7 + H-
2), 2.84 (t, 3J(H,H)=6.7 Hz, 6H; H-9’), 2.96 (s, 18H; H-17), 3.21 (m, 3H;
H-9a), 3.39 (m, 6H; H-4), 3.41 (m, 3H; H-9b), 3.46 (dd, 2J(H,H)=
14.0 Hz, 3J(H,H)=6.2 Hz, 3H; H-11a), 3.53 (dd, 2J(H,H)=13.9 Hz,
3J(H,H)=5.4 Hz, 3H; H-11b), 4.30 (t, 3J(H,H)=5.6 Hz, 3H; H-10), 6.96
(s, 3H; H-1), 7.07 (s, 3H; H-6), 7.29 (s, 3H; H-5’), 7.40 (d, 3J(H,H)=
7.6 Hz, 3H; H-14), 7.45 (s, 3H; H-5), 7.58 (t, 3J(H,H)=7.9 Hz, 3H; H-
13), 7.63 (t, 3J(H,H)=8.2 Hz, 3H; H-15), 8.18 (d, 3J(H,H)=7.3 Hz, 3H;


H-12,12’), 8.48 (d, 3J(H,H)=8.7 Hz, 3H; H-16), 8.53 ppm (d, 3J(H,H)=
8.5 Hz, 3H; H-12’,12); 13C NMR (127 MHz, [D4]methanol): d=31.86
(CH2), 32.31 (CH2), 32.45 (CH2), 33.59 (CH2Ar), 34.11 (CH2Ar), 34.61
(CH2Ar), 40.87 (CH2N), 41.10 (CH2N), 41.28 (CH2N), 43.42 (CH2CH),
46.35 (NCH3), 52.42 (CH), 117.29 (ArCdns), 121.80 (ArCdns), 125.09
(ArCdns), 126.24 (ArC), 126.41 (ArC), 127.65 (ArC), 129.40 (ArCdns),
130.59 (ArC), 130.86 (ArCdns), 131.22 (ArCdns), 133.14 (ArC), 136.28
(ArCdns), 137.03 (ArCdns), 137.53 (ArCdns), 143.54 (ArC), 143.57 (ArC),
143.58 (ArC), 151.91 (ArCdns), 166.95 (CON), 170.73 ppm (CON); MS
(MALDI-TOF, CCA): m/z : 1900 [M+K]+ , 1884 [M+Na]+ , 1862
[M+H]+ ; monoisotopic mass calcd for C99H133N18O12S3


+ : 1861.95, found:
1862.02.


Cell culture : The human MCF-7 breast cancer cell line was obtained
from the American Culture Collection (ATCC, Rockville, Md.). The
MCF-7 cells were maintained in MEM Eagle¬s medium containing l-glu-
tamine, supplemented with NaHCO3 (2.2 gL�1), sodium pyrovate
(110 mgL�1), gentamycin (50 mgL�1), and 10% fetal calf serum (FCS)
using 75 cm2 culture flasks in a water-saturated atmosphere (95% air/5%
CO2) at 37 8C. The cells were serially passaged weekly following trypsini-
zation using 0,05% trypsin/0,02% ethylenediaminetetraacetic acid
(EDTA). Mycoplasma contamination was routinely monitored, and only
mycoplasma-free cultures were used.


Human HeLa-cells were cultured at 37 8C in a humidified atmosphere
with 5% CO2 in RPMI 1640 containing 10% fetal bovine serum,
100 mgmL�1 penicillin, 100 mgmL�1 streptomycin, and additional gluta-
mine and nonessential amino acids with the following final concentra-
tions: 4 mm glutamine, 1 mm alanine, 1.5 mm aspartic acid, 1.2 mm aspara-
gine, 1.2 mm glutamic acid, 1.2 mm glycine, 1.2 mm proline, and 1.3 mm


serine.


In vitro chemosensitivity assay : The in vitro testing of the dendrimers on
the cytotoxic activity was carried out on exponentially dividing MCF-7
cells according to a previously published microtiter assay.[65±67] Briefly, in
96-well microtiter assay plates (Nunc), 100 mL of a cell suspension at
7000 cellsmL�1 culture medium were plated into each well and incubated
at 37 8C for 2±3 days in a humidified atmosphere (5% CO2). By addition
of an adequate volume of a stock solution of the respective compound
(solvent: DMF) to the medium the desired test concentration was ob-
tained. For each test concentration and for the control, which contained
the corresponding amount of DMF, 16 wells were used. After the proper
incubation time the medium was removed, the cells were fixed with a
glutaraldehyde solution and stored at 4 8C. Cell biomass was determined
by a crystal violet staining technique. The influence of the dendrimers on
cell growth, was obtained by corrected T/C values according to Equa-
tions (1) and (2).


Cytostatic effect : T=Ccorr ½%� ¼ ½ðT�C0Þ=ðC�C0Þ� � 100 ð1Þ


Cytocidal effect : T ½%� ¼ ½ðT�C0Þ=C0� � 100 ð2Þ


In Equations (1) and (2), T (test) and C (control) are the optical densities
at 578 nm of the crystal violet extract of the cell lawn in the wells (i.e.
the chromatin-bound crystal violet extracted with ethanol 70%), and C0


is the density of the cell extract immediately before treatment.Equa-
tion (2) allows the automatic estimation of the optical density of the crys-
tal violet extract in the wells of a Flashscan S19 microplatereader (Analy-
tikjena, Jena, Germany).


Fluorescence microscopy : The day before exposition to the dendrimers,
HeLa cells were seeded in 12-well plates containing a 12 mm glass cover
slip in such a density that the next day about 60% confluency was ob-
tained. Dendrimers were added to the cells in a concentration of 5 mm.
20 h after adding the dendrimer, cells were washed in PBS, fixed with
4% paraformaldehyde and probed with the rabbit polyclonal antibody
R1[68] raised against the membrane isoforms of LAP-2 and a Cy2-conju-
gated goat anti-rabbit IgG antibody as secondary antibody following
standard procedures.[69] The fluorescence images of the cells were ob-
tained with the Zeiss laser-scanning microscope LSM 510 and a plan-neo-
fluar 63î1.25 oil-immersion objective. The dyes were excited at 364 nm
(dansyl-labelled dentrimers) or 488 nm (Cy2) and fluorescent light was
collected by a photomultiplier after passage through a 505±530 nm BP
filter. Differential interference contrast (DIC) images were taken in parallel.
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Synthesis and Esterolytic Activity of Catalytic Peptide Dendrimers


David Lagnoux,[a] Estelle Delort,[a] Cÿline Douat-Casassus,[a] Annamaria Esposito,[b] and
Jean-Louis Reymond*[a]


Introduction


Enzyme catalysis is one of the most fascinating properties
encountered in proteins. Enzyme catalysis is characterized
by the emergence of selective molecular recognition, transi-
tion-state stabilization, and regulation processes in the
folded protein which are not encountered at the level of the
amino acid building blocks.[1] These processes appear as a
consequence of the interplay between amino acids within
the ordered three-dimensional structure produced by the
folding process. Rational de novo enzyme design, which is
one of the main goals of supramolecular chemistry and bio-
chemistry, would require a complete understanding of both
folding and catalysis. The key difficulty resides in choosing
the right amino acid sequence and length among the combi-
natorial infinity of possibilities to fold into a stable function-
al structure.


The analysis of protein structures over the years has given
sufficient insights to permit the rational design and synthesis
of single synthetic peptides that fold into predetermined
topologies, such as four-helix bundles.[2] Nevertheless the ap-
proach is limited. The vast majority of artificial proteins are
produced by semiempirical approaches which, in one way or
another, circumvent the need for complete rational design
by applying experimental or theoretical search algorithms
inspired by natural selection and evolution. These methods
are based on defining boundaries for active structures and
randomly generating candidates within these boundaries;
the candidates are then selected on the basis of their proper-
ties. The strategy concerns computational predictions of the
three-dimensional structure of proteins,[3] catalytic antibod-
ies,[4] and the directed evolution of enzymes.[5]


Our approach to de novo enzyme design is based on pep-
tide dendrimers (Scheme 1). Dendrimers are ramified struc-
tures that adopt globular or disk-shaped structures as a con-
sequence of topology rather than folding.[6] Catalytic den-
drimers are known that are based on ether linkages with in-
corporation of catalytically active subunits such as metal
complexes and cofactors, either at the surface or at the core
of the dendrimer, which results in systems reproducing the
catalytic properties of these cofactors.[7] The dendrimer is
used either to provide a particular microenvironment or to
increase molecular size and facilitate catalyst separation and
recovery. We reasoned that dendrimeric architectures ap-
plied to a peptide sequence would provide an efficient strat-


Abstract: Peptide dendrimers were
prepared by solid-phase peptide syn-
thesis. Monomeric dendrimers were
first obtained by assembly of a hexa-
peptide sequence containing alternate
standard a-amino acids with diamino
acids as branching units. The monomer-
ic dendrimers were then dimerized by
disulfide-bridge formation at the core
cysteine. The synthetic strategy is com-
patible with functional amino acids and
different diamino acid branching units.
Peptide dendrimers composed of the


catalytic triad amino acids histidine, as-
partate, and serine catalyzed the hy-
drolysis of N-methylquinolinium salts
when the histidine residues were
placed at the outermost position. The
dendrimer-catalyzed hydrolysis of 7-
isobutyryl-N-methylquinolinium fol-
lowed saturation kinetics with a rate


constant of catalysis/rate constant with-
out catalysis (kcat/kuncat) value of 3350
and a rate constant of catalysis/Michae-
lis constant (kcat/KM) value 350-fold
larger than the second-order rate con-
stant of the 4-methylimidazole-cata-
lyzed reaction; this corresponds to a
40-fold rate enhancement per histidine
side chain. Catalysis can be attributed
to the presence of histidine residues at
the surface of the dendrimers.
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egy to circumvent the protein-folding problem. Such an ap-
proach would lead to protein-like structures where catalysis
or molecular-recognition phenomena might appear by con-
structive interactions between amino acids as in natural pro-
teins. Herein we report a versatile synthetic strategy for
functionalized peptide dendrimers. More than one hundred
different peptide dendrimers were prepared based on solid-
phase peptide synthesis. The catalytic properties of estero-
lytic dendrimers obtained by using catalytic triad amino
acids are discussed.[8]


Results


Strategy : Dendrimers are usually synthesized either by a di-
vergent or a convergent strategy. In the divergent strategy
sequential assembly starts from the dendrimer core and ex-
tends to the outside by addition of branching units and
spacers. This approach is applied in polymerization or oligo-
merization protocols to produce statistical dendrimer popu-
lations with average molecular sizes. The convergent strat-
egy proceeds in the opposite direction by condensing preas-
sembled dendrons to a common core to form a new, larger
dendron and by repeating this cycle iteratively. The ap-
proach is equivalent to the convergent strategy in natural
product synthesis and is usually applied for the synthesis of
dendrimers consisting of a single molecular species with de-
fined molecular weight.
Peptides are most efficiently prepared by solid-phase pep-


tide synthesis (SPPS), whereby N-protected amino acid
building blocks are condensed sequentially to the free
amino terminus of a growing peptide chain attached to the
solid support.[9] The key advantage is the possibility of using
a large excess of N-protected activated amino acid in solu-
tion to maximize the coupling efficiency to the amino termi-
nus anchored on the solid support. SPPS can furthermore be
automated and all common building blocks and reagents are
commercially available. We envisioned a divergent synthesis
of peptide dendrimers based on SPPS whereby standard a-
amino acid building blocks would alternate with tailored di-
amino acids as branching units (Scheme 1). The exploration
of synthetic peptide dendrimers would only be interesting if
a certain level of structural diversity could be achieved. Di-
versity would be realized by using different a-amino acids at
the variable positions between the branching diamino acids.
We also took the opportunity to multiply structural diversity
by chain dimerization through disulfide bridges. Disulfide
coupling is an efficient synthetic protocol to assemble frag-
ments of peptides or proteins and enables the formation of
both homo- and heterodimers.[10] This design applied to
second-generation dimeric dendrimers could provide as
many as 1.7î109 different sequences from 19 proteinogenic
a-amino acids and 3 different branching diamino acids. Our
first attempt at preparing functional peptide dendrimers was
aimed at finding peptide dendrimers that could catalyze an
ester hydrolysis reaction. Following the well-known model
of esterolytic enzymes, peptide dendrimers containing com-
binations of the catalytic triad amino acids aspartate, histi-
dine, and serine were prepared.


Design and synthesis of building blocks : Ordered polylysine
dendrimers have been prepared on solid support as antigen-
display units.[11] However, we wanted to use shorter, more
symmetrical branching units than lysine to obtain symmetri-
cally growing dendrimers. We therefore chose diamino acids
1±3 as branching units. The branching diamino acid 1 was
prepared in three steps from 1,3-diamino-2-propanol
(Scheme 2). O-alkylation of the Boc-protected derivative 6
with ethyl bromoacetate gave 7. Saponification of the ethyl
ester with LiOH in THF, followed by treatment with 3n


HCl, gave the free diamino acid, which was reprotected with
Fmoc-Cl in 1,4-dioxane in the presence of sodium hydrogen
carbonate to give the bis-Fmoc derivative 1. The synthesis
of branching diamino acid 2 started with double alkylation
of dimethyl malonate with benzyl bromoacetate (NaH,
THF, 98%). Reductive debenzylation gave diacid 9, which
was converted into the bis(acyl) azide via the acyl chloride.
A thermal Curtius rearrangement in refluxing anhydrous
toluene in the presence of 9-fluorenemethanol gave carba-
mate 10. Finally, saponification and decarboxylation of the
remaining diester function with AcOH and 5n HCl under
reflux conditions gave the desired branching unit 2. The
commercially available Fmoc-protected (S)-2,3-diaminopro-


Scheme 1. General structure of peptide dendrimers. An=a-amino acid,
B=branching diamino acid, Fmoc=9-fluorenylmethoxycarbonyl.
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panoic acid 3 was used as a third branching unit. In addition
to the linkers, we also prepared the monoprotected 5-dime-
thylamino-isophthalic acid 4 from 5-amino-isophthalic acid
11, to be used as capping group. Addition of this acid as the
last building block at the dendrimer surface would provide
homogeneous properties such as aqueous solubility at neu-
tral pH values, by means of the negatively charged carboxy-
late, and easy traceability by HPLC due to the aminobenza-
mide chromophore.


SPPS of peptide dendrimers : The SPPS protocol for den-
drimer synthesis was developed with diamino acid 1, which
was expected to be the least problematic in terms of steric
crowding. We adopted an Fmoc strategy on polystyrene
resin functionalized with Rink amide (0.47 mmolg�1) and
used 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluroniumte-
trafluoroborate (TBTU) or benzotriazol-1-yloxytris(dime-
thylamino)phosphonium hexafluorophosphate (BOP) as the
coupling reagent. This protocol was used to prepare the six
monomeric dendrimers, A1±F1, resulting from the six possi-


ble combinations of aspartate, histidine, and serine at posi-
tions A1, A2, and A3. Each monomeric dendrimer was puri-
fied by preparative reversed-phase (RP) HPLC. The puri-
fied monomeric dendrimers were then dimerized with aldri-
thiol,[12] a reaction that allowed the preparation of all 21
possible combinations of disulfide-bridged dimeric dendrim-
ers. The same protocol was used to prepare equivalent den-
drimer families based on branching diamino acids 2 and 3
(Scheme 1). Somewhat to our surprise, the 2,3-diaminopro-
panoic acid branching unit 3 yielded to the same protocol
and gave similar yields of isolated products in spite of it
being the smallest branching unit.


Screening for esterolytic activity : The 60 dimeric dendrimers
obtained were assayed for hydrolysis of fluorogenic and
chromogenic ester substrates. We used a series of 7-hydroxy-
coumarin esters and acyloxymethyl ethers from our labora-
tory,[13] as well the commercially available esterase sub-
strates 8-acetoxypyrene-1,3,6-trisulfonate, 7-acetoxycoumar-
in-3-carboxylic acid, and 7-acetoxy-1-methylquinolinium
iodide (14). The dendrimers were assayed for activity in
aqueous buffer (pH 7.0 or 6.0) in the presence of the differ-
ent substrates in a microtiter-plate setup. The reactions were
followed over several hours and the apparent rates of hy-
drolysis were compared to the rates in the absence of den-
drimer. The rates of hydrolysis of 7-acetoxy-1-methylquino-
linium iodide (14) were accelerated by some of the dendrim-
ers at pH 6.0 (Scheme 3, Table 1). Calibration with the prod-
uct 18 in the presence of the dendrimers showed that the
effect observed was not due to a dendrimer-induced fluores-
cence enhancement. Product formation was confirmed by
HPLC analysis of the reaction mixture. The catalytic den-


Scheme 2. Synthesis of dendrimer building blocks. Conditions:
a) (Boc)2O, Et3N, CH2Cl2/MeOH, 2 h, 25 8C, 98%; b) BrCH2CO2Et,
NaH, THF, 25 8C, 5 h, 54%; c) LiOH, THF/H2O, 25 8C, 15 h; then 3n aq.
HCl, 60 8C, 3 h; then, Fmoc-Cl, NaHCO3, H2O/dioxane, 25 8C, 15 h, 66%;
d) H2 (4 bars), Pd/C, EtOH, 14 h, 91%; e) (COCl)2, CH2Cl2, cat. DMF,
25 8C, 7 h; then TMSN3, CH2Cl2, 25 8C, 20 h; then 9-fluorenemethanol,
toluene, reflux, 18 h, 43%; f) AcOH, 2n HCl, reflux, 15 h, 65%; g) 40%
aq. CH2O, NaBH3CN, DMF, 25 8C, 5 h, 83%; g) (COCl)2, CH2Cl2, cat.
DMF, 25 8C, 2 h; then KOtBu (3 equiv), CH2Cl2, 0 8C, 3 h, 67%; h) KOH
(1 equiv), tBuOH/CH2Cl2, 40 8C, 12 h; then HCl, 37%. Boc= tert-butoxy-
carbonyl, DMF=N,N-dimethylformamide, THF= tetrahydrofuran,
TMS= trimethylsilyl.


Scheme 3. Acyloxy-N-methylquinolinium derivatives assayed for hydroly-
sis by catalytic peptide dendrimers. Esters 14±17 are accepted as sub-
strates to give the fluorescent product 18. Ester 19±21 are not accepted
as substrates.
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drimers retained activity upon resynthesis from the amino
acid constituents, a result showing that the observed effects
were not due to impurities in the samples. The dendrimers
appeared unchanged upon HPLC and MS analysis after the
reactions; this shows that they were not permanently acylat-
ed during the reaction. Catalysis was further confirmed by
the observation of multiple turnovers.


Kinetic studies : A pH-profile study under screening condi-
tions (5 mm dendrimer, 200 mm substrate) showed a maxi-
mum of activity at pH 6.0, in agreement with a possible role
of the histidine side chain as a catalytic side chain. All fur-
ther measurements were therefore carried out at that pH
value. Catalysis was proportional to the dendrimer concen-
tration up to 10 mm dendrimer. However catalysis did not in-
crease above that concentration, a fact suggesting the forma-
tion of catalytically inactive aggregates.
Catalysis with a range of additional quinoline-derived sub-


strates was also examined. The substrates were prepared by
esterification of hydroxyquinoline, followed by quaterniza-
tion with dimethylsulfate.[14] The hexanoyl 15, isobutyryl 16,
and (R)- and (S)-a-methylphenacetyl derivatives 17 were
also accepted as substrates. By contrast, the more sterically
hindered pivalate 19 and benzoate 20, as well as the isomer-
ic 6-acetoxy-1-methylquinolinium iodide (21), were not hy-
drolyzed by the dendrimers. The kinetics of hydrolysis with
the reactive substrates 14±17 and the most active dendrimers
were characterized in detail and followed the Michaelis±
Menten model, with Michaelis constant (KM; dissociation
constant of the substrate±dendrimer complex) values in the
range of 0.1±1 mm and rate constant of catalysis/rate con-
stant without catalysis (kcat/kuncat) values in the range of 102±
103. The best substrate across all dendrimers was the isobu-


tyryl ester 16. The dendrimers
did not show any significant
degree of enantioselectivity
with the enantiomeric substrate
pair 17 (Table 2, Figure 1, and
Figure 2).


Dendrimer variations : Since the
esterolytic activity of our cata-
lytic peptide dendrimers was
strongly correlated with the
presence of histidine residues at
the outermost position in the
sequence, we set out to prepare
a new dendrimer family incor-
porating histidine as the catalyt-
ic amino acid together with a
broader selection of other
amino acids. A new family of
22 dendrimers incorporating
histidine together with the
amino acids leucine, arginine,
tryptophan, or phenylalanine,
as well as aspartate and serine,
was designed (Table 3). All the
dendrimers were prepared with


diamino acid 1 as the branching unit and were obtained in
satisfactory yields. Aldrithiol-mediated dimerization was
then carried out for all combinations. Disulfide-bond forma-
tion was much slower with hydrophobic dendrimers, with re-
action times extending up to 24 h for the more hydrophobic
dendrimers. Homo- and heterodimers were nevertheless ob-
tained in good yields, with the exception of the HWS±HWS
and DHF±DHL dendrimers, which were not formed even
after repeated attempts under various conditions. In fact,
the aldrithiol-activated HWS dendrimer did not undergo
any reaction and the corresponding heterodimers were ob-
tained by using the HWS dendrimer as a free thiol nucleo-
phile in combination with another thiol-activated dendrimer.


Table 1. Initial screening results for the hydrolysis of quinolinium ester 14 by catalytic peptide dendrimers.
The apparent rate enhancement (Vnet/Vuncat)


[a] is reported for monomeric dendrimers and all combinations of
dimers.


Monomer A1 B1 C1 D1 E1 F1


A1 0.5 0.2
B1 0.0 0.7 0.5
C1 0.6 0.3 0.6 0.4
D1 0.4 0.2 0.5 0.7 0.4
E1 2.1 3.1 1.9 1.6 1.4 9.2
F1 1.7 2.1 0.7 1.8 1.0 12.0 6.4


Monomer A2 B2 C2 D2 E2 F2


A2 0.2 0.0
B2 0.1 0.5 0.2
C2 0.4 0.4 1.1 0.4
D2 0.4 0.5 0.4 0.4 0.4
E2 2.0 1.8 1.9 1.4 1.0 2.8
F2 1.5 1.5 1.5 ± 1.1 1.9 2.8


Monomer A3 B3 C3 D3 E3 F3


A3 2.2 0.3
B3 0.8 0.2 0.4
C3 2.3 ± 2.1 0.2
D3 1.8 0.9 1.4 0.4 1.9
E3 12.2 0.4 ± 4 7.6 8.4
F3 9.7 3.2 0.9 5.6 3.7 5.8 4.6


[a] With 5 mm dendrimer and 200 mm substrate. For other conditions and methods, see the Experimental Sec-
tion. Vuncat is the hydrolysis rate of 14 in buffer without catalysis. Vnet=Vapp�Vuncat, where Vapp is the apparent
hydrolysis rate of 14 in the presence of dendrimer.


Figure 1. Time-course graph for the hydrolysis of 16 to form 18 in the ab-
sence (*) or presence of dendrimers E1±F1 (*), E2±E2 (&), or E3±E3
(~), with 200 mm substrate and 5 mm catalyst.
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We also prepared the all-histi-
dine monomeric dendrimer
(HHH) derived with branching
unit 1. The hydrophobic den-
drimer LRH was coupled with
this all-histidine monomeric
dendrimer, as well as with a se-
lection of dendrimers from the
aspartate/histidine/serine family
(Table 3).
The new series was screened


for catalysis with the substrates
used for the catalytic triad den-
drimer series described above.
There was no significant cata-
lytic effect in any of the den-
drimers tested, including LRH±
HHH, which contained the all-
histidine monomeric dendrimer.
An all-histidine monomeric
dendrimer was also prepared
with diamino acid 3, 3(HHH),
and converted into the corre-
sponding all-histidine homo-
dimer 3(HHH±HHH). The all-
histidine homodimer showed
esterolytic activity with sub-
strates 14, 15, 16, (S)-17, and
(R)-17, with apparent rates of
hydrolysis (Vnet/Vuncat) of 6.5,
6.7, 6.2, 5.3, and 6.1, respective-
ly.


Discussion


The chemical synthesis of large
molecules is intrinsically com-
plex and synthetic availability is
a key issue in supramolecular
chemistry. In the context of
enzyme models, synthesis plan-


ning should also incorporate diversity to allow for variations
in binding and catalysis. The preparation of catalytic peptide
dendrimers demonstrated here is advantageous in both re-
spects. By using a carefully optimized peptide-coupling pro-
tocol we obtained yields of up to 30% after HPLC purifica-
tion for the monomeric dendrimers, which is in the range ex-
pected for linear peptide sequences of similar length.
Branching and resin loading did not affect synthesis signifi-
cantly. The fact that synthesis succeeded with the standard
Rink-amide resin at the usual loading of 0.47 mmolg�1 is
noteworthy, as are the high yields obtained with the com-
mercially available branching unit 2,3-diaminopropanoic
acid 3. Dendrimer synthesis was exemplified with a broad
range of amino acids, including acidic, basic, polar, hydro-
phobic, and aromatic amino acids. Diversity was efficiently
increased by the dimerization strategy through disulfide
bridges, which enabled us to access a sizeable structural


Figure 2. Double reciprocal plot for hydrolysis of ester 16 catalyzed by
peptide dendrimers E1±F1 (*) and E3±F3 (~).


Table 2. Michaelis±Menten parameters for the six most active dendrimers on substrates 14±17.[a]


14 15 16 (S)-17 (R)-17 E[b]


± kuncat [min�1] 3.6î10�4 2.4î10�4 1.2î10�4 2.2î10�4 2.2î10�4


4-methylimidazole k2
[c] [mm


�1min�1] 6.7î10�3 5.6î10�3 4.3î10�3 5.0î10�3 4.8î10�3


E1±E1 KM [mm] 0.20 0.21 0.11 0.17 0.22
kcat [min�1] 0.31 0.26 0.28 0.21 0.20
kcat/kuncat 860 1050 2333 944 891
kcat/KM:k2


[c] 230 220 592 244 192 1.27
Vnet/Vuncat


[d] 9.2 12.5 23.3 17.8 15.5


E1±F1 KM [mm] 0.14 0.12 0.23 0.12 0.15
kcat [min�1] 0.12 0.33 0.30 0.14 0.12
kcat/kuncat 340 1380 2455 637 487
kcat/KM:k2


[c] 130 360 280 229 148 1.55
Vnet/Vuncat


[d] 12.0 18.8 26.5 13.0 10.4


E2±E2 KM [mm] 0.25 0.07 0.69
kcat [min�1] 0.10 0.09 0.25
kcat/kuncat 268 380 2010
kcat/KM:k2


[c] 57 226 83
Vnet/Vuncat


[d] 2.8 3.7 11.1


E2±F2 KM [mm] 0.27 0.24 0.48
kcat [min�1] 0.06 0.08 0.15
kcat/kuncat 173 322 1214
kcat/KM:k2


[c] 30 57 72
Vnet/Vuncat


[d] 1.9 2.3 6.3


E3±E3 KM [mm] 0.29 0.32 0.264 0.23 0.16
kcat [min�1] 0.14 0.17 0.41 0.18 0.18
kcat/kuncat 380 690 3350 816 828
kcat/KM:k2


[c] 70 90 360 154 243
Vnet/Vuncat


[d] 4.1 6.2 31.8 7.8 11.8


E3±F3 KM [mm] 0.23 0.14 0.634 0.16 0.08
kcat [min�1] 0.08 0.08 0.25 0.11 0.10
kcat/kuncat 220 330 2011 519 463
kcat/KM:k2


[c] 50 100 90 142 278
Vnet/Vuncat


[d] 2.7 4.9 16.2 6.9 6.4


[a] With 5 mm dendrimer and 40±700 mm substrate. For other conditions and methods, see the Experimental
Section. The kinetic constants given are derived from the linear double-reciprocal plots of 1/Vnet against 1/[S]
(Figure 1), with r2>0.95. [b] E= (kcat/KM((S)-17))/(kcat/KM((R)-17)). [c] k2 is the second-order rate constant for
the reaction of the substrate with 4-methylimidazole. The ratio of kcat/KM to k2 gives a quantitative comparison
of dendrimer catalysis under the reaction conditions. [d] Vnet/Vuncat was observed with 5 mm dendrimer and
200 mm substrate (see legend of Table 1).
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family from only a small number of monomeric dendrimer
building blocks. Semipreparative HPLC on milligram quan-
tities of dendrimers provided a convenient method to obtain
each dendrimer in pure form. All the dendrimers prepared
were very well behaved in terms of chemical stability. In
particular, the heterodimers did not show any disproportio-
nation, a fact indicating that disulfide-exchange reactions
were slow. The low reactivity of the disulfide group was also
evident from the long dimerization times of up to 24 h ob-
served in some of the dendrimers. These results suggest that
larger scale preparation of any dendrimer is possible and
that the procedure can be automated.
While only proteinogenic l-amino acids were used here,


structural diversity in the dendrimers could be further ex-
tended to the enantiomeric d-amino acids and to nonnatural
amino acid side chains. Amino acids bearing catalytic side
chains[15] and fluorescent groups[16] would be relevant for de-
veloping other catalytic or biosensor peptide dendrimers.
Dendrimers based on b- or g-amino acids[17] could also be
considered. Combinatorial split-and-mix protocols were not
addressed in this study since the dependence of coupling ef-
ficiency on sequence and on the nature of the diamino acid
branching unit was not known.
The choice of an ester hydrolysis reaction was guided by a


number of precedents in the history of enzyme models. Tar-
geting ester hydrolysis naturally led to the choice of the cat-
alytic triad amino acids aspartate, histidine, and serine as
the variable amino acids. All substrates tested were catalyti-
cally hydrolyzed by 4-methylimidazole, which is the simplest
model for the histidine side chain. The fact that catalytic ac-
tivity only appeared when histidine was positioned at the
outermost position in the dendrimer suggests that nucleo-
philic catalysis by the imidazole side chain is involved. A


quantitative comparison of den-
drimer catalysis along these
lines is given by the ratio of
second-order rate constants for
the reaction of the substrates
with the dendrimers (kcat/KM)
and with 4-methyl-imidazole
(k2) under the reaction condi-
tions (see Table 2). The best
dendrimers accelerate hydroly-
sis by approximately 350-fold
over the rate with 4-methylimi-
dazole. Since these dendrimers
display a total of eight histi-
dines at their surface, this cor-
responds to a 40-fold rate en-
hancement per histidine side
chain. Similar acceleration fac-
tors have been reported by
Baltzer and co-workers for the
hydrolysis of nitrophenyl esters
by using designed helical pepti-
des containing six histidines.[18]


Catalytic efficiency in den-
drimers having the same amino
acid sequence was strongly in-


fluenced by the linking diamino acid used. The best results
were observed for the homodimer E3±E3 with the diamino
acid linker 3 on the isobutyryl ester 16. Dendrimers pre-
pared with the bis(b-alanine) linker 2 showed almost no ac-
tivity with the acetate ester 14 and the hexanoate 15 and
only showed sizable activity with the isobutyryl substrate 16.
By contrast, dendrimers made from linkers 1 and 3 were
quite active across all the different quinolinium esters 14±
17.
Catalytic activity was also observed with the monomeric


dendrimers derived from the shorter diamino acids 2 and 3.
The catalytic efficiency in these monomeric dendrimers was
slightly higher than that of the dimeric dendrimers when re-
ferred to the number of catalytic histidine residues. By con-
trast, with the longer branching unit 1 there was almost no
catalysis in the monomeric dendrimers. These observations
suggest that a productive interplay between several histidine
side chains only occurs under certain conditions. In the case
of the longer linker 1, dimerization is probably required to
enforce steric crowding of the side chains and the monomer-
ic dendrimers are too flexible to acquire strong activity. In
the dendrimers made with the shorter linkers 2 and 3, the
amino acids are close enough for productive interaction in
the monomeric dendrimers and dimerization does not en-
hance catalysis.
The observation of histidine-only catalysis was challenged


with the preparation of a dendrimer family containing histi-
dine and noncatalytic amino acids. To our surprise, there
was no significant catalytic effect within this series with any
of the substrates tested, in particular with the dendrimers
displaying surface histidine side chains as in the catalytic
series above. This was all the more puzzling since these den-
drimers were similar to those of the histidine/aspartate/


Table 3. Hydrophobic dendrimers with branching unit 1. Amino acids A1, A2, and A3 correspond to one mon-
omeric dendrimer and A1’, A2’, and A3’ correspond to the second monomeric dendrimer.


Entry A3 A2 A1 A1’ A2’ A3’ Yield[a] [%]


1 D H L 11
2 D F H 20
3 H W S 12
4 L R H 14
5 L R H S W H 26
6 L R H L H D 27
7 L R H H F D 40
8 L R H D S H 74
9 L R H S H D 54
10 L R H H S D 54
11 L R H H H H 45
12 L R H H R L 30
13 H W S L H D 47
14 H W S D S H 39
15 H W S S H D 55
16 H W S H S D 63
17 D H L D S H 60
18 D H L S H D 47
19 D H L H S D 54
20 D H L L H D 30
21 D F H D S H 39
22 D F H H F D 35


[a] Entries 1±4 give yields for the monomer after HPLC purification. Entries 5±22 give yields of dimerization
after HPLC purification.
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serine series. Most strikingly, heterodimers containing one
of the ™catalytic∫ halves combined with a more hydrophobic
half were also not active (LRH±HHH). These results indi-
cate that other factors beyond histidine proximity at the sur-
face control catalytic activity. The more hydrophobic den-
drimers might adopt a compact, noncatalytic structure due
to hydrophobic packing of the side chains.


Conclusion


Peptide dendrimers were prepared by solid-phase synthesis,
alternating standard a-amino acids with diamino acid
branching units, followed by disulfide dimerization of core
cysteine residues. 103 different dendrimers were obtained
from diamino acids 1±3 as branching units and a variety of
acidic, basic, hydrophobic, aromatic, and hydrophilic amino
acids. Dendrimers containing catalytic triad amino acids
with the histidine at the outermost position catalyzed the
hydrolysis of N-methylquinolinium esters 14±17 with
enzyme-like kinetic behavior, thereby demonstrating that
the dendrimers can display functionality. Catalysis was
strongly influenced by the diamino acid branching unit and
the actual amino acid sequence. Further experimentation
will be required to discover catalytic dendrimers with practi-
cal catalytic potencies or selective molecular recognition
properties. The general strategy for dendrimer assembly de-
lineated here enables the assembly of billions of different
structures. A combinatorial synthetic protocol[19] combined
with activity screening can be considered to explore much
larger numbers of dendrimers.


Experimental Section


General : All reagents were either purchased from Aldrich or Fluka or
synthesized following literature procedures. Amino acids and their deriv-
atives were purchased from Senn Chemicals or Novabiochem (Switzer-
land). Rink amide resin and TGR resin were purchased from Novabio-
chem. All solvents used were analytical grade. Chromatography (flash)
was performed with Merck silica gel 60 (0.040�0.063 mm). Analytical
HPLC was performed in a Waters (996 photodiode array detector) chro-
matography system with a Vydac 218TP54 column (RP-C18, 300 ä pore
size, 0.4î22 cm, flow rate of 1.5 mLmin�1) or a chromolith column (0.4î
5 cm, flow rate of 5 mLmin�1). Preparative HPLC was performed with
HPLC-grade acetonitrile and MilliQ deionized water in a Waters prepak
cartridge (500 g; RP-C18, 300 ä pore size, 20 mm) installed on a Waters
Prep LC4000 system from Millipore (flow rate of 100 mLmin�1, gradient
of 0.5% CH3CN per min). Fluorescence measurements were carried out
with a spectraMAX fluorescence detector. NMR spectra were recorded
on a Bruker AC-300 instrument (1H, 300 MHz; 13C, 75 MHz). Infrared
spectroscopy was performed with a Perkin±Elmer 1600 series FTIR appa-
ratus. Frequencies (n) are given in cm�1. Optical rotations were measured
with a Perkin±Elmer 241 digital polarimeter with a 1-dm cell. Melting
points were determined on a B¸chi 510 apparatus and are not corrected.
TLC was performed with fluorescent F254 glass plates. MS was provided
by Dr. Thomas Schneeberger (University of Bern, Switzerland).


N-(3-(9-Fluorenylmethyloxycarbonylamino)-2-(carboxymethyloxy)prop-
1-yl)carbamic acid 9-fluorenylmethyl ester (1): A solution of LiOH
(164 mg, 6.85 mmol) in water (10 mL) was added to a stirred solution of
7 (858 mg, 2.28 mmol) in 10 mL THF. The mixture was stirred overnight.
The solvent was evaporated and the residue was lyophilized to give a
white solid. 3n HCl (10 mL) was added to the solid and the mixture was
stirred at 60 8C for 3 h. The pH value of the solution was adjusted to 5


with NaOH pellets and then to pH 8 with aq. sat. NaHCO3 (10 mL). A
solution of Fmoc-Cl (1.30 g, 5.02 mmol) in dioxane (15 mL) was added at
0 8C and the mixture was stirred overnight at room temperature. After
addition of water (until the mixture became cloudy), the solution was
washed twice with diethyl ether. The aqueous phase was acidified to
pH 2 with aq. conc. HCl and extracted with EtOAc. The organic phase
was evaporated and the residue purified by flash column chromatography
(hexane/EtOAc/AcOH (3.8:6:0.2)) to give 1 (895 mg; 66%) as a colorless
solid; m.p. 205 8C; 1H NMR (300 MHz, [D6]DMSO): d=7.66 (m, 4H),
7.40 (m, 4H), 7.31 (m, 8H), 4.23 (m, 6H), 4.10 (s, 2H), 3.36 (m, 1H),
3.12 (m, 4H) ppm; 13C NMR (75 MHz, DMSO-d6): d=162.07, 145.87,
133.48, 130.32, 117.24, 116.70, 114.80, 109.72, 67.02, 55.87, 55.14, 36.33,
31.38 ppm; FABMS: 593 [M+]; HRMS: calcd. for C35H32N2O7: 593.2288;
found: 593.2287.


N-(3-(9-Fluorenylmethyloxycarbonylamino)-2-carboxyprop-1-yl)carbamic
acid 9-fluorenylmethyl ester (2): A solution of 10 (2.89 g, 4.55 mmol) in
AcOH (30 mL) and aq. 2n HCl (5 mL) was stirred under reflux condi-
tions for 15 h. The solution was cooled and toluene was added. The pre-
cipitate was filtered to gave 2 (1.67 g, 2.98 mmol, 65%) as a white solid;
m.p. 201 8C; IR (KBr): ñ=3326 (m), 2946 (s), 1699 (s), 1538 (m), 1450
(m), 1258 (w), 1450 (m), 1258 (w) cm�1; 1H NMR (300 MHz, CDCl3): d=
7.35 (d, J=7.35 Hz, 4H), 7.57 (d, J=7.71 Hz, 4H), 7.27 (m, J=7.35,
11.0 Hz, 8H), 5.74 (t, J=6.27 Hz, 2H), 4.35 (d, J=7.0 Hz, 4H), 4.18 (t,
J=7.0 Hz, 2H), 3.61 (m, 2H), 3.29 (m, 2H), 2.74 (t, J=5.5 Hz, 1H) ppm;
13C NMR (75 MHz, CDCl3): d=175.22, 157.49, 144.45, 14.86, 128.27,
127.65, 125.171, 120.53, 67.41, 47.87, 45.87, 39.51, 21.49 ppm; HRMS:
calcd for C34H30N2O6: 563.2182; found: 563.2181.


5-Dimethylamino-isophthalic acid mono-tert-butyl ester (4): A solution
of 13 (5.5 g, 17.11 mmol) in tert-butanol (55 mL) and dry CH2Cl2 (11 mL)
at room temperature was treated with 20n KOH (855 mL, 1 equiv) and
heated at 40 8C for 12 h. After removal the solvent, the crude product
was dissolved in CH2Cl2 and extracted with water (3î). The water layer
was filtered over celite and then acidified with 1n HCl to pH 4±5 to give
4 (1.66 g, 37%) as a white precipitate; m.p. 175±183 8C ; 1H NMR
(300 MHz, DMSO): d=7.72 (s, 1H), 7.43 (s, 1H), 7.39 (s, 1H), 2.98 (s,
6H), 1.55 (s, 9H) ppm; 13C NMR (75 MHz, DMSO): d=167.2, 164.9,
150.2, 132.3, 131.8, 117.0, 116.2, 115.8, 80.9, 39.9, 27.4 ppm; MS (EI): 265
[M+]; HRMS (ESI): calcd for C14H20NO4: 266.1392; found: 266.1398.


N-(3-(tert-Butoxycarbonylamino)-2-hydroxyprop-1-yl)carbamic acid tert-
butyl ester (6): A solution of di-tert-butyl dicarbonate (4.80 g, 22 mmol)
in CH2Cl2 (4 mL) was added slowly to a stirred solution of 1,3-diamino-
propanol (5 ; 901 mg, 10.0 mmol) and triethylamine (164 mL, 1.18 mmol)
in CH2Cl2/MeOH (1:5, 10 mL). The reaction was complete in 2 h (as
monitored by TLC). The solution was concentrated and the oily residue
was purified by flash column chromatography (hexane/EtOAc (1:4)) to
give the Boc-protected intermediate 6[20] as a colorless solid (2.83 g,
98%); 1H NMR (300 MHz, CDCl3) d=3.70 (m, 1H), 3.20 (m, 4H), 1.27
(s, 18H) ppm; 13C NMR (75 MHz, CDCl3) d=157.27, 80.07, 71.20, 43.61,
28.37 ppm.


N-(3-(tert-Butoxycarbonylamino)-2-(ethoxycarbonylmethyloxy)prop-1-
yl)carbamic acid tert-butyl ester (7): Ethyl bromoacetate (1.18 mL,
10.7 mmol) was added to a stirred solution of 6 (1.23 g, 4.23 mmol) in dry
THF (2 mL) at room temperature. Sodium hydride (0.47 g, 4.5 equiv)
was added slowly over 1 h. After an additional 5 h the reaction mixture
was filtered over celite and evaporated. The residue was purified by flash
column chromatography (hexane/EtOAc (8:2)) to give 7 (858 mg, 54%)
as a colorless oil; 1H NMR (300 MHz, CDCl3): d=4.21 (q, J=7 Hz, 2H),
4.15 (s, 2H), 3.45 (m, 1H), 3.48±3.06 (m, 4H), 1.42 (s, 18H), 1.27 (t, J=
7 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3) d=171.09, 156.37, 79.38,
78.91, 67.16, 61.13, 40.56, 28.35, 14.10 ppm; MS (FAB): 377 [M+H]+ ;
HRMS: calcd for C17H32N2O7+Na: 399.2113; found: 399.2107.


Dibenzyl-3,3-bis(methoxycarbonylmethyl)glutarate (8): A solution of di-
methyl malonate (13.0 mL, 0.112 mol) in dry THF (170 mL) was added
dropwise to a stirred suspension of NaH (10.66 g, 0.235 mol, 2.1 equiv;
55±65% oil dispersion) in dry THF (170 mL) under N2. The solution was
stirred at room temperature for 2 h and then a solution of benzyl 2-bro-
moacetate (35.2 mL, 0.224 mol, 2 equiv) in dry THF (160 mL) was added
dropwise. The reaction mixture was stirred at room temperature for 4 h
and then poured into aq. sat. NH4Cl. After extraction with AcOEt (2î),
the combined organic phases were dried with Na2SO4. Removal of the
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solvents in vacuum gave 8 (47.9 g, 98%) as a yellow oil; IR (CHCl3): ñ=
3034 (s), 2955 (s), 1741 (s), 1170 (w), 1227 (s) cm�1; 1H NMR (300 MHz,
CD3OD): d=7.33 (s, 10H), 5.10 (s, 4H), 3.66 (s, 6H), 3.22 (s, 4H) ppm;
13C NMR (75 MHz, CD3OD): d=170.88, 170.19, 136.14, 129.0, 128.96,
67.37, 53.81, 38.44, 30.38 ppm; MS (EI): 428 [M+]; HRMS: calcd. for
C23H24O8: 429.147118; found: 428.147130.


3,3-Bis(methoxycarbonylmethyl)glutaric acid (9): A solution of 8 (48.6 g,
0.113 mol) in absolute EtOH (60 mL) was hydrogenated with H2 (4 bars)
over 10% Pd/C (4 g) in a Parr shaker for 14 h. The catalyst was removed
by filtration through celite and the filtrate was concentrated. The solid
residue was dissolved in a small amount of AcOEt and precipitated by
addition of hexane. After filtration, 9 (25.6 g, 91%) was obtained as a
white solid; m.p. 126 8C; IR (KBr): ñ=3418 (br), 2924 (s), 2854 (m), 1731
(s), 1395 (s), 1220 (s) cm�1; 1H NMR (300 MHz, CD3OD): d=3.71 (s,
6H), 3.13 (s, 4H) ppm; 13C NMR (75 MHz, CD3OD): d=173.77, 171.38,
54.59, 53.46, 38.51 ppm; MS (FAB): 249 [M+H]; HRMS: calcd for
C9H12O8: 249.0610; found: 249.0599.


N-(3-(9-Fluorenylmethyloxycarbonylamino)-2,2-bis(methoxycarbonyl)-
prop-1-yl)carbamic acid 9-fluorenylmethyl ester (10): A solution of 9
(8.15 g, 0.033 mol) in dry CH2Cl2 was treated at 25 8C with oxalyl chloride
(8.50 mL, 0.098 mol, 3 equiv) and DMF (1 drop) and the mixture was stir-
red for 7 h. Evaporation to dryness gave the bis-acyl chloride as an
orange oil (8.66 g, 0.030 mol), which was dissolved in dry CH2Cl2 and
treated with azidotrimethylsilane (14.90 mL, 0.113 mol, 3.7 equiv). After
stirring for 20 h at 25 8C, evaporation to dryness gave the corresponding
bis-acyl azide as an orange oil. A solution of acyl azide (5.53 g,
18.50 mmol) and 9-fluorenemethanol (15.80 g, 80.51 mmol, 4.3 equiv) in
dry toluene (120 mL) was stirred under reflux conditions for 18 h. After
removal of the solvent, the crude product was purified by flash column
chromatography (hexane/AcOEt (8:2)) to give 10 (5.51 g, 8.68 mmol,
43%) as a colorless solid; m.p. 75 8C; IR (CHCl3): ñ=3447 (m), 3014 (s),
2955(s), 1732 (s), 1516 (m), 1451(s), 1229 (s) cm�1; 1H NMR (300 MHz,
CDCl3): d=7.78 (d, J=7.4 Hz, 4H), 7.60 (d, J=7.4 Hz, 4H), 7.32 (m, J=
6.6, 10.7 Hz, 8H), 5.58 (t, 2H), 4.44 (d, J=6.99 Hz, 4H), 4.25 (q, J=
6.99 Hz, 2H), 3.76 (d, 4H), 3.74 (s, 6H) ppm; 13C NMR (75 MHz,
CDCl3): d=169.91, 157.60, 144.49, 142.00, 128.42, 127.78, 125.77, 120.67,
67.79, 59.67, 53.73, 47.88, 42.11 ppm; MS (FAB): 635 [M+]; HRMS: calcd
for C37H34N2O8: 635.2393; found: 635.2362.


5-Dimethylamino-isophthalic acid (12): Formaldehyde (�37wt% in
water, 24 mL, 10 equiv) was added to a solution of 5-amino-isophthalic
acid (11; 5.50 g, 30.4 mmol) in DMF at 25 8C for 20 minutes. The solution
was cooled to 0 8C and NaBH3CN (5.70 g, 90.7 mmol, 3 equiv) was slowly
added. The solution was stirred for 5 h at 25 8C. After evaporation of the
solvent, the residue was dissolved in water and precipitated by addition
of 1n HCl. The white precipitate was filtrated and washed with water
until the pH value of the filtrate was neutral, to yield 12 (5.28 g, 83%) as
a colorless solid; IR (DMSO): ñ=3424 (s), 2151 (w), 1653 (m), 1437 (w),
1430 (w), 1420 (w), 1405 (w), 1347 (w), 1317 (w), 1229 (w) cm�1;
1H NMR (300 MHz, DMSO): d=7.78 (s, 1H), 7.43 (s, 2H), 2.97 (s,
6H) ppm; 13C NMR (75 MHz, DMSO): d=167.3, 150.2, 131.8, 117.5,
116.2, 40.0 ppm; MS (EI): 209 [M+]; HRMS (ESI): calcd for C10H12NO4:
210.0766; found: 210.0767.


5-Dimethylamino-isophthalic acid di-tert-butyl ester (13): A solution of
12 (4.0 g, 19.1 mmol) in dry CH2Cl2 (80 mL) was treated with oxalyl chlo-
ride (4.9 mL, 57.1 mmol, 3 equiv) and a few drops of DMF and the mix-
ture was stirred at 25 8C for 2 h. Evaporation to dryness gave a crude
yellow acyl chloride, which was dissolved in dry CH2Cl2 (80 mL) and
cooled to 0 8C. KOtBu (6.4 g, 57.3 mmol, 3 equiv) was slowly added at
0 8C. The solution was stirred for 3 h and then evaporated to dryness.
Aqueous work-up (AcOEt/water) and purification by flash column chro-
matography (CH2Cl2) gave 13 (4.14 g, 67%) as a yellow solid; m.p. 149±
151 8C; 1H NMR (300 MHz, CDCl3): d=7.67 (s, 1H), 7.27 (s, 2H), 2.79
(s, 6H), 1.37 (s, 18H) ppm; 13C NMR (75 MHz, CDCl3): d=165.9, 150.3,
132.7, 118.2, 116.7, 81.2, 40.5, 28.1 ppm; MS (EI): 321 [M+]; HRMS
(ESI): calcd for C18H28NO4: 322.2018; found: 322.2029.


7-Hexanoyloxy-1-methylquinolinium trifluoroacetate (15): Hexanoyl
chloride (145 mL, 1.04 mmol, 1.5 equiv) and N,N-diisopropylethylamine
(DIEA; 250 mL, 1.44 mmol, 2 equiv) were added to a solution of 7-hy-
droxyquinoline (18 ; 103 mg, 0.71 mmol) in THF (4 mL). After 20 h at
25 8C, the solvent was evaporated and the residue was dissolved in THF


(3 mL). Dimethylsulfate (0.47 mL, 5.00 mmol, 7 equiv) was added and
the solution was stirred for 12 h at 25 8C. After solvent evaporation, the
residue was purified by preparative RP HPLC (C-18, acetonitrile/water
gradient containing 0.1% trifluoroacetic acid (TFA)). Lyophilization of
the product-containing fractions gave 15 (71.6 mg, 0.245 mmol, 64%) as
an orange oil; 1H NMR (300 MHz, D2O): d=9.14 (d, J=5.84 Hz, 1H),
9.04 (d, J=8.29 Hz, 1H), 8.34 (d, J=9.04 Hz, 1H), 8.10 (d, J=1.88 Hz,
1H), 7.93 (q, J=8.47, 6.02 Hz, 1H), 7.72 (dd, J=8.86, 1.89 Hz, 1H), 4.51
(s, 3H), 2.70 (t, J=7.35 Hz, 2H), 1.71 (q, J=7.35 Hz, 2H), 1.32 (m, 4H),
0.83 (t, J=7.35 Hz, 3H) ppm; 13C NMR (75 MHz, D2O): d=117.24,
157.93, 152.33, 149.85, 142.21, 134.93, 130.37, 128.12, 123.88, 113.22, 47.81,
36.24, 32.94, 26.19, 24.13, 15.63 ppm; MS (EI): 258 [M+]; HRMS: calcd
for C16H20NO2: 258.149290; found: 258.149404.


7-Isobutyryloxy-1-methylquinolinium trifluoracetate (16): The same pro-
cedure as for 15 was applied with 7-hydroxyquinoline (18 ; 50.0 mg,
0.34 mmol) in THF (2 mL), isobutyryl chloride (55 mL, 0.52 mmol,
1.5 equiv), and DIEA (118 mL, 0.69 mmol, 2 equiv), followed by dime-
thylsulfate (0.225 mL, 2.4 mmol, 7 equiv) to give, after lyophilization, 16
(71.6 mg, 0.245 mmol, 72%) as an orange oil; 1H NMR (300 MHz, D2O):
d=9.14 (d, J=5.84 Hz, 1H), 9.04 (d, J=8.39 Hz, 1H), 8.34 (d, J=
9.04 Hz, 1H), 8.10 (d, J=1.88 Hz, 1H), 7.93 (q, J=8.39, 5.84 Hz, 1H),
7.73 (dd, J=9.04, 1.88 Hz, 1H), 4.51 (s, 3H), 2.95 (m, 1H), 1.28 (d, J=
6.97 Hz, 6H) ppm; 13C NMR (75 MHz, D2O): d=180.42, 158.10, 152.32,
149.85, 134.92, 130.37, 128.11, 126.59, 123.88, 113.18, 47.83, 36.53,
20.41 ppm; MS (EI): 230 [M+]; HRMS: calcd for C14H16NO2:
230.117570; found: 230.118104.


(S)-7-(a-methylphenylacetoxy)-1-methylquinolinium trifluoracetate ((S)-
17): A solution of 7-hydroxyquinoline (18 ; 66.6 mg, 0.46 mmol) in THF
(4 mL) with (S)-(+)-2-phenylpropionic acid (75.8 mg, 0.51 mmol,
1.1 equiv), DCC (114.0 mg, 0.55 mmol, 1.2 equiv), and 4-dimethylamino-
pyridine (6.1 mg, 0.05 mmol, 0.1 equiv) was stirred for 15 h at 25 8C. The
solvent was evaporated and the residue was dissolved in THF (3 mL) and
treated with dimethylsulfate (0.3 mL, 3.20 mmol, 7 equiv). After 12 h at
25 8C, the solvent was evaporated and the residue was purified by prepa-
rative RP HPLC (C18, water/acetonitrile gradient containing 0.1%
TFA). Lyophilization of the product-containing fractions gave (S)-17
(71.6 mg, 0.245 mmol, 53%) as orange oil; 1H NMR (400 MHz, D2O):
d=9.07 (d, J=5.77 Hz, 1H), 8.96 (d, J=8.43 Hz, 1H), 8.21 (d, J=
8.93 Hz, 1H), 7.91 (d, J=1.83 Hz, 1H), 7.88 (q, J=8.43, 5.77 Hz, 1H),
7.54 (dd, J=8.93, 1.83 Hz, 1H), 7.40 (m, 4H), 7.31 (m, 1H), 4.40 (s, 3H),
4.15 (t, J=6.91 Hz, 1H), 1.55 (d, J=6.91 Hz, 3H) ppm; 13C NMR
(100 MHz, DMSO): d=172.23, 155.14, 150.72, 146.81, 132.14, 128.88,
127.68, 127.45, 125.54, 121.78, 111.29, 45.47, 44.67, 18.65 ppm; [a]20D =�70
(c=1m, MeOH); MS (EI): 292 [M+]; HRMS: calcd for C19H18NO2:
292.133880; found: 292.133754.


(R)-(7-a-methylphenylacetoxy)-1-methylquinolinium trifluoracetate
((R)-17): The same procedure as above was applied with 18 (67 mg,
0.46 mmol) and (R)-(+)-2-phenylpropionic acid (76.0 mg, 0.51 mmol) to
give (R)-17 (84.6 mg, 63%) as an orange oil; [a]20D =++70 (c=1m,
MeOH).


7-(2,2-Dimethyl-propionyloxy)-1-methylquinolinium trifluoracetate (19):
The same procedure as for 15 was applied with 7-hydroxyquinoline (18 ;
50.0 mg, 0.34 mmol) in THF (2 mL), pivaloylchloride (64 mL, 0.52 mmol,
1.5 equiv), and DIEA (118 mL, 0.69 mmol, 2 equiv), followed by dime-
thylsulfate (0.23 mL, 2.4 mmol, 7 equiv) to give, after lyophilization, 19
(41.5 mg, 0.167 mmol, 50%) as an orange oil; 1H NMR (300 MHz, D2O):
d=9.14 (d, J=5.86 Hz, 1H), 9.05 (d, J=8.47 Hz, 1H), 8.35 (d, J=
9.03 Hz, 1H), 8.09 (d, J=1.98 Hz, 1H), 7.94 (q, J=8.47, 5.86 Hz, 1H),
7.74 (dd, J=9.03, 1.98 Hz, 1H), 4.52 (s, 3H), 1.35 (s, 9H) ppm; 13C NMR
(75 MHz, D2O): d=181.93, 158.40, 152.33, 149.87, 142.24, 134.92, 130.38,
128.12, 123.89, 113.14, 47.85, 41.61, 28.62 ppm; MS (EI): 244 [M+];
HRMS: calcd for C15H18NO2: 244.133710; found: 244.133754.


7-Benzoyloxy-1-methylquinolinium trifluoracetate (20): The same proce-
dure as for 15 was applied with 7-hydroxyquinoline (18 ; 51 mg,
0.35 mmol) in THF (2 mL), benzoyl chloride (165 mL, 0.52 mmol,
1.5 equiv), and DIEA (118 mL, 0.69 mmol, 2 equiv), followed by dime-
thylsulfate (0.23 mL, 2.4 mmol, 7 equiv) to give, after lyophilization, 20
(64.0 mg, 0.242 mmol, 69%) as an orange oil; 1H NMR (300 MHz, D2O):
d=9.18 (d, J=5.84 Hz, 1H), 9.08 (d, J=8.40 Hz, 1H), 8.40 (d, J=
9.04 Hz, 1H), 8.27 (d, J=1.79 Hz, 1H), 8.17 (d, J=7.16 Hz, 2H), 7.97
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(dd, J=8.40, 5.84 Hz, 1H), 7.90 (dd, J=9.04, 1.79 Hz, 1H), 7.71 (t, J=
7.54 Hz, 1H), 7.55 (t, J=7.53 Hz, 2H), 4.54 (s, 3H) ppm; 13C NMR
(75 MHz, D2O): d=168.83, 158.21, 152.41, 149.93, 142.22, 137.44, 135.05,
132.74, 131.49, 130.44, 130.25, 128.15, 124.00, 113.34, 47.86 ppm;
MS (EI): 264 [M+]; HRMS: calcd for C17H14NO2: 264.102450; found:
264.102454.


6-Acetoxy-1-methylquinolinium trifluoracetate (21): Acetyl chloride
(53.0 mL, 0.75 mmol, 2.0 equiv) and DIEA (0.13 mL, 0.76 mmol, 2 equiv)
were added to a solution of 7-hydroxyquinoline (18 ; 54.2 mg, 0.37 mmol)
in THF (0.5 mL). The solution was stirred overnight at room tempera-
ture. The solvent was removed under vacuum and the residue was taken
up into THF (0.5 mL). Dimethyl sulfate (0.25 mL, 2.6 mmol, 7 equiv) was
added and the solution was stirred for 20 h at room temperature. The sol-
vent was removed under vacuum and the residue was purified by prepa-
rative HPLC. After lyophilization, 21 (32.1 mg, 0.16 mmol, 43%) was
obtained as a white solid; 1H NMR (300 MHz, D2O): d=9.15 (d,
J=5.74 Hz, 1H), 9.00 (d, J=8.43 Hz, 1H), 8.41 (d, J=9.42 Hz, 1H),
8.04 (d, J=2.45 Hz, 1H), 7.97 (q, J=8.43, 5.77 Hz, 2H), 3.08
(s, 3H), 2.38 (d, J=6.91 Hz, 3H) ppm; 13C NMR (75 MHz, DMSO):
d=174.70, 152.77, 151.85, 149.71, 133.28, 133.03, 124.82, 123.84, 122.93,
48.09, 22.93 ppm; HRMS: calcd for C12H12NO2: 202.0868; found:
202.0862.


Dendrimer synthesis : The dendrimer synthesis was carried out by using
standard Fmoc SPPS on Rink amide resin (0.47 mmolg�1). The resin was
acylated with each amino acid or diamino acid (3 equiv) in the presence
of TBTU or BOP (3 equiv) and DIEA (5 equiv). After 30 min, the resin
was successively washed with DMF, MeOH, and CH2Cl2 (2î with each
solvent), then checked for free amino groups with the 2,4,6-trinitroben-
zenesulfonic acid test. The Fmoc protecting group was removed with a
solution of 20% piperidine in DMF for 2î10 min and the solution was
then removed by filtration. The resin was washed with DMF, MeOH, and
CH2Cl2 (2î with each solvent). At the end of the synthesis, the resin was
acylated with three equivalents of the capping group in the presence of
BOP (3 equiv) and DIEA (5 equiv) for 2 h. The resin was dried and the
cleavage was carried out with TFA/1,2-ethanediothiol/H2O/triisopropylsi-
lane (94.5:2.5:2.5:1) for 4 h. The peptide was precipitated with methyl
tert-butyl ether then dissolved in a water/acetonitrile mixture. All den-
drimers were purified by preparative HPLC (flow rate of 100 mLmin�1;
eluent A=water and 0.1% TFA; eluent B=acetonitrile, water, and TFA
(3:2:0.1%); column: Waters prepak cartridge 500 g RP-C18, 20 mm, pore
size: 300 ä, detection: l=214 nm).


Dendrimer A1: From Rink amide resin (200 mg, 0.061 mmolg�1), the se-
quence ((Cap-Ser)2B


1Asp)2B
1CysHisNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (27 mg, 16%); RP
HPLC: tR=18.56 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C84H111N21O34S: 1989.73; found: 1990.00.


Dendrimer B1: From Rink amide resin (200 mg, 0.061 mmolg�1), the se-
quence ((Cap-Asp)2B


1Ser)2B
1CysHisNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (25 mg, 15%); RP
HPLC: tR=16.96 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C86H111N21O36S: 2045.72; found: 2046.00.


Dendrimer C1: From Rink amide resin (200 mg, 0.061 mmolg�1), the se-
quence ((Cap-Asp)2B


1His)2B
1CysSerNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (23 mg, 12%); RP
HPLC: tR=19.55 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C89H113N23O35S: 2095.76; found: 2096.13.


Dendrimer D1: From Rink amide resin (400 mg, 0.061 mmolg�1), the se-
quence ((Cap-Ser)2B


1His)2B
1CysAspNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (34 mg, 16%); RP
HPLC: tR=17.48 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C86H113N23O32S: 2011.78; found: 2012.13.


Dendrimer E1: From Tentagel resin (300 mg, 0.2 mmolg�1), the sequence
((Cap-His)2B


1Asp)2B
1CysSerNH2 was obtained as a colorless foamy solid


after preparative HPLC purification (18 mg, 12%); RP HPLC: tR=
17.96 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd for
C93H117N27O31S: 2139.83; found: 2140.38.


Dendrimer F1: From Tentagel resin (400 mg, 0.2 mmolg�1), the sequence
((Cap-His)2B


1Ser)2B
1CysAspNH2 was obtained as a colorless foamy solid


after preparative HPLC purification (44 mg, 18%); RP HPLC: tR=


17.25 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd for
C92H117N27O30S: 2111.83; found: 2112.38.


Dendrimer A2 : From Rink amide resin (200 mg, 0.61 mmolg�1), the se-
quence ((Cap-Ser)2B


2Asp)2B
2CysHisNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (29.8 mg, 12.9%); RP
HPLC: tR=14.0 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C81H105N21O31S: 1899.70; found: 1900.25.


Dendrimer B2 : From Rink amide resin (200 mg, 0.47 mmolg�1), the se-
quence ((Cap-Asp)2B


2Ser)2B
2CysHisNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (8.2 mg, 4.5%); RP
HPLC: tR=15.6 min (A/B=70/30!40/60 in 30 min); MS (ES+ ): calcd
for C83H105N21O33S: 1955.69; found: 1956.25.


Dendrimer C2 : From Rink amide resin (150 mg, 0.61 mmolg�1), the se-
quence ((Cap-Asp)2B


2His)2B
2CysSerNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (14.7 mg, 8.0%); RP
HPLC: tR=15.6 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C86H107N23O32S: 2005.72; found: 2006.39.


Dendrimer D2 : From TGR resin (400 mg, 0.20 mmolg�1), the sequence
((Cap-Ser)2B


2His)2B
2CysAspNH2 was obtained as a colorless foamy solid


after preparative HPLC purification (22.9 mg, 14.9%); RP HPLC: tR=
24.8 min (A/B=90/10!50/50 in 40 min); MS (ES+ ): calcd for
C83H107N23O23S: 1921.73; found: 1922.13.


Dendrimer E2 : From Rink amide resin (150 mg, 0.61 mmolg�1), the se-
quence ((Cap-His)2B


2Asp)2B
2CysSerNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (9.7 mg, 5.2%); RP
HPLC: tR=22.4 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C90H111N27O26S: 2049.78; found: 2050.86.


Dendrimer F2 : From TGR resin (400 mg, 0.20 mmolg�1), the sequence
((Cap-His)2B


2Ser)2B
2CysAspNH2 was obtained as a colorless foamy solid


after preparative HPLC purification (21.8 mg, 13.5%); RP HPLC: tR=
17.2 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd for
C89H111N27O27S: 2021.79; found: 2022.25.


Dendrimer A3 : From Rink amide resin (150 mg, 0.61 mmolg�1), the se-
quence ((Cap-Ser)2B


3Asp)2B
3CysHisNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (9.7 mg, 5.5%); RP
HPLC: tR=34 min (l=214 nm, A/B=90/10!60/40 in 60 min); MS
(ES+ ): calcd for C78H99N21O31S: 1857.65; found: 1858.50.


Dendrimer B3 : From Rink amide resin (100 mg, 0.47 mmolg�1), the se-
quence ((Cap-Asp)2B


3Ser)2B
3CysHisNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (21.4 mg, 24%); RP
HPLC: tR=34 min (l=214 nm, A/B=97/3!50/50 in 47 min); MS (ES+):
calcd for C80H100N21O33S: 1914.64; found: 1914.38.


Dendrimer C3 : From Rink amide resin (150 mg, 0.61 mmolg�1), the se-
quence ((Cap-Asp)2B


3His)2B
3CysSerNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (7.0 mg, 4%); RP
HPLC: tR=23 min (l=214 nm, A/B=90/10!70/30 in 20 min, then !60/
40 in 40 min); MS (ES+ ): calcd for C83H102N23O32S: 1964.87; found:
1964.13.


Dendrimer D3 : From Rink amide resin (150 mg, 0.61 mmolg�1),
the sequence ((Cap-Ser)2B


3His)2B
3CysAspNH2 was obtained as a


colorless foamy solid after preparative HPLC purification (50.4 mg,
29.3%); RP HPLC: tR=27 min (l=214 nm, A/B=90/10!50/50
in 40 min); MS (ES+ ): calcd for C80H102N23O29S: 1880.69; found:
1880.13.


Dendrimer E3 : From Rink amide resin (150 mg, 0.61 mmolg�1), the se-
quence ((Cap-His)2B


3Asp)2B
3CysSerNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (17.1 mg, 9.3%); RP
HPLC: tR=17 min (l=214 nm, A/B=90/10!70/30 in 20 min, then !60/
40 in 40 min); MS (ES+ ): calcd for C87H105N27O28S: 2008.73; found:
2008.73.


Dendrimer F3 : From Rink amide resin (150 mg, 0.61 mmolg�1), the se-
quence ((Cap-His)2B


3Ser)2B
3CysAspNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (47.2 mg, 26%); RP
HPLC: tR=34 min (l=214 nm, A/B=90/10!60/40 in 60 min); MS
(ES+ ): calcd for C86H105N27O27S: 1981.99; found: 1980.38.


Dendrimer DFH : From Novasyn TGR resin (400 mg, 0.02 mmolg�1), the
sequence ((Cap-Asp)2B


2Phe)2B
2CysHisNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (24.8 mg, 20%); RP
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HPLC: tR=28.4 min (A/B=80/20!40/60 in 40 min); MS (ES+ ): calcd
for C98H119N21O34S: 2165.79; found: 2166.63.


Dendrimer HWS : From Rink amide resin (200 mg, 0.47 mmolg�1), the
sequence ((Cap-His)2B


2Trp)2B
2CysSerNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (26 mg, 12%); RP
HPLC: tR=24.6 min (A/B=80/20!40/60 in 40 min); MS (ES+ ): calcd
for C99H123N21O34S: 2281.92; found: 2282.88.


Dendrimer LRH : From Novasyn TGR resin (400 mg, 0.02 mmolg�1), the
sequence ((Cap-Leu)2B


2Arg)2B
2CysHisNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (23.3 mg, 14%); RP
HPLC: tR=24.6 min (A/B=60/40!20/80 in 40 min); MS (ES+ ): calcd
for C99H123N21O34S: 2176.09; found: 2177.13.


Dendrimer DHL : From Rink amide resin (200 mg, 0.47 mmolg�1), the
sequence ((Cap-Asp)2B


2His)2B
2CysLeuNH2 was obtained as a colorless


foamy solid after preparative HPLC purification (21 mg, 11%); RP
HPLC: tR=22.1 min (A/B=80/20!40/60 in 40 min); MS (ES+ ): calcd
for C93H121N23O33S: 2121.16; found: 2122.25


Dendrimer HHH : From Novasyn TGR resin (100 mg, 0.02 mmolg�1), the
sequence ((Cap-His)2B


2His)2B
2CysHisNH2 was obtained as a colorless


foamy solid after preparative HPLC purification; MS (ES+ ): calcd for
C100H123N33O26S: 2233.90; found 2235.26.


Dendrimer dimerization : Homodimers: The monomeric dendrimer X
(1 mg) was dissolved in water (25 mL) and a solution of aldrithiol
(0.0454m in MeOH, 0.45 equiv) was added. The pH value was adjusted
to 8 with 20 mm aq. NH4HCO3 and the solution was stirred for 30 min at
25 8C then acidified with TFA (1 drop). The homodimer X±X was puri-
fied by semipreparative RP HPLC (column: Vydac 218TP510, C18, 1.0î
25 cm, flow rate of 4 mLmin�1; eluents A and B as above, gradient of elu-
ents as indicated in the characterization; detection by UV, l=220 nm).
Heterodimers: Dendrimer X (5 mg) was dissolved in water (125 mL) and
aldrithiol (0454m in MeOH, 25 equiv) was added. The methanol was
evaporated and the excess of aldrithiol was removed by extraction with
dichloromethane. The activated dendrimer solution was divided in five
parts. A solution of dendrimer Y (1 mg in 25 mL of H2O, 1 equiv) was
added to each part and the final solution was adjusted to pH 8 by addi-
tion of 20 mm aq. NH4HCO3. The solution was stirred for 30 minutes and
then acidified with TFA (1 drop). The heterodimer was purified by semi-
preparative RP HPLC as above.


Dendrimer A1±A1: Yield: 0.8 mg (0.19 mmol), 80%; RP HPLC: tR=
13.95 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C168H222N42O68S2: 3977.46; found: 3978.75.


Dendrimer B1±B1: Yield: 0.4 mg (0.09 mmol), 40%; RP HPLC: tR=
16.70 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C172H222N42O72S2: 4089.44; found: 4090.75.


Dendrimer C1±C1: Yield: 0.8 mg (0.17 mmol), 80%; RP HPLC: tR=
15.85 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C178H226N46O70S2: 4189.52; found: 4191.00.


Dendrimer D1±D1: Yield: 0.5 mg (0.11 mmol), 50%; RP HPLC: tR=
14.88 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C172H226N46O64S2: 4021.56; found: 4022.63.


Dendrimer E1±E1: Yield: 0.9 mg (0.17 mmol), 90%; RP HPLC: tR=
10.30 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C186H234N54O62S2: 4277.66; found: 4279.13.


Dendrimer F1±F1: Yield: 0.5 mg (1.0 mmol), 50%; RP HPLC: tR=
13.90 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C184H234N54O60S2: 4221.66; found: 4223.63.


Dendrimer A1±B1: Yield: 1.5 mg (0.35 mmol), 75%; RP HPLC: tR=
14.65 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C170H222N42O70S2: 4033.45; found: 4034.88.


Dendrimer A1±C1: Yield: 0.9 mg (0.20 mmol), 45%; RP HPLC: tR=
14.90 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C173H224N44O69S2: 4083.49; found: 4085.25.


Dendrimer A1±D1: Yield: 0.5 mg (0.11 mmol), 25%; RP HPLC: tR=
14.05 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C170H224N44O66S2: 3999.51; found: 4001.13.


Dendrimer A1±E1: Yield: 0.9 mg (0.19 mmol), 40%; RP HPLC: tR=
11.75 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C177H228N48O65S2: 4127.56; found: 4129.00.


Dendrimer A1±F1: Yield: 1.1 mg (0.23 mmol), 49%; RP HPLC: tR=
14.50 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C176H228N48O64S2: 4099.56; found: 4101.25.


Dendrimer B1±C1: Yield: 0.6 mg (0.13 mmol), 29%; RP HPLC: tR=
15.80 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C175H224N44O71S2: 4139.49; found: 4140.63.


Dendrimer B1±D1: Yield: 0.9 mg (0.20 mmol), 43%; RP HPLC: tR=
15.43 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C172H224N44O68S2: 4055.5; found: 4056.63.


Dendrimer B1±E1: Yield: 0.8 mg (0.17 mmol), 36%; RP HPLC: tR=
13.68 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C179H228N48O67S2: 4183.55; found: 4185.00.


Dendrimer B1±F1: Yield: 0.4 mg (0.08 mmol), 18%; RP HPLC: tR=
14.25 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C178H228N48O66S2: 4155.55; found: 4157.25.


Dendrimer C1±D1: Yield: 0.5 mg (0.11 mmol), 25%; RP HPLC: tR=
15.32 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C175H226N46O67S2: 4105.54; found: 4106.63.


Dendrimer C1±E1: Yield: 0.7 mg (0.08 mmol), 19%; RP HPLC: tR=
13.82 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C182H228N50O66S2: 4233.59; found: 4234.50.


Dendrimer C1±F1: Yield: 1.4 mg (0.29 mmol), 29%; RP HPLC: tR=
14.26 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C181H230N50O62S2: 4205.59; found: 4207.25.


Dendrimer D1±E1: Yield: 0.4 mg (0.08 mmol), 18%; RP HPLC: tR=
12.50 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C179H230N50O63S2: 4150.38; found: 4149.61.


Dendrimer D1±F1: Yield: 1.1 mg (0.23 mmol), 51%; RP HPLC: tR=
15.28 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C178H228N50O62S2: 4121.61; found: 4122.63.


Dendrimer E1±F1: Yield: 1.0 mg (0.19 mmol), 50%; RP HPLC: tR=
13.00 min (A/B=70/30!50/50 in 20 min); MS (ES+ ): calcd for
C185H234N54O61S2: 4249.66; found: 4251.88.


Dendrimer A2±A2 : Yield: 0.6 mg (0.149 mmol), 60%; semipreparative
RP HPLC: tR=21.6 min (A/B=80/20!A/B=50/50 in 30 min); MS
(ES+ ): calcd for C162H208N42O62S2: 3797.39; found: 3798.75.


Dendrimer B2±B2 : Yield: 0.5 mg (0.121 mmol), 50%; semipreparative RP
HPLC: tR=26.7 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C166H208N42O66S2: 3909.37; found: 3910.75.


Dendrimer C2±C2 : Yield: 0.45 mg (0.10 mmol), 45%; semipreparative RP
HPLC: tR=27.1 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C172H212N46O64S2: 4009.42; found: 3910.75.


Dendrimer D2±D2 : Yield: 0.45 mg (0.09 mmol), 45%; semipreparative
RP HPLC: tR=25.3 min (A/B=80/20!50/50 in 30 min); MS (ES+ ):
calcd for C166H212N46O58S2: 3841.45; found: 3842.88.


Dendrimer E2±E2 : Yield: 0.7 mg (0.14 mmol), 70%; semipreparative RP
HPLC: tR=22.5 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C180H220N54O56S2: 4097.55; found: 4099.13.


Dendrimer F2±F2 : Yield: 0.9 mg (0.18 mmol), 45%; semipreparative RP
HPLC: tR=22.6 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C178H220N54O54S2: 4041.56; found: 4043.13.


Dendrimer A2±B2 : Yield: 0.5 mg (0.12 mmol), 25%; semipreparative RP
HPLC: tR=22.6 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C164H208N42O64S2: 3853.38; found: 3854.88.


Dendrimer A2±C2 : Yield: 0.5 mg (0.12 mmol), 25%; semipreparative RP
HPLC: tR=23.9 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C167H210N44O63S2: 3903.40; found: 3904.63.


Dendrimer A2±D2 : Yield: 1.3 mg (0.31 mmol), 65%; semipreparative RP
HPLC: tR=24.7 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C164H210N44O60S2: 3819.42; found: 3820.63.


Dendrimer A2±E2 : Yield: 0.8 mg (0.160 mmol), 40%; semipreparative
RP HPLC: tR=21.6 min (A/B=80/20!50/50 in 30 min); MS (ES+ ):
calcd for C180H220N54O56S2: 4097.55; found: 3948.63.


Dendrimer A2±F2 : Yield: 1.1 mg (0.245 mmol), 55%; semipreparative RP
HPLC: tR=21.8 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C170H214N48O58S2: 3919.47; found: 3920.75.
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Dendrimer B2±C2 : Yield: 1.1 mg (0.256 mmol), 55%; semipreparative RP
HPLC: tR=24.7 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C169H210N44O65S2: 3959.39; found: 3961.74.


Dendrimer B2±D2 : Yield: 0.5 mg (0.120 mmol), 25%; semipreparative
RP HPLC: tR=25.0 min (A/B=80/20!50/50 in 30 min); MS (ES+ ):
calcd for C166H210N44O62S2: 3875.21; found: 3876.75.


Dendrimer B2±E2 : Yield: 0.8 mg (0.175 mmol), 40%; semipreparative RP
HPLC: tR=22.6 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C173H214N48O61S2: 4003.46; found: 4005.13.


Dendrimer B2±F2 : Yield: 0.6 mg (0.132 mmol), 30%; semipreparative RP
HPLC: tR=24.0 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C172H214N48O60S2: 3975.46; found: 3976.75.


Dendrimer C2±D2 : Yield: 0.7 mg (0.160 mmol), 35%; semipreparative
RP HPLC: tR=24.0 min (A/B=80/20!50/50 in 30 min); MS (ES+ ):
calcd for C169H212N46O61S2: 3925.43; found: 3927.54.


Dendrimer C2±E2 : Yield: 1.0 mg (0.199 mmol), 50%; semipreparative RP
HPLC: tR=22.7 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C176H216N50O60S2: 4053.48; found: 4055.00.


Dendrimer D2±E2 : Yield: 1.8 mg (0.387 mmol), 90%; semipreparative
RP HPLC: tR=21.6 min (A/B=80/20!50/50 in 30 min); MS (ES+ ):
calcd for C173H216N50O57S2: 3969.50; found: 3970.63.


Dendrimer D2±F2 : Yield: 1.3 mg (0.281 mmol), 65%; semipreparative RP
HPLC: tR=21.6 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C172H216N50O56S2: 3941.50; found: 3943.38.


Dendrimer E2±F2 : Yield: 1.4 mg (0.281 mmol), 70%; semipreparative RP
HPLC: tR=20.4 min (A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C179H220N54O55S2: 4069.55; found: 4071.00.


Dendrimer A3±A3 : Yield: 0.4 mg, 40%; semipreparative RP HPLC: tR=
19.80 min (l=225 nm, A/B=80/20!40/60 in 40 min); MS (ES+ ): calcd
for C156H197N42O62S2: 3714.29; found: 3714.63.


Dendrimer B3±B3 : Yield: 0.4 mg, 50%; semipreparative RP HPLC: tR=
21.75 min (l=225 nm, A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C166H197N42O66S2: 3826.27; found: 3726.63.


Dendrimer C3±C3 : Yield: 0.4 mg, 40%; semipreparative RP HPLC: tR=
21.25 min (l=225 nm, A/B=80/20!40/60 in 40 min); MS (ES+ ): calcd
for C166H201N46O64S2: 3926.33; found: 3926.38.


Dendrimer D3±D3 : Yield: 1.3 mg, 100%; semipreparative RP HPLC:
tR=21.00 min (l=225 nm, A/B=80/20!40/60 in 40 min); MS (ES+ ):
calcd for C160H201N46O58S2: 3758.36; found: 3758.75.


Dendrimer E3±E3 : Yield: 0.5 mg, 50%; semipreparative RP HPLC: tR=
17.00 min (l=225 nm, A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C174H209N42O60S2: 4014.45; found: 4014.75.


Dendrimer F3±F3 : Yield: 0.6 mg, 60%; semipreparative RP HPLC: tR=
16.20 min (l=225 nm, A/B=80/20!50/50 in 30 min); MS (ESI): calcd
for C172H209N54O54S2: 3958.46; found: 3959.00.


Dendrimer A3±B3 : Yield: 0.1 mg, 10%; semipreparative RP HPLC: tR=
42.80 min (l=225 nm, A/B=80/20!70/30 in 20 min, then !40/60 in
40 min); MS (ES+ ): calcd for C158H197N42O64S2: 3770.28; found: 3771.13.


Dendrimer A3±D3 : Yield: 0.1 mg, 9%; semipreparative RP HPLC: tR=
30.25 min (l=225 nm, A/B=90/10!50/50 in 40 min); MS: calcd for
C158H199N44O60S2: 3736.32; found: 3736.63.


Dendrimer A3±E3 : Yield: 0.9 mg, 51%; semipreparative RP HPLC: tR=
18.00 min (l=225 nm, A/B=80/20!40/60 in 40 min); MS (ES+ ): calcd
for C165H203N48O59S2: 3864.37; found: 3865.00).


Dendrimer A3±F3 : Yield: 1 mg, 58%; semipreparative RP HPLC: tR=
18.25 min (l=225 nm, A/B=80/20!40/60 in 40 min); MS (ES+ ): calcd
for C164H203N48O58S2: 3836.38; found: 3836.75.


Dendrimer B3±C3 : Yield: 0.2 mg, 20%; semipreparative RP HPLC: tR=
39.00 min (l=225 nm, A/B=90/10!70/30 in 20 min, then !A/B=40/60
in 60 min); MS (ES+ ): calcd for C163H199N44O66S2: 3876.30; found:
3777.13.


Dendrimer B3±D3 : Yield: 0.9 mg, 74%; semipreparative RP HPLC: tR=
21.25 min (l=225 nm, A/B=80/20!40/60 in 40 min); MS (ES+ ): calcd
for C160H199N44O62S2: 3792.31; found: 3793.00.


Dendrimer B3±F3 : Yield: 1.3 mg, 74%; semipreparative RP HPLC: tR=
18.50 min (l=225 nm, A/B=80/20!50/50 in 30 min); MS (ES+ ): calcd
for C166H203N48O60S2: 3892.37; found: 3893.25.


Dendrimer C3±D3 : Yield: 0.2 mg, 10%; semipreparative RP HPLC: tR=
22.00 min (l=225 nm, A/B=80/20!40/60 in 40 min); MS (ES+ ): calcd
for C163H201N46O61S2: 3842.34; found: 3842.88.


Dendrimer C3±E3 : Yield: 0.7 mg, 39%; semipreparative RP HPLC: tR=
8.00 min (l=225 nm, A/B=70/30!40/60 in 30 min); MS (ES+ ): calcd
for C170H205N50O60S2: 3970.39; found: 3970.50.


Dendrimer C3±F3 : Yield: 1.4 mg, 70%; semipreparative RP HPLC: tR=
17.80 min (l=225 nm, A/B=80/20!40/60 in 40 min); MS (ES+ ): calcd
for C169H205N50O59S2: 3942.39; found: 3942.88.


Dendrimer D3±E3 : Yield: 0.8 mg, 39%; semipreparative RP HPLC: tR=
17.80 min (l=225 nm, A/B=80/20!40/60 in 40 min); MS (ES+ ): calcd
for C167H205N50O57S2: 3886.40; found: 3886.88.


Dendrimer D3±F3 : Yield: 1.0 mg, 48%; semipreparative RP HPLC: tR=
18.80 min (l=225 nm, A/B=90/10!40/60 in 40 min); MS (ES+ ): calcd
for C166H205N50O56S2: 3858.41; found: 3858.88.


Dendrimer E3±F3 : Yield: 2.3 mg, 100%; semipreparative RP HPLC:
tR=6.50 min (l=225 nm, A/B=70/30!40/60 in 30 min); MS (ES+ ):
calcd for C173H209N54O55S2: 3986.46; found: 3986.88.


Dendrimer DHL±DHL : Yield: 0.6 mg (0.107 mmol), 60%; semiprepara-
tive RP HPLC: tR=17.9 min (A/B=70/30!30/70 in 40 min); MS (+
ESI): calcd for C184H236N46O68S2: 4241.59; found: 4243.38.


Dendrimer LRH±LRH : Yield: 0.6 mg (0.105 mmol), 60%; semiprepara-
tive RP HPLC: tR=27.7 min (A/B=60/40!20/80 in 40 min); MS (+
ESI): calcd for C200H296N54O52S2: 4350.16; found: 4352.00.


Dendrimer DFH±DFH : Yield: 0.7 mg (0.127 mmol), 70%; semiprepara-
tive RP HPLC: tR=27.7 min (A/B=70/30!30/70 in 40 min); MS (+
ESI): calcd for C197H240N42O68S2: 4345.61; found: 4352.00.


Dendrimer LRH±HWS : Yield: 0.4 mg (0.088 mmol), 26%; semiprepara-
tive RP HPLC: tR=21.1 min (A/B=60/40!20/80 in 40 min); MS (+
ESI): calcd for C207H274N56O53S2: 4455.99; found: 4458.00.


Dendrimer LRH±DHL : Yield: 0.4 mg (0.093 mmol), 27%; semiprepara-
tive RP HPLC: tR=25.1 min (A/B=60/40!20/80 in 40 min); MS (+
ESI): calcd for C192H266N50O60S2: 4295.87; found: 4297.50.


Dendrimer LRH±DFH : Yield: 0.6 mg (0.138 mmol), 31%; semiprepara-
tive RP HPLC: tR=16.3 min (A/B=50/50!10/90 in 40 min); MS (+
ESI): calcd for C198H266N48O60S2: 4339.87; found: 4341.50.


Dendrimer LRH±HSD : Yield: 1.1 mg (0.257 mmol), 53%; semiprepara-
tive RP HPLC: tR=35.6 min (A/B=70/30!30/70 in 40 min); MS (+
ESI): calcd for C192H264N54O56S2: 4285.89; found: 4287.50.


Dendrimer LRH±DHS : Yield: 0.8 mg (0.188 mmol), 41%; semiprepara-
tive RP HPLC: tR=16.5 min (A/B=50/50!10/90 in 40 min); MS (+
ESI): calcd for C189H260N50O61S2: 4269.82; found: 4271.38.


Dendrimer LRH±DSH : Yield: 0.8 mg (0.190 mmol), 42%; semiprepara-
tive RP HPLC: tR=19.2 min (A/B=50/50!10/90 in 40 min); MS (+
ESI): calcd for C186H258N48O62S2: 4219.80; found: 4221.00.


Dendrimer LRH±HHH : Yield: 0.4 mg (0.091 mmol), 31%; semiprepara-
tive RP HPLC: tR=22.7 min (A/B=60/40!20/80 in 40 min); MS (+
ESI): calcd for C200H270N60O52S2: 4407.98; found: 4409.99.


Dendrimer HWS±DHL : Yield: 0.6 mg (0.136 mmol), 33%; semiprepara-
tive RP HPLC: tR=21.6 min (A/B=70/30!30/70 in 40 min); MS (+
ESI): calcd for C199H244N52O61S2: 4401.72; found: 4403.13.


Dendrimer HWS±DHS : Yield: 0.7 mg (0.160 mmol), 39%; semiprepara-
tive RP HPLC: tR=10.7 min (A/B=60/40!20/80 in 40 min); MS (+
ESI): calcd for C196H238N52O62S2: 4375.67; found: 4378.61.


Dendrimer HWS±DSH : Yield: 0.8 mg (0.185 mmol), 45%; semiprepara-
tive RP HPLC: tR=11.4 (A/B=60/40!20/80 in 40 min); MS (+ESI):
calcd for C193H236N50O63S2: 4325.64; found: 4328.59.


Dendrimer HWS±HSD : Yield: 0.5 mg (0.114 mmol), 26%; semiprepara-
tive RP HPLC: tR=11.8 min (A/B=60/40!20/80 in 40 min); MS (+
ESI): calcd for C199H242N56O57S2: 4391.74, found: 4393.00.


Dendrimer DHL±HSD : Yield: 0.9 mg (0.213 mmol), 43%; semiprepara-
tive RP HPLC: tR=6.7 min (A/B=60/40!20/80 in 40 min); MS (+ESI):
calcd for C184H234N50O64S2: 4231.62; found: 4233.55.


Dendrimer DHL±DHS : Yield: 0.7 mg (0.166 mmol), 35%; semiprepara-
tive RP HPLC: tR=8.5 min (A/B=60/40!A/B=20/80 in 40 min); MS
(+ESI): calcd for C181H230N46O69S2: 4215.55; found: 4217.31.
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Dendrimer DHL±DSH : Yield: 0.8 mg (0.192 mmol), 42%; semiprepara-
tive RP HPLC: tR=18.4 min (A/B=70/30!30/70 in 40 min); MS (+
ESI): calcd for C178H228N44O70S2: 4165.52; found: 4166.38.


Dendrimer DFH±HSD : Yield: 0.6 mg (0.140 mmol), 28%; semiprepara-
tive RP HPLC: tR=10.5 min (A/B=50/50!10/90 in 40 min); MS (+
ESI): calcd for C191H238N48O64S2: 4275.61; found: 4277.25.


Assays and kinetic measurements : Dendrimers were kept as 1m stock
solutions in acetonitrile/water (1:1) and preserved at 4 8C in Eppendorf
vials. Dendrimers were freshly diluted to 0.05 mm in 20 mm aq. bis(2-hy-
droxyethyl)amino-tris(hydroxymethyl)methane (BisTris, pH 6.0) before
each measurement. The BisTris buffer (pH 6.0) was prepared with MilliQ
deionized water and the pH value was adjusted with aq. NaOH and aq.
HCl solutions. Assays were followed in individual wells of round-bot-
tomed polystyrene 96-well plates (Costar) by using a SPECTRAMax
fluorescence detector with preset values of the excitation and emission
wavelengths corresponding to the measured substrate. All pipetting ma-
nipulations were done by hand with single pipettes (Pipetman form,
Gilson). The measurement temperature inside the instrument was 25 8C.
Kinetic experiments were followed for 2 h. Fluorescence data were con-
verted into product concentrations by means of a calibration curve. Ini-
tial reaction rates were calculated from the steepest part observed during
the first 2000 s of each curve. In a typical experiment, 20 mm aq. BisTris
(20 mL; pH 6.0) was added to a well first, followed by dendrimer solution
(2.5 mL, 0.05 mm in aq. BisTris (pH 6.0), final concentration in the well=
5 mm) and then substrate solution (2.5 mL, 2 mm in acetonitrile/water
(1:1), final concentration in the well=200 mm). The rate observed under
these conditions is the apparent rate Vapp. Vuncat is the rate observed with
20 mm aq. BisTris (22.5 mL; pH 6.0) and substrate solution (2.5 mL, 2 mm


in acetonitrile/water (1:1), final concentration in the well=200 mm). The
observed rate enhancement Vnet/Vuncat is defined as (Vapp/Vuncat)�1. Mi-
chaelis±Menten parameters were obtained from the linear double recip-
rocal plot of 1/Vnet against 1/[S], measured similarly with (final concentra-
tions) of 5 mm dendrimer (Vapp) or no dendrimer (Vuncat), 40, 60, 80, 100,
200, 300, 400, 500, 600, or 700 mm substrate, and 20 mm BisTris at 25 8C.
The reaction rate with 4-methylimidazole was obtained under the same
conditions with 40, 60, 80, 100, 200, 300, 400, and 500 mm 4-methylimida-
zole and 200 mm substrate.
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Selective Generation and Reactivity of 5’-Adenosinyl and
2’-Adenosinyl Radicals


Chryssostomos Chatgilialoglu,*[a] Maria Duca,[a, b] Carla Ferreri,[a] Maurizio Guerra,[a]


Marcella Ioele,[a, c] Quinto G. Mulazzani,[a] Harald Strittmatter,[d] and Bernd Giese*[d]


Introduction


In 1968 Keck discovered that attack of HOC radicals at ade-
nine-5’-phosphate 1 (R=PO3


2�) leads among other products
to the 5’,8-cycloadenosides 2a and 2b.[1] The effect of pH on
the formation of the diastereomers 2a,b has been studied in
detail,[2] and it turned out that only the (5’R)-isomer 2a is
enzymatically active.[3] Radiation-induced damages to poly-
adenylic acid, as well as to free adenosine have also been in-
vestigated in some details.[4] Depending on the substrate and
the experimental conditions, the ratio of the (5’S)- and
(5’R)-isomers changes substantially. g-Irradiation of an


aqueous solution of adenosine, adenosine-5’-monophosphate
and polyadenylic acid at pH 7 afforded (5’R):(5’S) ratios of
1.8, 0.4, and 1.6, respectively.[4] It has been proposed that a
C5’ radical might intramolecularly attack the C8,N7 double
bond of the adenine moiety to form 5’,8-cycloadenosides
2a,b as final products (Scheme 1). The fact that molecular
oxygen inhibits these reactions, was interpreted as trapping
of the C5’ radical before its attack at the C8 position of ade-
nine.


Similar reactions have been observed in the 2’-deoxy-ribo
series. g-Irradiation of an aqueous solution of 2’-deoxyade-
nosine afforded mainly the (5’R)-isomer, whereas the
(5’R):(5’S) ratios, using single- and double-stranded DNA,
are approximately 2.[5,6] Some of us recently investigated the
reaction of hydrated electrons (e�


aq) with 8-bromo-2’-deoxy-
adenosine (3) by radiolytic methods.[7] It was found that 3
captures electrons and rapidly loses the bromide ion to give
the corresponding C8 radical 4. Radical 4 abstracts intramo-
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Abstract: The reaction of hydrated
electrons (e�


aq) with 8-bromoadenosine
7 has been investigated by radiolytic
methods coupled with product studies.
Pulse radiolysis revealed that one-elec-
tron reductive cleavage of the C�Br
bond gives the C8 radical 8 followed
by a fast radical translocation to the
sugar moiety. The reaction is parti-
tioned between C5’ and C2’ positions
in a 60:40 ratio leading to 5’-adenosinyl


radical 9 and 2’-adenosinyl radical 11.
This radical translocation from C8 to
different sites of the sugar moiety has
also been addressed computationally
by means of DFT B3LYP calculations.
In addition, ketone 21 was prepared


and photolyzed providing an indepen-
dent generation of C2’ radical 11. Both
C5’ and C2’ radicals undergo unimolec-
ular reactions. Radical 9 attacks ade-
nine with a rate constant of 1.0î104 s�1


and gives the aromatic aminyl radical
10, whereas C2’ radical 11 liberates ad-
enine with a rate constant of 1.1î
105 s�1.


Keywords: cyclization ¥
elimination ¥ nucleosides ¥
pulse radiolysis ¥ radical reactions


Scheme 1. The two diastereoisomers of 5’,8-cycloadenosine derivatives.
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lecularly a hydrogen atom exclusively from the C5’ position
affording selectively C5’ radical 5 (Scheme 2). This allowed
for the first time to study the fate of the 2’-deoxyadenosin-
5’-yl radical 5 properly, and in particular the cyclization step
5!6, which occurs with a rate constant of 1.6î105 s�1.


We have now found in radiation studies with 8-bromoade-
nosine 7 that in the ribo series the intramolecular hydrogen
abstraction by the initially formed C8 radical is partitioned
between two channels, generating both C5’ and C2’ radicals
with similar rate constants.[8]


Results and Discussion


Reaction of hydrated electrons (eaq
�) with 8-bromoadeno-


sine 7: Radiolysis of neutral water leads to e�
aq, HOC and HC


as shown in [Eq. (1)]. The values in parentheses represent
the radiation chemical yields (G values) in units of
mmolJ�1.[9] The reactions of e�


aq with the substrates were
studied in O2-free solutions containing 0.25m tBuOH. With
this amount of tBuOH, HOC is scavenged efficiently
[Eq. (2), k2=6.0î108


m
�1 s�1] , whereas HC reacts only slowly


[Eq. (3), k3=1.7î105
m


�1 s�1] .[9,10] Therefore, the reactions of
HC may be relevant since they can account for as much as
~20% of the products (see below).


H2OR e�aq ð0:27Þ; HOC ð0:28Þ; HC ð0:062Þ ð1Þ


HOC þ tBuOH k2
�!ðCH3Þ2CðOHÞCH2


C þH2O ð2Þ


HC þ tBuOH k3
�!ðCH3Þ2CðOHÞCH2


C þH2 ð3Þ


The pseudo first-order rate constant, kobs, for the reaction of
e�


aq with a defined amount of 8-bromoadenosine 7 was deter-
mined by measuring the rate of the decrease of the optical
density of e�


aq at 720 nm (e=1.9î104
m


�1 cm�1).[11] From the
slope of kobs versus [7], the bimolecular rate constant was
determined to be 1.1î1010


m
�1 s�1, which is very similar to


the analogous reactions with adenosine (1.0î1010
m


�1 s�1),[12]


and with the 8-bromo-2’-deoxyadenosine 3 (1.6î
1010


m
�1 s�1).[7]


The reaction of an aqueous solution of 7 (1 mm) and
tBuOH (0.25m) at pH ~7 with e�


aq in the absence of O2 was
complete within approximately 300 ns. At this time, no sig-
nificant absorption was detected in the 300±750 nm region.
However, a spectrum containing two bands centered at 350
and 480 nm, respectively, developed in 100 ms (Figure 1).
The time profile for the formation of the transient with
lmax=350 nm (Figure 1, inset a) follows a first-order kinetic


with a rate constant (kobs) that is independent of 7 in the
concentration range 0.2±1 mm. But kobs increased with the
dose/pulse ratio (Figure 1, inset b). This dose dependence is
due to the mixing of the first-order growth and the second-
order decay of the species. Using an empirical expression
for the fitting of the experimental data and extrapolating at
zero dose,[13] a rate constant kc= (1.0�0.2)î104 s�1 at 20 8C
is obtained. The absorbance at 350 nm is also found to vary
substantially with the dose. An apparent molar extinction
coefficient (eapp) of 6100�100m�1 cm�1 at 350 nm was calcu-
lated by extrapolating to zero dose and assuming a radiation
chemical yield G=0.27 mmolJ�1, which is the G of hydrated
electrons.[9]


In analogy to the reactions of 8-bromo-2’-deoxyadenosine
3,[7] we assigned the transient in Figure 1 to the conjugated
aminyl radical 10, and the observed rate to the cyclization of
radical 9 (Scheme 3). Compared with the 2’-deoxyribosides,
in the ribo case the spectrum containing the two bands de-
veloped more slowly (100 vs 20 ms) and the absorbance at
the maximum (350 vs 360 nm) was about two thirds. The
cyclization rate constant for reaction 9!10 (kc=1.0î
104 s�1) is 16 times slower than that of the 2’-deoxy-ribo ana-
logue 5!6 (Scheme 2). This is probably a consequence of
the conformational changes in going from ribo to 2’-deoxy-
ribo derivatives.


Because the extinction coefficients of radicals 6 and 16
are similar (ca. 1î104


m
�1 cm�1),[7,14] it is reasonable to


Scheme 2. Chemical studies of hydrated electrons with 8-bromo-2’-deoxy-
adenosine.


Figure 1. Absorption spectrum obtained from the pulse radiolysis of an
Ar-purged solution containing 1 mm 7 and 0.25m tBuOH at pH ~7, taken
100 ms after the pulse; dose=20 Gy, optical path=2.0 cm. Insets: a) Time
dependence of absorption at 350 nm; dose=23.8 Gy. b) Dependence of
kobs (see text) from the radiation dose.
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assume a similar extinction coefficient also for radical 10.
This analysis suggests that about 60% of the radicals, pro-
duced by reaction of the hydrated electron with 7, leads to
radical 10 (Scheme 3).


Further insight into the reaction was gained by experi-
ments in the presence of N,N,N’,N’-tetramethyl-p-phenyl-
enediamine (TMPD).[15] Pulsing O2-free solutions of 1 mm 7
containing 0.25m tBuOH and different concentrations of
TMPD (25±100 mm) at pH ~7 led to the oxidation of
TMPD. The rate constants for this oxidation, and the associ-
ated formation of TMPDC+ were measured at 565 nm (e=
1.25î104


m
�1 cm�1), which represents one of the absorption


maxima of TMPDC+ (Figure 2).[16, 17] Because under these ex-
perimental conditions HOC radicals are trapped by tBuOH,
and the reaction of TMPD with the carbon centered radicals
derived from tBuOH is unimportant in the time scale of our
experiments,[18] we concluded that the TMPDC+ radical
cation is formed from intermediates generated by the reac-
tion of e�


aq with 7.[19]


The yield of TMPDC+ (corrected for its decay) increased
by increasing TMPD concentration, varying between 15%
for [TMPD]=25 mm to 40% for TMPD=100 mm relatively
to the yield of e�


aq. Figure 2 shows that an induction period is
observed for the formation of TMPDC+ , which could be sat-
isfactorily fitted using a two consecutive reactions model.
The first component is independent of TMPD concentration
(Figure 2, inset a) and occurs with a rate constant of kf=


(1.1�0.1)î105 s�1. The second component depends on the
concentration of TMPD and the rate constant kTMPD= (4.6�
0.3)î108


m
�1 s�1 (Figure 2, inset b) is assigned to the species


reacting with TMPD.
Based on the experimental data obtained from the inde-


pendent generation of the 2’-adenosinyl radical 11 (see
below), we suggest that the initially produced radical 8 af-
fords not only the 5’-radical 9 but also the 2’-radical 11
(Scheme 3). We assigned the observed unimolecular process


(kf=1.1î105 s�1) to the heterolysis of the glycosidic bond in
radical 11 producing radical cation 12 and the base anion 13.
Analogous heterolytic b-C,O-bond cleavages of tertiary,
oxygen-substituted carbon radicals are well known.[20] Radi-
cal cation 12 oxidizes TMPD giving presumably compound
14. It is worth mentioning that in the case of the deoxyribo-
sides the build up of TMPDC+ was not observed.[7] This
strengthens our mechanistic suggestion because a heterolytic
cleavage of b-C,O-bonds in secondary alkyl radicals has
never been observed.


Independent generation of the 2’-adenosinyl radical (11):
The suggestion that radical 11 liberates adenine in a b-bond
cleavage was proven by its independent generation in a Nor-
rish photoreaction of 2’-acetylated nucleoside derivative 21
(Scheme 4). The synthesis of 21 started from the partly pro-


Scheme 3. Proposed mechanism for the fate of radical 5 based on pulse radiolysis studies.


Figure 2. Time dependence of absorption at 565 nm obtained from the
pulse radiolysis of an Ar-purged solution containing 1 mm 7, 0.25m
tBuOH and 96 mm TMPD at pH ~7; dose=22 Gy, optical path=2.0 cm.
Insets: a) Dependence of the first component k1 from the [TMPD].
b) Dependence of the second component k2 from the [TMPD].
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tected adenosine 17, which was benzoylated at the NH2


group of adenine (17!18), and oxidized at the free 2’-OH
function of the ribose (18!19). Vinylation of the resulting
ketone 19 yielded enol ether 20 whose deprotection led to
the 2’-acetylated nucleoside derivative 21. The C,C-bond for-
mation anti to the adenine (19!20) was proven by NOE ex-
periments.


Photolysis of 21 generated the adenosin-2’-yl radical 11,
which was trapped by glutathione (GSH) (Scheme 5). This
led to the ribo- and arabino-products 22 and 23, respectively,
in a 1:3.5 ratio. The preferred attack of the thiol from the a-
face of the C2’ radical is due to the efficient b-face shielding
by the adenine moiety. In addition, adenine 24 was set free.
The dependence of the product ratio (22+23)/24 upon the
concentration of glutathione was determined in competition
kinetic experiments (Figure 3).


Because the measurements were carried out with an at
least tenfold excess of glutathione, the H-abstraction could
be analyzed by a pseudo first-order kinetic. Thus, the ratio
between the rate of the hydrogen abstraction kH and the
rate of elimination kf are described by [Equation (4)].


½22� þ ½23�
½24� ¼ kH


kf
½GSH� ð4Þ


From the slope of the straight line in Figure 3 a kH/kf ratio
of 4.3m�1 is obtained. The rates of H-transfer from alkane-
thiols to alkyl radicals depend strongly upon the radical sub-
stituents.[21,22] For example, the a,b-dialkoxyalkyl radical


reacts about 10 times slower than the analogous unsubstitut-
ed alkyl radical. A reasonable assumption for the reaction
of C2’ radical 11 with GSH is a rate constant of about
106


m
�1 s�1,[21] which suggests a rate constant kf of about 2î


105 s�1 for the b-elimination. This is in good agreement with
the rate observed in the radiolysis studies.


DFT calculations : Theoretical calculations with the DFT
method were performed at the B3LYP6-31G* level[23,24] to
determine the factors that affect the activation energies of
radical translocation from the adenine to the C5’, C3’ and
C2’ positions of the ribose.[25] All three reactions are calcu-
lated to be strongly exothermic as expected on the thermo-
chemical grounds.[26] Radical translocation to the C5’ posi-
tion has the lowest activation energy (3.1 kcalmol�1), which
is similar to that of the 2’-deoxyribose analogue (3.2
kcalmol�1).[7] Hydrogen abstraction from the C2’ position
occurs with a barrier of 9.6 kcalmol�1, whereas the analo-
gous reaction in the deoxyribonucleoside has a much higher
activation energy (16.2 kcalmol�1). This difference of
6.6 kcalmol�1 can be attributed to the stabilization of the
C2’ radical by the hydroxyl group in the ribose series. Radi-
cal translocation to the C3’ positions has the highest activa-
tion barrier (11.1 kcalmol�1) in the ribonucleoside radical 8.


These calculations show that the difference of the activa-
tion energies between H-atom abstraction from C5’ (8!9)
and C2’ (8!11) is 6.5 kcalmol�1, whereas experimental ob-
servations indicate that the processes are competitive.
Maybe the activation entropies of these two pathways are
different and favor the hydrogen abstraction from C2’. Ac-
tually, in the ground state of 8 the distance between the rad-
ical site at C8 is considerably longer (3.84 ä) to the hydro-
gen at C5’ than to that at C2’ (2.70 ä). In order to reach the
transition state for the H-abstraction from C5’, one looses
not only the freedom of rotation around the C4’,C5’-bond
but one also decreases conformational freedom in the sugar
ring. Thus, the activation entropy favors the hydrogen ab-
straction from C2’ compared with the radical translocation
to C5’.


Product studies from continuous radiolysis of 8-bromoade-
nosine 7: In order to further strengthen our mechanistic sug-


Scheme 4. Synthesis of 2’-acetylated nucleoside 21.


Scheme 5. Competition kinetics from the selective generation of C2’ radi-
cal 11.


Figure 3. Plot obtained from the competition between fragmentation and
hydrogen abstraction from GSH by radical 11 (Scheme 5) according to
Equation (4).
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gestions derived from the pulse radiolysis of 7, we also car-
ried out product studies from the g-radiolysis experiments.
Samples containing 3 mL of aqueous solution of 7 (ca.
1.5 mm) and tBuOH (0.25m) at pH ~7, were irradiated
under stationary-state conditions with a total dose up to
1.5 kGy at a dose rate of about 20 Gymin�1, followed by
HPLC analysis. Although complex chromatograms were ob-
tained, the main reaction prod-
uct was the free base (adenine)
that accounts for 40±45% of
the reacted bromide. These re-
sults are in excellent agreement
with the pulse radiolysis obser-
vations reported above. It is
worth mentioning that adenine
was a minor reaction product in
the analogous experiment with
3,[7] which further motivates our
conclusion that the free base
can derive from the C2’ radical
chemistry.


In the case of 3, both radicals
5 and 6 are readily oxidized by
Fe(CN)3�


6 , the rate constants
being 4.2î109 and 8.3î
108


m
�1 s�1 respectively, whereas


radical 6 can also be reduced
by strong reductants.[7] It was
suggested that under g-irradia-
tion of aqueous solutions of
4 mm K4Fe(CN)6 (reductant), a
continuous generation of micro-
molar levels of the oxidant
Fe(CN)3�


6 could be obtained.
Such a low concentration of ox-
idant should allow radical 9 before being oxidized to cyclize
to radical 10.


A deareated aqueous solution (1 L) containing 1.5 mm of
7 (520 mg), 0.25m tBuOH and 4 mm K4Fe(CN)6 at pH ~7
was g-irradiated with a total dose up to 3 kGy at a dose rate
of 18 Gymin�1. After work-up, the following compounds
were eluted in the order (yields in parenthesis): adenosine
5’-carboxyaldehyde 25 (5%), (5’R)-5’,8-cycloadenosine 29
(14%), adenosine (10%), 5’,8-cyclo-5’-deoxyadenosine 27
(3%), (5’S)-5’,8-cycloadenosine 31 (4%), and adenine
(50%).


Also under these conditions, adenine was found once
again as the major reaction product (50%) and this further
suggests that heterolytic cleavage of the C2’ radical is faster
than oxidation by mm levels of Fe(CN)3�6 generated in situ.
Regarding the formation of products that derived from C5’
radical chemistry, Scheme 6 shows our mechanistic propos-
al.[27] Cyclization of C5’ radical 9 should afford mainly two
aminyl radicals 28 and 30, which are in the chair conforma-
tion. The fate of these radicals strongly depends on the con-
centration of the iron species. We suggest that the mm level
of Fe(CN)3�6 generated in situ can easily oxidize radicals 28
and 30 to give products 29 and 31, respectively. But radicals
28 and 30 can also be reduced to a minor extent by


Fe(CN)4�
6 , since its concentration is several orders higher


than that of Fe(CN)3�
6 . So that, reduction of radical 28 fol-


lowed by fast protonation gives compound 26, which can
readily dehydrate (the OH group in the 5’ position is anti to
the H atom in the 8 position), and yields cyclonucleoside 27.
The formation of the hydrated aldehyde 25 (5%) should be
due to the oxidation of radical 9.


Conclusion


The results described herein demonstrate that the reaction
of 8-bromoadenosine 7 with e�


aq at pH ~7 leads to 5’-adeno-
sinyl radical 9 and 2’-adenosinyl radical 11 in a ratio of
about 60:40. In addition, radical 11 was selectively generat-
ed by photolyzing the precursor 21. Using time-resolved
spectroscopy and competition kinetic methods we could
show that these radicals undergo unimolecular reactions. We
found that the C5’ radical adds intramolecularly to the
C8,N7 double bond of the adenine moiety with a rate con-
stant of 1.0î104 s�1 affording (5’R) and (5’S)-isomers in a
ratio of about 3.5:1, whereas the C2’ radical liberates ade-
nine with a rate constant of 1.1î105 s�1 (Scheme 3). Our
findings can furnish a molecular basis for forthcoming ex-
periments with RNA radicals, as well as with adenosine de-
rivatives that play crucial roles in biological processes.


Experimental Section


Pulse radiolysis : Pulse radiolysis with optical absorption detection was
performed by using the 12 MeV linear accelerator, which delivered 20±
200 ns electron pulses with doses between 5 and 50 Gy, by which HOC, HC,
and e�


aq are generated with 1±20 mm concentrations. The pulse irradiations


Scheme 6. Proposed mechanism for the formation of nucleosides derived from C5’ radical 9.
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were performed at room temperature (22�2 8C) on samples contained in
Spectrosil quartz cells of 2 cm optical path length. Solutions were protect-
ed from the analyzing light by means of a shutter and appropriate cut-off
filters. The bandwith used throughout the pulse radiolysis experiments
was 5 nm. The radiation dose per pulse was monitored by means of a
charge collector placed behind the irradiation cell and calibrated with a
N2O-saturated solution containing 0.1m HCO2


� and 0.5mm methyl violo-
gen, using Ge=9.66î10�4 m2J�1 at 602 nm.[28] G(X) represents the
number of moles of species X formed or consumed per Joule of energy
absorbed by the system.


6-N,N-Dibenzoyl-3’,5’-di-O-(tert-butyldimethylsilyl)-adenosine (18): Tri-
methylsilyl chloride (4.70 g, 43.4 mmol) was added at 20 8C to a solution
of 17 (10.2 g, 20.6 mmol) in piperidine (80 mL). After 80 min benzoyl
chloride (14.4 g, 102 mmol) was added and quenched after 90 min with a
saturated solution of NaHCO3 (1000 mL). The solution was extracted
with dichloromethane (4î100 mL), the extracts dried over MgSO4 and
the solvent removed under reduced pressure. The residue was solved in
ethanol (30 mL) and p-toluenesulfonic acid (160 mg, 0.94 mmol) added at
0 8C. After 2 h, the reaction was quenched with NaHCO3 (1 g,
11.9 mmol) and the ethanol removed under reduced pressure. The resi-
due was solved in water (100 mL), extracted with dichloromethane (4î
100 mL), dried over MgSO4 and the solvent removed under reduced
pressure. Chromatography over silica gel (dichloromethane/ethyl acetate
10:1) yielded nucleoside 18 as a yellow foam (9.40 g, 13.4 mmol, 67%).
1H NMR (300 MHz, CDCl3): d=8.65, 8.29 (s, H-2 and H-8, 1H each),
7.87±7.84 (m, 4H, Ph), 7.51±7.46 (m, 2H, Ph), 7.38±7.33 (m, 4H, Ph),
6.03 (d, J=4.7 Hz, 1H, H-1’), 4.57±4.63 (m, 2H, H-2’, H-3’), 4.14 (dd, J=
3.4, 3.5 Hz, 1H, H-4’), 3.92 (dd, J=3.6, 11.5 Hz, 1H, H-5’), 3.77 (dd, J=
3.2, 11.5 Hz, H-5’), 0.96, 0.88 (s each, 9H each, tBu), 0.18, 0.06, 0.03±0.01
(s each, 3H, CH3);


13C NMR (75.5 MHz, CDCl3): d=172.2, 152.8, 152.1,
151.7, 143.5, 134.0, 132.9, 129.4, 128.7, 127.8, 89.0, 85.5, 74.8, 71.5, 62.3,
25.9, 25.7, 18.4, 18.0, �4.6, �4.9, �5.4, �5.6; MS (ESI): m/z : 705
[M+H]+ ; HR-MS (FAB): calcd for C36H49N5O6Si2: 705.0163; found:
705.0161 [M+H]+ .


6-N,N-Dibenzoyl-3’,5’-di-O-(tert-butyldimethylsilyl)-2’-keto-adenosine
(19): A solution of Dess±Martin periodinane (6.90 g, 16.3 mmol) and pyr-
idine (6.39 g, 80.8 mmol) in dichloromethane (30 mL) was added at 20 8C
to nucleoside 18 (5.70 g, 8.10 mmol) in dichloromethane (35 mL). After
23 h the solution was quenched at 0 8C with sodium thiosulfate (25.0 g,
100 mmol) and a saturated solution of NaHCO3 (200 mL). The mixture
was extracted with dichloromethane, dried with MgSO4 and the solvent
removed under reduced pressure. Chromatography on silica gel (di-
chloromethane/ethyl acetate 10:1) led to 19 as a colorless foam (3.60 g,
5.13 mmol, 63%). 1H NMR (300 MHz, CDCl3): d = 8.55, 8.08 (s each,
1H each, H-8 and H-2), 7.86±7.83 (m, 4H, Ph), 7.51±7.46 (m, 2H, Ph),
7.38±7.33 (m, 4H, Ph), 5.84 (s, 1H, H-1’), 5.20 (d, J=8.6 Hz, 1H, H-3’),
4.03 (dd, J=8.8, 3.8 Hz, 1H, H-4’), 4.03 (d, J=12.7 Hz, 1H, Hb-5’), 3.92
(dd, J=12.4, 3.6 Hz, 1H, Ha-5’), 0.95 (s, 9H, tBuSi), 0.77 (s, 9H, tBuSi),
0.23 (s, 3H, MeSi), 0.18 (s, 3H, MeSi), 0.01 (s, 3H, MeSi), �012 (s, 3H,
MeSi); 13C NMR (75.5 MHz, CDCl3): d=206.8, 172.0, 153.2, 152.2, 151.9,
144.5, 133.7, 133.6, 133.1, 129.3, 128.6, 126.8, 80.1, 79.9, 71.4, 60.7, 25.5,
18.1, �4.5, �5.3, �5.5, �5.6. Because of the lability of the substance
during chromatographic purification, a high resolution mass spectrum
could not be performed.


6-N,N-Dibenzoyl-9-[3’,5’-di-O-(tert-butyldimethylsilyl)-2’-(vinyl-1’’-
methyl enol ether)-b-d-arabinofuranosyl]-adenine (20): At �78 8C tert-
butyllithium (0.7 mL of a 1.6m solution in pentane, 1.12 mmol) was
added slowly to a solution of methyl vinyl ether (620 mg, 10.7 mmol) in
tetrahydrofuran (1.6 mL). The mixture was warmed up to 0 8C for 3 min
and then cooled down again to �78 8C. During this procedure the yellow
solution became pale yellow-green. After 5 min the reaction mixture was
added to a cooled (0 8C) solution of ketone 19 (213 mg, 0.3 mmol) in tet-
rahydrofuran (5 mL). The mixture was quenched after 10 min with a sat-
urated NH4Cl solution (50 mL), water was added (50 mL) and extracted
with dichloromethane (3î50 mL). From the dried solution (MgSO4) the
solvent was evaporated under reduced pressure and the residue purified
by chromatography over silica gel (pentane/methyl acetate 3:1). This led
to enol ether 20 (65.4 mg, 28%). 1H NMR (300 MHz, CDCl3): d = 8.68
(s, 2H, H-8 and H-2), 7.87±7.84 (m, 4H, Ph), 7.50±7.45 (m, 2H, Ph),
7.37±7.32 (m, 4H, Ph), 6.68 (s, 1H, H-1’), 5.00 (1H, H-3’), 4.44 (d, J=
3.3 Hz, 1H, C(CHaHb)OCH3), 4.19 (s, 1H, H-4’), 4.13 (d, J=3.1 Hz, 1H,


C(CHaHb)OCH3),4.09 (sb, 1H, HO), 3.97 (d, J=11.1, 1H, H-5’), 3.83 (d,
J=11.1 Hz, 1H, H-5’), 3.48 (s, 3H, OCH3), 0.95 (s, 9H, tBuSi), 0.91 (s,
9H, tBuSi), 0.15 (s, 3H, MeSi), 0.14 (s, 3H, MeSi), 0.09 (s, 3H, MeSi),
0.07 (s, 3H, MeSi); 13C NMR (75.5 MHz, CDCl3): d=172.3, 157.7, 152.0,
153.7, 151.4, 145.6, 134.1, 132.8, 129.4, 128.6, 126.9, 86.0, 85.4, 84.1, 81.7,
79.5, 63.1, 54.8, 25.9, 25.6, 18.5, 17.9, �4.7, �4.9, �5.4, �5.6. Because of
the low yield we have directly deprotected the compound.


(2-Acetyl-b-d-arabinofuranosyl)-adenine (21): Trimethylsilyl chloride
(33.5 mg, 0.31 mmol) was added at 20 8C to an acetonitrile solution
(3 mL) of enol ether 20 (40.9 mg, 0.54 mmol) and sodium iodide (512 mg,
0.34 mmol). After 1 h the reaction was quenched with a saturated solu-
tion of NH4Cl (60 mL) and the mixture extracted with dichloromethane
(3î60 mL). After drying over MgSO4 the solvent was removed under re-
duced pressure. This led to a yellow foam that was treated for 2 h with a
40% methylamine solution (2 mL) and ethanol (0.6 mL). Evaporation
under reduced pressure and coevaporation with toluene (two times) af-
forded a residue that was solved in tetrahydrofuran (2 mL). A tetrahy-
drofuran solution of tetrabutylammonium fluoride (180mL of a 1m solu-
tion, 0.18 mmol) was added and, after 1 h, the reaction mixture was
quenched with trimethylsilyl chloride (85.9 mg, 0.79 mmol). After addi-
tion of water (1 mL), the mixture was co-evaporated twice under reduced
pressure with toluene and the residue separated by reversed phase
HPLC [tetraethylammonium acetate solution (20 mL, pH 7):CH3CN 98:2
(2 min)! 84:16 within 13 min]. This led to the deprotected ketone 21
(9.7 mg. 31.3 mmol, 61.1%) as a colourless powder. 1H NMR (300 MHz),
D2O): d=8.32 and 8.13 (s each, 1H each, H-2 and H-8), 6.57 (s, 1H, H-
1’), 4.58 (d, J=7.0 Hz, 1H, H-3’), 4.09 (dd, J=12.8, 2.0 Hz, 1H, Hb-5’),
3.90 (dd, J=12.8, 4.4 Hz, 1H, Ha-5’), 2.39 (s, 3H, COCH3);


13C NMR
(75.5 MHz, D2O): d=212.5, 156.0, 153.2, 149.2, 142.0, 118.7, 87.6, 85.9,
82.8, 77.8, 60.7, 27.9; MS (ESI): m/z : 310 [M+H]+ ; HR-MS (FAB): calcd
for C12H15N5O5: 310.1151; found: 310.1151 [M+H]+ .


Kinetic experiments : The modified adenosine 21 (0.62 mg, 0.20 mmol)
and a large excess of glutathione (20 mmol to 420 mmol) were solved in
aqueous tetraethylammonium chloride (TEAA, 200 mL of a 100 mm solu-
tion, pH 7.0) in a polymethyl methacrylate cuvette. The solution was de-
oxygenated with argon (30 min), thermostated at 20 8C, and irradiated
(500 W, Hg high pressure lamp, 320 nm cut-off filter) for 10 min. Then,
water (0.5 mL) was added and the solution analyzed by RP-HPLC
(20 mm teaa:CH3CN 98:2 to 84:16 within 13 min). The compounds 22 :23
and 24 were quantified using known material. A plot of [22]+ [23]/[24]
against the glutathione concentration gave a straight line with a slope of
4.3m�1 (r=0.998).


Continuous radiolysis : Continuous radiolyses were performed at room
temperature (22�2 8C) on 3 mL or 1 L samples using a 60Co-Gammacell,
with dose rates between 18 �20 Gymin�1. The absorbed radiation dose
was determined with the Fricke chemical dosimeter, by taking G(Fe3+)=
1.61 mmolJ�1.[29] The reactions of 7 (purchased from Sigma) with e�


aq and
HC were investigated using deareated aqueous solutions containing
1.5 mm substrate and 0.25m tBuOH in the presence or absence of 4 mm


K4Fe(CN)6 at pH ~7. The 1 L solution in the presence of 4 mm


K4Fe(CN)6 was g-irradiated with a total dose up to 3 kGy. The crude re-
action mixture was passed through ion-exchange resin (Amberlite IRA-
400) in order to eliminate the iron salts. The reaction crude was lyophi-
lized and then separated by chromatography on RP silica gel (water/ace-
tonitrile 7:3). The following compounds were eluting in the order (yields
are based on the recovered starting material): 25[30] (Rf=0.91; 11 mg,
0.043 mmol; 5%), 29[31] (Rf=0.83; 31 mg; 0.12 mmol; 14%), adenosine
(Rf=0.62; 23 mg; 0.086 mmol; 10%), 27[32] (Rf=0.56; 6.4 mg;
0.026 mmol; 3%), 31[31] (Rf=0.56; 9.1 mg; 0.034 mmol; 4%), adenine
(Rf=0.47; 58 mg; 0.43 mmol; 50%), 7 (Rf=0.34; 221 mg; 0.64 mmol;
43% recovery).
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Determination of Absolute Configuration of Acyclic 1,2-Diols with
[Mo2(OAc)4], Part 2: New Structural Evidence toward a Rationale of the
Method: What Remains of [Mo2(OAc)4] in DMSO Solution?�


Lorenzo Di Bari, Gennaro Pescitelli, and Piero Salvadori*[a]


Introduction


One of the most useful methods for rapid and effective de-
termination of the absolute configuration of 1,2-diols is that
with dimolybdenum tetraacetate.[1,2] Approximately equimo-
lar amounts of the nonracemic substrate and [Mo2(OAc)4]
are mixed in DMSO at ambient temperature and open to
the air, and the circular dichroism (CD) spectrum obtained
above 250 nm (the absorption region of the dimolybdenum
chromophore), which is often referred to as an induced CD
(ICD),[3] is observed. The sign of the CD band around
305 nm (™band IV∫) correlates with the absolute configura-
tion of the substrate.[1,2a] For example, Figure 1 shows typical
spectra for (R)-phenyl-1,2-ethanediol and (R,R)-butane-2,3-
diol (1 and 2); for these substrates, the negative band IV is
associated with the (R) absolute configuration.[4]


This method was developed by Snatzke, Frelek, and co-
workers in the 1980s and has since been applied to many
substrates, including several biologically relevant ones.[2a,f]


Pursuing our interest in a rapid and reliable configurational
determination of chiral 1,2-diols obtained through the asym-
metric dihydroxylation of olefins[5] we recently applied
Snaztke×s method[1] to 20 chiral building blocks of known


[a] Prof. L. D. Bari, Dr. G. Pescitelli, Prof. P. Salvadori
CNR-ICCOM sez. di Pisa, Dipartimento di Chimica e Chimica Indus-
triale, Universit‡ degli Studi di Pisa
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Fax: (+39)050-2219260
E-mail : psalva@dcci.unipi.it


[�] For Part 1, see ref. [1].


Supporting information for this article is available on the WWW
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Abstract: The nature of the CD-active
species obtained by mixing dimolybde-
num tetraacetate and a chiral 1,2-diol
in DMSO has been studied by different
techniques (1D and 2D 1H NMR, CD,
UV/Vis) with two substrates, (R)-
phenyl-1,2-ethanediol (1) and (R,R)-
butane-2,3-diol (2). The diol/dimolyb-
denum adducts have diagnostic CD
spectra whose sign correlates with the
absolute configuration of the organic
substrate. It is demonstrated that, in


DMSO solution, the acetate ligands of
[Mo2(OAc)4] dissociate to a large
extent under the action of the dissolved
water, yielding acetic acid and a poly-
hydrated dimolybdenum species. Addi-
tion of a 1,2-diol leads to chelation
with formation of one main active spe-


cies for 2 and two for 1, all with 1:1 sto-
ichiometries at diol/dimolybdenum
molar ratios less than 1.5. Only a small
fraction (less than 20%) of the 1,2-diol
is bound. The structures of the active
complexes are estimated on the basis
of NMR spectra, by correlating the ob-
served chemical shifts with the quadru-
ple bond diamagnetic anisotropy. In
the predominating complexes for 1 and
2, the 1,2-diol moiety bridges the Mo2
core forming a six-membered ring.


Keywords: diols ¥ circular
dichroism ¥ molybdenum ¥ NMR
spectroscopy ¥ structure elucidation


Figure 1. CD spectra in stationary conditions of (R)-phenylethane-1,2-
diol (1) (3.25mm) and (R,R)-butane-2,3-diol (2) (5.72mm) in a solution of
dimolybdenum tetraacetate (about 1:1 in DMSO); cell pathlength 0.1 cm.
De’ is normalized on the diol concentration. Roman numerals refer to
Snatzke×s band nomenclature.[2a,b]
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absolute configuration, either obtained commercially or syn-
thesized ad hoc; our finding of no exceptions to the empiri-
cal rule further supported the previous evidence.[2a] Because
of our special interest in synthetic products, we also tested
the response to some common situations such as a variable
chemical and enantiomeric purity.[1] By the same method we
later determined the absolute configuration of a series of di-
terpenes (pimarenes) newly isolated from Lavandula multi-
fida L.[6]


Snatzke and co-workers often discussed the exact nature
of the diol/dimolybdenum adduct (the Cottonogenic or CD-
active species: that is, the one giving rise to the prominent
CD), and suggested a comprehensive but intuitive structural
picture.[2] They assumed that the solid-state structure of the
™stock complex∫ [Mo2(OAc)4]


[7] remained unchanged in
DMSO solution, and that one diol molecule replaced one or
two acetate groups ligating the Mo2+ core.[2] They envisaged
two different ligation modes, defined as ™parallel∫ and ™per-
pendicular∫ (Figure 2), in accord with a wide literature on


quadruply bonded dimolybdenum(ii,ii) compounds with var-
ious bidentate ligands.[8a] This picture appeared consistent
with the following observations:[2] 1) optically active mono-
hydroxy alcohols do not lead to an appreciable CD, so a
double ligation must occur for 1,2-diols; 2) the absorption
spectrum of the ™stock complex∫ is substantially unchanged
after addition of the chiral sample, so a minimum number of
acetate ligands should be displaced; 3) in some cases, the
CD spectrum is apparently time-dependent, so a slow equili-
brium between different Cottonogenic species is conceiv-
able. However, no complex of dimolybdenum with 1,2-diols
has ever been isolated in the crystalline form,[2a] while the
few reported examples of stable dimolybdenum compounds
with alcohol, alkoxide or polyol ligands do not fit the cur-
rent case.[9,10,11, 12]


We sought further experimental evidence for a solution
structure of the CD-active species, to provide a more robust
rationalization of the origin of the optical activity. Simple
1H NMR evidence on the stock solution of [Mo2(OAc)4] in
DMSO opened a totally different perspective, which stimu-
lated the investigations described below.


Results


NMR and UV/Vis studies on the nature of ™[Mo2(OAc)4]∫
in DMSO solution : The NMR and UV/Vis study uncovered
very surprising, totally unexpected, and unreported behavior
of the stock complex Mo2(OAc)4 in DMSO solution.
The 1H NMR spectrum of Mo2(OAc)4 in [D6]DMSO had


been described as consisting of a single peak at d = 2.6,[13]


but three distinct peaks appeared as singlets at d = 1.90,
2.60 and 11.94 ppm in all our spectra (Figure 3).[14] Similarly,


the proton-decoupled 13C NMR spectrum consists of two
major peaks at d = 21.1 and 23.6 ppm, and two smaller
ones at d = 172.1 and 180.6 ppm. Following the previous
reasoning, the resonance of 1H at d = 2.60 ppm,[13] and of
13C at d = 23.6 and 180.6 ppm, can be assigned to the meth-
yls of acetate groups in [Mo2(OAc)4] (™bound∫ acetate). The
1H signals at d = 1.90 and 11.94 ppm (always in an integral
ratio of about 3:1), and the 13C ones at d = 21.1 and
172.1 ppm, coincide instead with the resonances of acetic
acid in DMSO solution (™free∫ acetate). The 1H shift Ds =


sfree�sbound = �0.70 ppm for the methyl groups of the
bound acetate with respect to the free one is due to the
large diamagnetic anisotropy exerted by the Mo±Mo quad-
ruple bond,[8b,13,15] which brings about a strong deshielding
effect on the protons lying along a direction perpendicular
to the bond itself. From Equation (1) (valid for a nucleus at
distance r along the direction forming the angle y with the
Mo�Mo bond, both measured from its center; see Figure 4),
a value of �3000î10�6 ä3 can be estimated for the anisotro-
py Dc = ck�c?


[16] (using the solid-state geometry of
Mo2(OAc)4).


[7]


Ds ¼ 1
4p


ð1�3cos2yÞ
3r3


Dc ð1Þ


From saturation transfer experiments, it appears that free
and bound acetate do not exchange at room temperature


Figure 2. Snatzke×s models for the ™parallel∫ (left) and the ™perpendicu-
lar∫ (right) complexes. (Taken from ref. [2a], with the publisher×s permis-
sion).


Figure 3. 1H NMR spectrum (300 MHz) of Mo2(OAc)4 (21.3mm) in com-
mercial [D6]DMSO.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1205 ± 12141206


FULL PAPER



www.chemeurj.org





(exchange rates below 0.5 s�1). Thus, under the present ex-
perimental conditions, the NMR spectra reveal two main
species: the stock complex itself, [Mo2(OAc)4], and free, un-
dissociated[17,18] acetic acid. The absence of evidence of in-
termediate species with one to three bound acetate ligands
demonstrates that the dissociation is strongly cooperative.[19]


We realized that the nonnegligible amount of water pres-
ent in DMSO could play a role in the dissociation of the
stock complex,[20] and we easily demonstrated that the quan-
tity of free, nondissociated acetic acid is proportional to the
water content of the solvent: the proportion of signals at d
= 2.60 and 1.90 ppm is a) about 1:1 in commercial
[D6]DMSO (Fluka, puriss. grade) with an untreated tube,
and b) about 9:1, on average, in more anhydrous conditions
(see the Experimental and Computational Section). Starting
from a sample from the latter group, the ratio changes pro-
gressively in favor of the peak at d = 1.90 ppm as water is
added; the acetate dissociation is immediate. The sum of in-
tegrals for the two acetate signals at d = 1.90 and 2.60 ppm
is constant and, when checked against an internal standard
(benzene), it accounts for the whole weight of [Mo2(OAc)4]
present. After addition of 10±20 equivalents of H2O with re-
spect to [Mo2(OAc)4], the signal of the bound acetate disap-
pears. We conclude that water promotes the dissociation
from [Mo2(OAc)4] in DMSO of acetate ligands, which there-
after form undissociated acetic acid.
Exactly the same behavior could be followed by UV/Vis


spectroscopy. Figures 5 and 6 show the UV/Vis spectra and
the relative plot of e(303 nm) of [Mo2(OAc)4] (2.62mm in
DMSO) as a function of the addition of H2O (the spectrum
is normalized using the total [Mo2(OAc)4] concentration);
the solvent had been thoroughly dried and contained ap-


proximately 70 ppm of H2O (Karl Fischer method), corre-
sponding to about 1.6 equivalents with respect to
[Mo2(OAc)4]. After an initial rapid decrease in e, a station-
ary plateau is reached starting from about 10 equivalents of
water added (Figure 6). The first spectrum recorded
(Figure 5, 0 equiv H2O), in close analogy to the one reported,


[2a]


has its maximum at 303 nm (band C, e = 5800), a shoulder
at 334 nm (band B), and a small band at 446 nm (e = 180,
band A) which is superimposed on the tail of the strongest
one. In contrast, in the spectra for the stationary region
(Figure 5, from 10 equiv water added, upward) band A has
disappeared, and band C is reduced and red-shifted
(308 nm, e�3500); the extent of the shift is partially masked
by the coalescence with the strong absorption at shorter
wavelengths: the second derivative has its extremum at
312 nm. Notably, Frelek et al.[2a] described the same effect as
a consequence of the aging of the solution after 24 h; we
may now interpret it as due to the absorbed water (possibly
slowly released by the glassware also). Intermediate spectra
(up to 10 equiv of added water) show intermediate features,
with band C progressively reduced and red-shifted; none of
these spectra evolves with time. Two neat isosbestic points
appear at 268 and 361 nm (Figure 5), supporting the pres-
ence of two distinct species.
Thus, NMR and UV/Vis results concur in suggesting that


a new species is formed in DMSO solution of [Mo2(OAc)4]
owing to the presence of water, with the acetate ligands co-
operatively dissociating in the form of acetic acid; this spe-
cies is characterized by a UV spectrum with a transition at
312 nm, and a complete absence of a band above 400 nm,
allied to a d!d* transition, which is typical of quadruply
bonded dimolybdenum complexes with bridging carboxylate
ligands.[8c]


Investigation of active species: NMR spectra of mixtures of
1,2-diols and [Mo2(OAc)4]: In the 1H NMR spectrum of a
mixture of [Mo2(AcO)4] and (R)-phenyl-1,2-ethanediol (1)
in anhydrous [D6]DMSO (Figure 7), two new sets of signals
appear compared with the component spectra. They have
quite low intensity and an integral ratio of 1.5±2:1, and may
be completely resolved by TOCSY. The bound diol moieties
in the two species have aromatic ortho protons at d = 7.90


Figure 4. Structural parameters for Equation (1).


Figure 5. UV/Vis spectra of [Mo2(OAc)4] (2.62mm in DMSO) as a func-
tion of addition of water. The total amount of water added is listed for
each sample; the initial quantity was about 1.6 equiv H2O. Insert: magni-
fication of the spectra between 400 and 500 nm for 0 and 120 equiv H2O
added.


Figure 6. e(303 nm) vs. water added (equiv), for UV/Vis spectra of
[Mo2(OAc)4] (2.62mm (main graph) and 2.42mm (insert)) in DMSO; the
initial samples contained about 1.6 equiv H2O. Cell pathlength 0.1 cm.
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(major species) and 7.60 ppm (minor species), more de-
shielded than the free diol: the diamagnetic anisotropy
shifts are Ds1’,exp��0.6 and Ds1’’,exp��0.3 respectively.[21]


The two sets of new signals do not give rise to an observable
saturation transfer with the free diol, and the exchange be-
tween the two complexes could not be measured due to
signal overlap. The intensity of the prominent peaks at d =


7.60±7.90 ppm increases slightly with time, and reaches a
maximum stationary value (integral around 10% with re-
spect to all the aromatic protons of the free diol, indicating
15±20% overall complexation) about 40±60 min after
mixing, corresponding to the stationary conditions observed
for the CD too.[1,2a] The sum of peak integrals for the free
and the two bound diol species is constant over the time,
and accounts for all the substrate added, when checked
against benzene as internal standard. Notably, the signals
relative to the methine CH and methylene CH2 protons are
so broad that they can be detected (at d = 5.7±6.2 and
4.6 ppm, respectively) only by resorting to TOCSY experi-
ments. No signals corresponding to the acetate groups of
any diol/dimolybdenum complex, distinct from that of
bound acetate at d = 2.60 ppm, could be detected.[22]


It is clear from Figure 8 that the formation and dissocia-
tion of the two dimolybdenum/diol complexes (both with a
1H resonance at d = 7.60 ppm), as a function of progressive
addition of water to anhydrous DMSO, parallels the ob-
served CD intensity for band IV (Figure 8, insert; Figure S1
in the Supporting Information).[23] From an initial overall
complexation of about 10%, the proportion of the complex
and the measured CD intensity increase slightly until the
bound acetate is just detectable, and then they both de-
crease upon further addition of water.
The NMR spectra of mixtures of [Mo2(AcO)4] and (R,R)-


butane-2,3-diol (2) reveal the presence of one major com-
plex and two minor species (Figure S2, Supporting Informa-


tion). The prominent new signal appears as a doublet at d
= 1.44 ppm and can be assigned to the methyls of bound
butane-2,3-diol for the diol/dimolybdenum complex predom-
inating in solution; its proportion relative to the free diol is
usually around 10%.[24] The estimated shift due to diamag-
netic anisotropy is Ds2,exp = �0.50. Once again, the signals
due to the bound and free diol do not give rise to observa-
ble saturation transfer, and the peaks relative to the methine
CH protons are not apparent but can be identified by
TOCSY at d = 3.5±3.9 ppm.
In the Discussion section below we show how a semi-


quantitative analysis of the above NMR data, with particular
reference to the anisotropy shifts Ds, enabled us to draw the
most likely structures of the diol/dimolybdenum complexes
present in solution.


Complex stoichiometry and formation constant: CD titra-
tion studies : Given the achirality of the stock complex
[Mo2(OAc)4] and the absence of absorptions above 250 nm
for most 1,2-diols (when not further substituted with chro-
mophoric residues), circular dichroism represents the ideal
technique for monitoring the formation of the active com-
plex in solution.
However, two factors greatly affect the significance of any


quantitative measurement in the present case. First, the time
dependence of the signal (due to the slow complexation ki-
netics) and the aging of the stock solutions make the CD
spectra poorly reproducible.[25] Nonetheless, we found that
the following conditions ensure at least satisfactory reprodu-
cibility of the titration:[1] a) the same stock solution is used
and b) spectra are recorded as rapidly as possible in succes-
sion, making it possible to c) reach the stationary conditions
(usually obtained 40±60 min after the mixing) carefully.
With these measures the standard deviation of the CD spec-
tra decreases below 3% (relative to different samples from
the same chiral diol at similar millimolar concentrations).
Second, since in principle several distinct species may form
in solution, the analysis of experimental data is seriously
complicated by the presence of multiple equilibria. The sit-


Figure 7. 1H NMR TOCSY spectrum (300 MHz, tmix = 30 ms) of (R)-
phenylethane-1,2-diol (1) (46.6mm) in a solution of dimolybdenum tet-
raacetate (48.5mm) in dehydrated [D6]DMSO.


Figure 8. Variation of the relative intensity of the signal at d=7.60 ppm
with respect to the one at d=7.1±7.4 ppm, and of the signal at 2.60 ppm
with respect to the one at d=1.90 ppm, versus equivalents of water
added, for the 1H NMR spectrum (300 MHz) of (R)-phenylethane-1,2-
diol (1) (45.8mm) in a solution of dimolybdenum tetraacetate (44.4mm)
in dehydrated [D6]DMSO. Insert: CD intensity (q, mdeg) at 308 nm for
three samples; cell pathlength 0.01 cm.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1205 ± 12141208


FULL PAPER P. Salvadori et al.



www.chemeurj.org





uation will become especially complicated by the presence
of possible complexes with non-1:1 stoichiometry, whose
presence is likely to affect the CD spectra substantially, and
even to hamper the configurational assignment.[2] This has
been avoided by employing, for all the substrates analyzed
so far, a limited range of values of both the concentration
(of the order of millimolar) and the ligand/metal (namely,
diol/dimolybdenum) ratio 1 = CL/CM (around 0.5±1:1).[1,2a]


Despite these inherent difficulties, the analysis of CD
spectra by the molar ratio method[26] affords at least an ap-
proximate assessment of the complexation parameters. For
any single 1:1 species i, the formation constant may be writ-
ten as Equation (2), where M represents all unbound dimo-
lydenum species, L the free diol, ML the 1:1 complex, and
CL and CM the initial dimolybdenum and diol concentra-
tions.


Ki ¼ ½ML
i
½M
½L
 ¼ ½ML
i


ðCM�
P


i½ML
iÞðCL�
P


i½ML
iÞ
ð2Þ


In stationary conditions, the various diol/dimolybdenum
complexes will also reach the equilibria described through
exchange constants Ki,j = [ML]j/[ML]i. The observed ellip-
ticity q (in mdeg, related to the overall circular dichroism
De) in general will be the summation of the contributions
due to all the CD-active species present [Eq. (3)], where Dei
is the molar CD of the ith species, and b the cell pathlength
in cm.


DA ¼ q


33 000b
¼


X
i½ML
i � Dei ð3Þ


Figure 9 shows the CD at 308 nm for (R)-phenyl-1,2-etha-
nediol (1) as a function of 1 = CL/CM, at a constant concen-
tration of the metal (CM = 3.25mm). Both the positions and


the relative intensities of spectral bands remain substantially
unchanged as the proportion of the chiral ligand is varied up
to 1 = 1.5 equiv.[1] The q(1) function obtained describes a
weak complexation phenomenon with 1:1 stoichiometry that
can be fitted by a hyperbolic curve of the type q(1)/1/(a +


1). This may be better appreciated through linearization
[Eq. (4)], obtained by rearranging Equations (2) and (3)
with the approximation [ML]!CL,CM expected for a weak
complexation, after putting S = �jKi,j and D = �jDejKi,j


(the sums extend over the total number of diol/dimolybde-
num complexes).


1
KiD


þ CM þ CL


D=S
¼ CMCL


DA
ð4Þ


By plotting the last term as a function of CM + CL


(Figure 9, insert), a very good linear fit is obtained (R =


0.996), which safely confirms that only 1:1 species contribute
to the CD at 308 nm. Moreover, the quantities KiD= 320�
50m�1 and D/S = 1.7�0.1m�1 cm�1 are extracted from the
fitting. Provided that the data obtained through NMR ex-
periments may be extrapolated to these lower concentra-
tions,[27] two 1/[Mo2(OAc)4] complexes are present with
K1’,1’’�2, and hence K1’�100 and K1’’�50m�1. This corre-
sponds to relative proportions of about 20% for the major
and 10% for the minor species at approximately millimolar
concentrations, which is in fair agreement with the NMR re-
sults.


We applied the same reasoning to (R,R)-butane-2,3-diol
(2), for which the CD intensity at 308 nm is linear up to
1 = 1, with CM = 5.72mm (Figure 10). Owing to weaker
complexation (and despite the stronger CD; Figure 1), the
second term in Equation (4) is negligible, so it rearranges to
Equation (5), which precludes the separation of D and Ki.


DA � C2
M1KiD ð5Þ


However, the perfect fitting of the first points of q(1) by
Equation (5) (R>0.999) is once again in keeping with the
prevalence of 1:1 species (diol/Mo2 = 2:1 and higher stoi-
chiometries may be excluded). The calculated value of KiD


from two independent measurements (CM = 5.72 and
10.0mm) is 150�50m�2 cm�1 for 2. By extrapolation of the
NMR results,[27] one CD-active species is found to predomi-
nate, a few percent being present at the current concentra-
tions (K2�2.5m�1 cm�1, which is probably an underesti-


Figure 9. Variation of �q (mdeg) at 306 nm versus diol/metal molar ratio
1, for CD spectra in stationary conditions of (R)-phenylethane-1,2-diol
(1) in a solution of dimolybdenum tetraacetate (3.25mm) in DMSO; cell
pathlength 0.1 cm. Insert: Equation (4) plot for the same points.


Figure 10. Variation of �q (mdeg) at 306 nm versus diol/metal molar
ratio 1, for CD spectra in stationary conditions of (R,R)-butane-2,3-diol
(2) in a solution of dimolybdenum tetraacetate (5.72mm) in DMSO; cell
pathlength 0.1 cm.
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mate). This leads to evaluation of the molar circular dichro-
ism for the CD band IV of compound 2 as De�60m�1 cm�1.


Discussion


On the basis of our results, a coherent and reasonable pic-
ture has been derived (as outlined in Scheme 1) by which
the experimental information can be interpreted.


The Mo2 species in ™wet™ DMSO solution : The UV/Vis,
conductometric,[17] IR,[19] and NMR data of [Mo2(AcO)4] re-
ported above show unequivocally that, unless the solvent
and the flasks are dehydrated thoroughly, for the conditions
commonly employed[20] most of the acetate ligands are dis-
sociated immediately in DMSO solution, forming acetic acid
under the action of water. Although the lability of the car-
boxylate ligands in quadruply bonded dimolybdenum com-
plexes is well recognized,[8a] the behavior described above is
not exemplified in the literature.[28] The effect of water on
[Mo2(AcO)4] in DMSO solution has been, to our knowl-
edge, completely overlooked. The formation of the aquo ion
Mo2(aq)8


4+ , which can be more fully represented as
[Mo2(H2O)8]


4+ ¥2H2O,
[29] requires the action of strong acids


on sulfate salts of dimolybdenum.[30] The UV/Vis spectrum
of such species in water is characterized by a band at
504 nm (e = 337) assigned to a d!d* transition, which dis-
appears as a consequence of oxidation processes.[31] Similar
behavior has been envisaged also for acetate-containing
complexes, and the disappearance of the d!d* band,
caused by exposure to air, has been attributed to oxidation
and Mo�Mo bond breaking,[32] but we obtained analogous
spectral effects merely by adding water. The formation of
complexes with unpaired electrons cannot be appreciated
from the NMR spectra, and any significant formation of
NMR-invisible species (caused by extensive paramagnetic
shift and/or line-broadening) containing acetate or diol li-
gands may be ruled out by use of an internal standard; how-
ever, some decomposition of the dimolybdenum core of
[Mo2(AcO)4] into ligand-free Mo species cannot be exclud-
ed. Oxidation of the Mo2 core is certainly observed after
storing the DMSO solution for one to two days at room
temperature and open to the air; this is apparent through a
color change from yellow to green,[2a] and makes the NMR
peaks for the bound ligands disappear. However, at the


short times after the mixing when the CD spectra are re-
corded, the total amounts of ligands (acetate and diol)
remain observable by NMR spectroscopy, and they are
therefore either free or associated into diamagnetic species;
moreover, the signals for diol/dimolybdenum complexes
confirm the existence of a group responsible for a strong di-
amagnetic anisotropy, that is, a quadruply bonded dimolybe-
num core.
Our results suggest the formation of a hydrated species,


containing as many hydroxy anions (OH�) as the displaced
acetate ligands (Scheme 1). A structure similar to that re-
ported[9b] for alkoxide/alcohol complexes [Mo2(OR)4-
(HOR)4] seems the most plausible, with bridging H�
O¥¥¥H¥¥¥O�H ligands. In this view, the value (10 equiv) of
water necessary to obtain a stationary UV spectrum (see
Figures 5 and 6) is especially significant, because it coincides
with the number (eight) of water molecules required to dis-
place the four acetates, plus two molecules ligating the di-
molybdenum axially,[8d,29] thus leading to the stoichiometry
[Mo2(OH)4(OH2)4]¥2H2O (Scheme 1). No NMR signals are
detected for the protons of such species: as noted above,
however, all protons in the immediate vicinity of the dimo-
lybdenum core feature exceptionally broad resonances. The
absence of any NMR signal corresponding to intermediate
species with one to three acetate ligands, along with the re-
sults of the UV titration, suggest that the ligation of water
and the consequent acetate displacement are strongly coop-
erative processes.
Some questions remain open: for example, in the UV/Vis


spectrum of the hydrated complex [Mo2(OH)4(OH2)4]¥2H2O
(Scheme 1), the transition observed at 312 nm (Figure 5)
may be ascribed to a ligand-to-metal charge transfer transi-
tion (pp(O)!d*(Mo) or else pp(O)!p*(Mo)), which in al-
cohol-containing quadruply bonded complexes appears at
similar energies.[9b,12b] In contrast, we have noticed the ab-
sence of the band above 500 nm that is detectable in the al-
cohol-containing complexes and in the aquo ion[9b,30] and has
been assigned to a d!d* transition. Remarkably, upon addi-
tion of H2SO4 (final concentration�1m) to the DMSO solu-
tion of the hydrated dimolybdenum complex, to reproduce
the strongly acidic conditions needed for generating the
aquo ion,[30] a clear-cut color change from yellow to dark
orange is observed; it follows from the appearance of a
broad band with lmax = 455 nm, emax = 900, which we inter-
pret as a d!d* transition. The absence of transitions
around 370 nm, typical of oxidation products of Mo2


4+ aquo
ions,[31] demonstrates that the Mo±Mo quadruple bond is
preserved in the newly generated species. It may be conclud-
ed that the acidification of [Mo2(OH)4(OH2)4] in DMSO
yields spectral features close to those of the aquo ion
[Mo2(H2O)8]


4+ .[30, 33] In particular, the d!d* transition of
the hydrated dimolybdenum complex is seemingly sensitive
to the degree of protonation of the water ligands, possibly
through the overall charge distribution around the dimolyb-
denum core; further work on this topic is in progress.


Nature of the active species, and the effect of water on their
formation : Whatever may be the dimolybdenum species in
solution, there is no doubt that a chelation must occur after


Scheme 1.
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the addition of the 1,2-diol, as previously suggested;[2] how-
ever, both the CD and the NMR results indicate that the
complexation is far from being complete (which may be
partly responsible for the difficulties encountered in crystal-
lization of the complex from DMSO).[2a] Provided that one
diol moiety HO~OH replaces one OH�/H2O ligand, a 1:1
species with stoichiometry [Mo2(HO~O)(OH)3(OH2)3]¥2 -
H2O will be obtained (Scheme 1). NMR measurements give
evidence for the formation of one (for diol 2) or two (for
diol 1) main active species; no exchange phenomena are ap-
parent between the complexes and the free diol, proving
they are kinetically inert on the NMR timescale.
NMR and CD studies paint the same picture for the role


played by water. At low water concentrations, the 1,2-diol
competes with the acetate and the OH/H2O ligands already
formed for the formation of the Cottonogenic derivative.
When water is added, the UV band at 303 nm and the
1H NMR signal at d = 2.60 ppm first decrease in intensity,
while the CD spectrum remains almost constant. At this
stage, water is displacing acetate from the complex, thus fa-
voring diol association (as witnessed by the intensity in-
crease of the 1H peaks at d = 7.60 ppm for 1, and by slower
complexation kinetics).[23] After the addition of about
10 equivalents of water, acetate is completely displaced (the
1H peak at d = 2.60 ppm vanishes), and the UV spectrum
becomes stationary. Instead, the CD spectrum (as well the
NMR peaks of the bound diol) decreases in intensity, and it
eventually disappears: clearly, water is now competing
strongly with the 1,2-diol.


Proposed structures of the active species : A comprehensive
and reasonable structural picture is afforded by interpreta-
tion of the 1H NMR chemical shifts. The prominent de-
shielding effects allied to the detectable proton signals for
the diol/dimolybdenum adducts (one species for diol 2 and
two for diol 1) lend themselves to semi-quantitative structur-
al analysis. By means of several MM and ZINDO-optimized
molecular models (see the Experimental and Computational
Section), we calculated the diamagnetic anisotropy deshield-
ings through Equation (1) for those diol/dimolybdenum
adduct structures we envisaged as the most likely, and com-
pared them with the experimental values.
First, the very large deshielding effect exerted by the di-


molybdenum quadruple bond on the phenyl ortho protons
in 1 (at d = 7.90 ppm for the major complex, Ds1’,exp��0.6)
and the methyl groups in 2 (at d = 1.44 ppm, Ds2,exp =


�0.50) can be justified only by assuming that they lie in a di-
rection quasi-orthogonal to the Mo�Mo bond [Eq. (1) and
Figure 4); this condition is satisfied by a structure with the
diol moiety bridging the Mo2 core, like the ™parallel™ one
proposed by Snatzke (Figure 2, left).[2] The ZINDO models
with a ∫parallel™ structure, and with the diol carbon sub-
stituents (Ph for 1 and two Me for 2) occupying an equatori-
al position in the six-membered ring [C-O-Mo-Mo-O-C]
(Figure 11), give Ds1(par/eq) = �0.5 for 1 and Ds2(par/eq) =


�0.4 for 2, in very good agreement with the experimental
values. Thus, we may confirm that the dominant complex
has a ∫parallel™-like structure for both diols 1 and 2, that is,
with the diol moiety bridging the Mo2 core,


[34] and the steri-


cally more demanding substituents occupying an equatorial
position (Figure 11, left), as expected.[1,2] Figure 12 displays
the ZINDO model for this complex of (R,R)-2.
For the minor complex of diol 1 (with Ds1’’,exp��0.3), we


must reject a ™perpendicular∫-like structure (Figure 2,
right), which would place the whole phenyl group in a
shielding region, according to Equation (1) (see also
Figure 4); the calculated shift for our ZINDO-optimized
™perpendicular∫ complex for 1 (with an equatorial Ph
group), is Ds1(perp/eq) = ++1.6, which is not supported by the
NMR spectra. Instead, for a monosubstituted glycol such as
1, structures with the carbon substituent in an axial rather
than an equatorial position would also be conceivable. A
ZINDO-optimized ™parallel∫ complex with an axial Ph
group (Figure 11, upper right) gives calculated Ds1(par/ax) =


�0.2, very close to the observed shift for the minor species
Ds1’’,exp. Hence, we propose such a structure for the second
diol/dimolybdenum adduct detected by NMR for diol 1; un-
fortunately, we could not ascertain whether there is any
chemical exchange between the two adducts. Our assign-
ment would also explain why the CD spectra generally ob-
served for monosubstituted 1,2-diols are considerably
weaker than those for disubstituted ones.[1,2a] The structure
with an axial substituent has a six-membered ring with a
chiral conformation (denoted by d, for (R)-1) which is enan-
tiotopic with the structure with an equatorial substituent
(with a l conformation for (R)-1) (Figure 11). If the ob-
served optical activity originates from the chiral perturba-
tion provided by the ring embracing the Mo2 core[2a] (but
see also our Conclusions below), these two complexes are
likely to give rise to similar CD spectra with opposite signs,


Figure 11. Model structures of (R)-1 and (R,R)-2.
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resulting in a weak overall CD. In contrast, the CD spec-
trum for the complex of (R,R)-2, where the axial disposition
of both methyl substituents would be less probable, is
mainly attributable to only one species.


Conclusions


We have reached the following conclusions by spectroscopic
means, especially CD and NMR, on the structure of the
CD-active complex formed in DMSO from [Mo2(OAc)4]
and chiral 1,2-diols:


a) Under the action of dissolved water, dimolybdenum tet-
raacetate in DMSO loses its acetate ligands quantitative-
ly, giving rise to a new polyhydrated species with the
quadruple bond preserved, which we formulate as
[Mo2(OH)4(OH2)4]¥2H2O (Scheme 1).


b) After the addition of an equimolar amount of a chiral
1,2-diol, two diol/dimolybdenum adducts develop for
diol 1 and one main adduct for diol 2, in a modest over-
all proportion for each diol.


c) The dominant complex has a ™parallel∫-like structure for
both diols 1 and 2, with the two hydroxy groups bridging
the dimolybdenum core and the diol carbon substituents
occupying the equatorial positions in the six-membered
ring [C-O-Mo-Mo-O-C] (Figure 11, left, and Figure 12).
The minor species for 1 has a similar ™parallel∫ arrange-
ment, but with an axial Ph group (Figure 11, upper
right).


Even if some details, such as the extent of dissociation of
alcoholic protons after the ligation, are still unclear, the
present work is a first step toward the elucidation of the mo-
lecular structure of the CD-active species, which is necessary
in order to understand the origin of the optical activity. The
second, crucial, step would be a complete description of the
electronic properties (including excited states) of the chro-
mophore. In the current case, this is greatly complicated by
the inherent difficulties encountered in the electronic struc-
ture calculations of quadruply bonded dimolybdenum com-
plexes, because of the molecular size, the presence of many
electrons, and the dramatic impact of electron correlation.[8d]


Although several theoretical studies concerning tetracarbox-
ylate complexes are available,[8d,35,36] other complexes with
oxygen donors have been considered only occasionally,[12b]


and none fits the current case.
We may observe qualitatively that if our structural picture


is valid, the previously adopted hypothesis about the origin
of the optical activity of the Cottonogenic complex has to
be revised. According to Snatzke and co-workers,[2a,b] a one-
electron mechanism would account for the origin of the CD,
with a symmetric Mo2(OAc)3 chromophore perturbed by a
second-sphere chirality[37] provided by the five- or six-mem-
bered ring involving the diol (in a ™perpendicular∫ and ™par-
allel∫ position, respectively; Figure 2). Thus, the CD
band IV at 300±310 nm would be allied to the electric
dipole-allowed transition observed at 304 nm for
[Mo2(OAc)4] in DMSO, and assigned to a metal-to-ligand
d!p*C=O charge transfer.[2b,8c,35] Since we demonstrated that
in the conditions commonly employed[20] no acetate ligands
are present on the active complexes, it is plausible that the
UV transition observed at 312 nm (to which CD band IV is
allied) could involve the oxygen pp orbitals localized on the
OH/H2O ligands and on the diol hydroxy groups as
well.[9b,12b] As a consequence, for this transition (for which
e�3500, De�60; dissymmetry factor g�10�2 for the com-
plex with 2) the one-electron simplification is not sufficient,
and some character of the so-called first-sphere chirality (or
inherent dissymmetry)[37] should also be admitted. It is note-
worthy that all the interpretations of the optical activity of


Figure 12. Two views of the ZINDO-optimized structure of the predomi-
nant complex for (R,R)-2,3-butanediol (2), with a ™parallel∫ disposition
and equatorial methyl groups.
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quadruply bonded dimolybdenum complexes available in
the literature to date concern only metal dxy!dxy* and dxy!
dx2�y2 transitions.


[8e,38,39, 40]


We hope that the new evidence uncovered by this contri-
bution will prompt further investigations into the exact
nature of the dimolybdenum species present in ™wet∫
DMSO solutions of [Mo2(OAc)4]; apart from its chiroptical
interest, this complex is one of the most used synthetic pre-
cursors for quadruply bonded dimolybdenum compounds.[8a]


Experimental and Computational Section


1H and 13C NMR spectra were recorded with a Varian VXR 300 spec-
trometer, at 300 MHz for 1H and 75.4 MHz for 13C, in [D6]DMSO solu-
tions; chemical shift values are expressed relative to tetramethylsilane.
2D TOCSY spectra were recorded, acquiring 1 K¥2 K data point matrices,
zero-filled to 2 K¥2 K, with 30 ms isotropic mixing. Saturation transfer ex-
periments were carried out with a 1±5 s low-power cw irradiation on the
selected signal, acquiring 64 to 256 transients. UV/Vis spectra were re-
corded using a Varian Cary 4E spectrophotometer. CD spectra were re-
corded with a Jasco J600 spectropolarimeter, with a 0.1 or 0.01 cm cell in
DMSO and at room temperature (speed 50 nmmin�1, time constant 1 s,
band width 2.0 nm). IR spectra were recorded as thin films with a
Perkin-Elmer FT-IR 1600 spectrometer. Conductivities were measured at
room temperature (16 8C) with a Metrohm Konduktometer E882 bridge,
calibrated with a KCl solution (0.01m).


DMSO, spectroscopy or analysis grade, was purchased from Fluka, and
dehydrated according to the common procedure. Sodium acetate and
KCl were purchased from Carlo Erba and purified according to the
common procedures. [D6]DMSO was purchased from Fluka; NMR spec-
tra were measured in anhydrous conditions using a thoroughly dried
tube, in [D6]DMSO left on strongly activated 4A molecular sieves for
one day.


(R)-Phenylethane-1,2-diol (1, 99% ee) and (R,R)-butane-1,2-diol (2,
98% ee) were purchased from Aldrich. Dimolybdenum tetraacetate
(purity 98%) was purchased from Fluka.


Structure optimizations were executed with the MM+ force field and
the ZINDO/1 semiempirical implemented in Hyperchem 7.02.[38] An ini-
tial structure of [Mo2(OH)4(OH2)4] was obtained by adapting the solid
state structure of [Mo2(iPrO)4(iPrOH)4].


[9b] The Mo�Mo and Mo�O
bond lengths and Mo-Mo-O angles were set to 2.11 ä, 2.13 ä and 94.78
respectively,[9b] with default force constants; the optimized ZINDO/1
values are 2.16 ä, 2.13 ä and 91.18 respectively. Hence, one H�
O¥¥¥H¥¥¥O�H moiety was replaced by one diolate moiety with the O-C-C-
O dihedral in a gauche conformation, and the whole complex was re-opti-
mized. Several structures were generated for each diol, by keeping the
same absolute configuration (R) while changing: a) the ™parallel∫ or
™perpendicular∫ orientation with respect to the Mo�Mo bond (Figure 2);
b) the six- or five-membered ring conformation, that is, forcing the sub-
stituent (Ph for 1 and two Me for 2) into an equatorial or axial disposi-
tion. The optimized structures usually have O-Mo-Mo-O twists of less
than 58 and diol O-C-C-O dihedrals of �408 (distorted gauche); as an ex-
ample, Figure 12 displays the complex of (R,R)-2 with ™parallel∫ disposi-
tion and equatorial methyls (the dominant species). The structural data r
and y for the diamagnetic anisotropy shielding (Equation (1) and
Figure 4) were calculated as the average of the two equivalent phenyl
ortho protons in 1 and the three methyl protons in 2. MM+ calculations,
with the parameters for Mo�Mo and Mo�O bond lengths and Mo-Mo-O
angles set as above, gave similar results for the calculated anisotropy
shieldings.[41]


[1] Part 1 of this series: L. Di Bari, G. Pescitelli, C. Pratelli, D. Pini, P.
Salvadori, J. Org. Chem. 2001, 66, 4819±4825.


[2] a) J. Frelek, M. Geiger, W. Voelter, Curr. Org. Chem. 1999, 3, 117±
146, and references therein. Structural details may be found espe-
cially in: b) G. Snatzke, U. Wagner, H. P. Wolff, Tetrahedron 1981,


37, 349±361; c) J. Frelek, G. Snatzke, Fresenius Z. Anal. Chem.
1983, 316, 261±264; d) J. Frelek, A. Perkowska, G. Snatzke, M.
Tima, U. Wagner, H. P. Wolff, Spectrosc. Int. J. 1983, 274±295; e) A.
Liptµk, J. Frelek, G. Snatzke, I. Vlahov, Carbohydr. Res. 1987, 164,
149±159. A closely related application to a-amino alcohols was re-
viewed recently: f) J. Frelek, A. Klimek, P. Rus¬kowska, Tetrahedron:
Asymmetry 2002, 13, 2461±2469.


[3] The induced CD terminology (see, for example: K. Vickery, B.
Nordÿn, in Encyclopedia of Spectroscopy and Spectrometry (Eds.:
J. C. Lindon, G. E. Tranter, J. L. Holmes), Academic Press, London,
2000, pp. 869±874) is used to emphasize the fact that the chiral diol
moiety, which may be virtually transparent, induces a nonvanishing
CD over the electronic transitions allied to the achiral dimolybde-
num core.


[4] In general, the empirical rule may be formulated as follows, making
use of the steric descriptors ™bS∫ and ™bR∫.[1] For each alcoholic
chiral carbon, the ™bS∫/™bR∫ configuration is assigned: the first pri-
ority is given to the hydroxyl, the second to the adjacent �C�OH,
and the remaining two substituents are ordered according to their
bulkiness (Ph/H for 1; Me/H for 2). In most cases ™bS∫ corresponds
to S and ™bR∫ to R. The rule states that a ™bR∫ or ™bR,bR∫ 1,2-diol
always gives rise to a negative CD band IV.[1,2a]


[5] a) P. Salvadori, D. Pini, A. Petri, Synlett 1999, 8, 1181±1190; b) P.
Salvadori, D. Pini, A. Petri, A. Mandoli, in Chiral Catalyst Immobili-
zation and Recycling (Eds.: D. E. De Vos, I. F. J. Vankelecom, P. A.
Jacobs), Wiley-VCH, Weinheim, 2000, pp. 235±259.


[6] M. Politi, N. De Tommasi, G. Pescitelli, L. Di Bari, I. Morelli, A.
Braca, J. Nat. Prod. 2002, 65, 1742±1745.


[7] F. A. Cotton, Z. C. Mester, T. R. Webb, Acta Crystallogr. Sect. B
1974, 30, 2768±2770.


[8] a) F. A. Cotton, R. A. Walton, Multiple Bonds between Metal Atoms,
2nd ed., Clarendon Press, Oxford, 1993, Ch. 3, pp. 139±231;
b) pp. 647±649; c) pp. 682±704; d) pp. 656±670; e) pp. 707±711.


[9] Compounds of the type [Mo2(OR)4L4], with R = isopropyl, neopen-
tyl and cyclopentyl, and L = py, (CH3)2NH, P(CH3)3, iPrOH:
a) M. H. Chisholm, K. Folting, J. C. Huffmann, R. J. Tatz, J. Am.
Chem. Soc. 1984, 106, 1153±1154; b) M. H. Chisholm, K. Folting,
J. C. Huffmann, E. F. Putilina, W. E. Streib, R. J. Tatz, Inorg. Chem.
1993, 32, 3771±3780.


[10] Compounds of the type [Mo2(OAr)4L4], with Ar = 3,5-dimethyl-
phenyl and C6F5, and L = (CH3)2NH and P(CH3)3: a) T. W. Coffin-
daffer, G. P. Niccolai, D. Powell, I. P. Rothwell, J. C. Huffmann, J.
Am. Chem. Soc. 1985, 107, 3572±3583; b) R. G. Abbott, F. A.
Cotton, L. R. Falvello, Inorg. Chem. 1990, 29, 514±521; c) F. A.
Cotton, K. J. Wiesinger, Inorg. Chem. 1991, 30, 750±754.


[11] [Mo2Cl4(etp)(HOCH3)], etp = bis(2-diphenylphosphinoethyl)phe-
nylphosphine: C.-T. Lee, W.-K. Yang, J.-D. Chen, L.-S. Liou, J.-C.
Wang, Inorg. Chim. Acta 1998, 274, 7±14.


[12] [Mo2(OAc)2(HO~O)2], HO~OH = calix[4]arene derivative:
a) J. A. Acho, S. J. Lippard, Inorg. Chim. Acta 1995, 229, 5±8;
b) J. A. Acho, T. Ren, J. W. Yun, S. J. Lippard, Inorg. Chem. 1995,
34, 5226±5233.


[13] P. A. Agaskar, F. A. Cotton, Polyhedron 1986, 5, 899±900.
[14] A fourth signal is always present in our spectra as a small singlet at


d = 1.40 ppm, which apparently exchanges (saturation transfer and
EXSY experiments) with the methyl signal of acetic acid at d =


1.90 ppm. Its position and intensity are entirely independent of
measurement conditions (water content in DMSO, sample aging and
degradation); its origin is uncertain.


[15] a) F. A. Cotton, S. Kitagawa, Polyhedron 1988, 7, 1673±1676;
b) F. A. Cotton, L. M. Daniels, P. Lei, C. A. Murillo, X. Wang, Inorg.
Chem. 2001, 40, 2778±2784.


[16] The value Dc’ = �239î10�6 ä3 reported in reference [13] must be
corrected by a factor of 4p,[8b] giving the same value as ours. For a
different quadruply bonded dimolybdenum complex, it is found
Dc = �7000î10�6 ä3.[15a] Equation (1) is strictly valid within the di-
polar approximation for magnetic moments, and if the Mo�Mo
bond is axially symmetric.


[17] We confirmed the absence of AcO� ions in solutions of
[Mo2(OAc)4] in DMSO by a conductometric measurement (as sug-
gested in reference [18]). The specific conductivity of a solution of
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[Mo2(OAc)4] (5.0mm) in DMSO was W = 3.3 mScm�1; a reference
solution (5.0mm) of AcONa had W = 55.8 mScm�1.


[18] T. R. Webb, T.-Y. Dong, Inorg. Chem. 1982, 21, 114±116.
[19] The possibility of the existence of ligating, nonbridging acetate moi-


eties, envisaged for example for [Mo2(OOCCF3)4] in pyridine,[18] is
excluded by the NMR spectra, and also from IR of thin films of the
solution: the carbonyl stretching expected at 1750 cm�1 for non-
bridging acetate (D. I. Arnold, F. A. Cotton, F. E. K¸hn, Inorg.
Chem. 1996, 35, 4733±473) is absent, and instead two bands appear
at 1260 and 1713 cm�1 due to AcOH (for IR, solutions must be used
that are two to three orders of magnitude more concentrated than
for NMR and UV/Vis/CD).


[20] The original recipe for the preparation of Cottonogenic complexes
does not stress the necessity to dehydrate the very hygroscopic sol-
vent. Almost all 1,2-diol/[Mo2(OAc)4] mixtures whose spectra are
reported in the literature[2a] must be assumed to contain nonnegligi-
ble quantities of water; the solvent we used in most measurements
(for example, reference [1]) was found to contain approximately
3200 ppm of water (Karl Fischer method), corresponding to a huge
concentration of about 0.2m, which is two orders of magnitude
higher than concentrations commonly used for the chiral substrate
and [Mo2(OAc)4].


[21] The other aromatic protons for the bound diol 1 resonate at d =


7.70 and 7.61 (para and meta for the major species), and 7.35 and
7.24 ppm (minor species).


[22] In particular, the existence of a perpendicular acetate ligand (as de-
picted in Figure 2, right) may be excluded, as one would expect
some spectral shift with respect to the resonances of [Mo2(OAc)4]
(where the acetates are in a ™parallel∫ position).


[23] The dependence of the CD spectrum of a mixture of 2 (2.7mm) and
[Mo2(OAc)4] (1 = 1) on the amount of water (Figure S1, Supporting
Information) differs from that of the UV spectrum of [Mo2(OAc)4]
(Figures 5 and 6) and of its diol complexes, in that an excess of
water makes the CD collapse. Moreover, when a tenfold more con-
centrated sample (28.2mm with a 0.01 cm cell pathlength) and a
thoroughly dried flask and cell (in order to minimize the relative
quantity of water) are used, a twofold more intense CD is obtained,
with an exceptionally slow time evolution (stationary conditions are
reached two to three times more slowly).


[24] The two minor species of the bound diol 2 have hardly detectable
doublets for the methyl protons at d = 1.06 and 1.19 ppm, with inte-
grals smaller than 10% with respect to the major species (less than
1% with respect to the free diol). These minor species are not pres-
ent as regularly as the main complex, so that in some conditions (de-
pending on the water content and the solution aging) they are not
detected at all. This may explain the slight variability in the CD
spectra noted before for 2 and other nonhindered 1,2-diols.[1]


[25] For example, using the same sample of a chiral diol and the same
solvent, but various stock solutions of [Mo2(OAc)4] of different ages,
we recorded a set of CD spectra whose normalized intensities
varied, showing a dispersion above 50% and a standard variation
around 30%.


[26] F. R. Hartley, C. Burgess, R. M. Alcock, Solution Equilibria, Ellis
Horwood, Chicester, 1980.


[27] Both the different order of concentration (1±5mm for CD, �50mm


for NMR) and the different solvent used (DMSO and [D6]DMSO)
increase the effect of dissolved water, whose proportion with respect
to the dimolybdenum complexes may vary considerably for the CD
and NMR samples of the same diol. This cautions against a straight-
forward quantitative comparison between the data obtained with
the two spectroscopies.


[28] The only reported substitution of acetate ligands with alcohols re-
quires use of a strong base for forming the alkoxide;[12] according to
one report, however, trifluoroacetate is dissociated and protonated
by the action of even an amine, though one with acidic properties
(M.-C. Suen, Y.-Y. Wu, J.-D. Chen, T.-C. Keng, J.-C. Wang, Inorg.
Chim. Acta 1999, 288, 82±89).


[29] J. E. Finholt, P. Leupin, A. G. Sykes, Inorg. Chem. 1983, 22, 3315±
3318.


[30] a) A. R. Bowen, H. Taube, J. Am. Chem. Soc. 1971, 93, 3287±3288;
b) A. R. Bowen, H. Taube, Inorg. Chem. 1974, 13, 2245±2249.


[31] W. C. Trogler, D. K. Erwin, G. L. Geoffroy, H. B. Gray, J. Am.
Chem. Soc. 1978, 100, 1160±1163.


[32] J. Telser, R. S. Drago, Inorg. Chem. 1984, 23, 1798±1803.
[33] Whereas the aquo ion has been generated only in the absence of co-


ordinating counterions,[30] the species we obtain by adding sulfuric
acid to [Mo2(OAc)4] in DMSO is likely to contain some bridging
sulfate ligands, whose coordinating properties toward the Mo2 core
are well known (ref. [30], and: F. A. Cotton, B. A. Frenz, E. Peder-
sen, T. R. Webb, Inorg. Chem. 1975, 14, 391±398). This may explain
the residual spectral differences between the two species.


[34] We cannot account for the small Ds found for the methine protons
of 2 ; they lie, however, quite out of the O-Mo-Mo-O plane
(Figure 4), which corresponds approximately to one nodal plane of
the d orbital, and the anisotropy exerted by the quadruple bond
might deviate from the expected cylindrical symmetry.


[35] a) J. G. Norman Jr. , H. J. Kolari, H. B. Gray, W. C. Trogler, Inorg.
Chem. 1977, 16, 987±993; b) M. C. Manning, G. F. Holland, D. E.
Ellis, W. C. Trogler, J. Phys. Chem. 1983, 87, 3083±3088; c) A.
Strˆmberg, L. G. M. Pettersson, U. Wahlgren, Chem. Phys. Lett.
1985, 118, 389±394.


[36] a) M. Bernard, J. Am. Chem. Soc. 1978, 100, 2354±2362; b) P. M.
Atha, I. H. Hillier, M. F. Guest, Mol. Phys. 1982, 46, 437±448;
c) P. A. Agaskar, F. A. Cotton, L. R. Falvello, S. Han, J. Am. Chem.
Soc. 1986, 108, 1214±1223.


[37] G. Snatzke, Angew. Chem. 1979, 91, 380±393; Angew. Chem. Int.
Ed. Engl. 1979, 18, 363±377.


[38] Hyperchem 7.02, Hypercube, Inc., Canada, 2002.
[39] Compounds [Mo2(P~P)2]Cl4 (P~P is a 1,2 or 1,4 chiral diposphine):


a) P. A. Agaskar, F. A. , Cotton, I. F. Fraser, R. D. Peacock, J. Am.
Chem. Soc. 1984, 106, 1851±1853; b) P. A. Agaskar, F. A. Cotton,
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1,3-Dialkyl- and 1,3-Diaryl-3,4,5,6-tetrahydropyrimidin-2-ylidene Rhodium(i)
and Palladium(ii) Complexes: Synthesis, Structure, and Reactivity


Monika Mayr,[a] Klaus Wurst,[b] Karl-Hans Ongania,[c] and Michael R. Buchmeiser*[a]


Introduction


The discovery of transition-metal complexes of N-heterocy-
clic carbenes (NHCs) by ÷fele[1] and Wanzlick and Schˆn-
herr[2,3] in the 1960s, as well as the isolation of stable free
carbenes by Arduengo et al.[4,5] in the early 1990s, initiated
intense research in this area of chemistry. The corresponding
metal complexes turned out to have interesting structural
features, and NHCs were found to be highly basic[6] , air- and
moisture-stable substitutes[5] for phosphanes. In addition, the
resulting metal complexes usually display better stability to
air and moisture than the corresponding phosphane ana-
logues. The work of Herrmann et al. and others almost revo-
lutionized the area of catalysis by transition-metal com-
plexes, in particular C�C bond-forming reactions such as
Heck, Suzuki, and metathesis reactions.[7±14] The finding that
NHCs based on saturated dihydroimidazol-2-ylidenes[15±17]
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Abstract: The synthesis of novel 1,3-
diaryl- and 1,3-dialkylpyrimidin-2-yli-
dene-based N-heterocyclic carbenes
(NHCs) and their rhodium(i) and palla-
dium(ii) complexes is described. The
rhodium compounds bromo(cod)[1,3-
bis(2-propyl)-3,4,5,6-tetrahydropyrimi-
din-2-ylidene]rhodium (7), bromo-
(cod)(1,3-dimesityl-3,4,5,6-tetrahydro-
pyrimidin-2-ylidene)rhodium (8)
(cod=h4-1,5-cyclooctadiene, mesityl=
2,4,6-trimethylphenyl), chloro(cod)(1,3-
dimesityl-3,4,5,6-tetrahydropyrimidin-
2-ylidene)rhodium (9), and chloro-
(cod)[1,3-bis(2-propyl)-3,4,5,6-tetrahy-
dropyrimidin-2-ylidene]rhodium (10)
were prepared by reaction of
[{Rh(cod)Cl}2] with lithium tert-butox-
ide followed by addition of 1,3-dimesi-
tyl-3,4,5,6-tetrahydropyrimidinium bro-
mide (3), 1,3-dimesityl-3,4,5,6-tetrahy-
dropyrimidinium tetrafluoroborate (4),
1,3-di-2-propyl-3,4,5,6-tetrahydropyri-
midinium bromide (6), and 1,3-di-2-
propyl-3,4,5,6-tetrahydropyrimidinium
tetrafluoroborate, respectively. Com-


plex 7 crystallizes in the monoclinic
space group P21/n, and 8 in the mono-
clinic space group P21. Complexes 9
and 10 were used for the synthesis of
the corresponding dicarbonyl com-
plexes dicarbonylchloro(1,3-dimesityl-
3,4,5,6-tetrahydropyrimidin-2-ylidene)-
rhodium (11), and dicarbonyl-
chloro[1,3-bis(2-propyl)-3,4,5,6-tetrahy-
dropyrimidin-2-ylidene]rhodium (12).
The wavenumbers n(COI)/n(COII) for
11 and 12 were used as a quantitative
measure for the basicity of the NHC
ligand. The values of 2062/1976 and
2063/1982 cm�1, respectively, indicate
that the new NHCs are among the
most basic cyclic ligands reported so
far. Compounds 3 and 6 were addition-
ally converted to the corresponding
cationic silver(i) bis-NHC complexes
[Ag(1,3-dimesityl-3,4,5,6-tetrahydropyr-


imidin-2-ylidene)2]AgBr2 (13) and
[Ag{1,3-bis(2-propyl)-3,4,5,6-tetrahy-
dropyrimidin-2-ylidene}2]AgBr2 (14),
which were subsequently used in trans-
metalation reactions for the synthesis
of the corresponding palladium(ii)
complexes Pd(1,3-dimesityl-3,4,5,6-tet-
rahydropyrimidin-2-ylidene)2


2+(Ag2Br2-
Cl4


4�)1/2 (15) and Pd[1,3-bis(2-propyl)-
3,4,5,6-tetrahydropyrimidin-2-ylidene)2]-
Cl2 (16). Complex 15 crystallizes in the
monoclinic space group P21/c, and 16
in the monoclinic space group C2/c.
The catalytic activity of 15 and 16 in
Heck-type reactions was studied in
detail. Both compounds are highly
active in the coupling of aliphatic and
aromatic vinyl compounds with aryl
bromides and chlorides with turnover
numbers (TONs) up to 2000000. Sta-
bilities of 15 and 16 under Heck-cou-
plings conditions were correlated with
their molecular structure. Finally, se-
lected kinetic data for these couplings
are presented.


Keywords: C�C coupling ¥ carbene
ligands ¥ homogeneous catalysis ¥
palladium ¥ rhodium
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rather than on unsaturated imidazol-2-ylidenes[11,18±22] even
increased the catalytic activity of ruthenium-based metathe-
sis catalysts suggests searching for even more basic NHCs.
Recently, Herrmann et al. reported on an acyclic bis(di-2-
propylamino)carbene, originally synthesized by Alder
et al. ,[23,24] and its ligand properties. This NHC proved to be
the most basic so far reported.[25] Encouraged by these find-
ings, by some excellent theoretical work[4,21,26, 27] and by re-
ports on the increased activity of metal complexes contain-
ing saturated imidazolylidenes,[15±17] we focused on NHCs
other than 1,3-R2-dihydroimidazol-2-ylidenes and elaborated
a synthetic concept for the synthesis of new 1,3-diaryl- and
1,3-dialkyl-3,4,5,6-tetrahydropyrimidin-2-ylidenes. Here we
report on their synthesis, ligand properties, and the synthesis
of rhodium(i) and palladium(ii) complexes. The latter were
investigated for their catalytic activity in homogeneous
Heck-type coupling reactions.


Results and Discussion


Synthesis of 1,3-dialkyl- and 1,3-diaryl-3,4,5,6-tetrahydropyr-
imidinium salts 1±6 : 1,3-Dimesitylhexahydropyrimidine (2)
was prepared by amination of 1,3-dibromopropane to yield
1,3-dimesitylaminopropane (1) followed by cyclization with
aqueous formaldehyde. The corresponding NHC precursor
1,3-dimesityl-3,4,5,6-tetrahydropyrimidinium bromide (3)
was accessible by reaction of 2 with N-bromosuccinimide
(NBS).[28] Compound 3 was finally converted to the corre-
sponding tetrafluoroborate 4 by treatment with AgBF4


(Scheme 1). In analogy, 1,3-bis(2-propyl)hexahydropyrimi-
dine (5) was prepared from 1,3-bis(2-propylamino)pro-
pane[23] and was finally subjected to cyclization to yield 6
(Scheme 1).


Synthesis of rhodium(i) complexes 7±12 : The first Rh NHC
complexes were reported by Herrmann et al.[10, 29] Here,
treatment of [{Rh(cod)Cl}2] (cod=cyclooctadiene) with a
base (lithium tert-butoxide) followed by addition of 3 result-
ed in the formation of [RhBr(NHC)(cod)] (8) (NHC=1,3-


dimesityltetrahydropyrimidin-2-ylidene) in 73% yield. Anal-
ogously, the corresponding rhodium chloro complex
[RhCl(NHC)(cod)] (9) was accessible from 4 in 74% yield
(Scheme 2). Though sterically far less demanding, the NHC
generated from 6 still allows the synthesis of mono-carbene
complex [RhBr(NHC)(cod)] (7) (NHC=1,3-bis(2-propyl)te-
trahydropyrimidin-2-ylidene) in 84% yield. This is in ac-
cordance with findings by Herrmann et al., who were able
to synthesize both the mono- and bis-NHC complexes of
RhI using NHCs with low steric demand such as 1,3-dime-
thylimidazoline-2-ylidene.[10] Using 1,3-bis(2-propyl)-3,4,5,6-
tetrahydropyrimidinium tetrafluoroborate results in the for-
mation of [RhCl(NHC)(cod)] (10) in 71% yield (Scheme 2).
Though the above-described protocol was preferred, we
note that treatment of 3 and 4 with lithium tert-butoxide at
room temperature generates the corresponding free car-
benes. Under these conditions, 3,4,5,6-tetrahydropyrimidin-
2-ylidenes were sufficiently stable to allow the formation of
the desired Rh complexes on addition of [{Rh(cod)Cl}2] at
50 8C in yields similar to those obtained with the other
route. These findings may have implications for the synthe-
sis of other metal complexes that do not tolerate the pres-
ence of a base.


Crystals of 7 and 8 suitable for X-ray diffraction were ob-
tained. The structures are shown in Figures 1 and 2. Com-
plex 7 crystallizes as a mixture of Br and Cl complexes
(0.6:0.4) in the monoclinic space group P21/n, a=1488.72(3),
b=1410.67(2), c=1620.10(2) pm, a=90, b=116.946(2), g=
908, Z=4. Crystallographic data and parameters are sum-
marized in Table 1.


The Rh�CNHC distance (Rh(1)�C(9)) is 208.96(18) pm.
This is longer than in [RhCl(NHC)(cod)] (NHC=1,3-dime-
thylimidiazolin-2-ylidene), in which the Rh�C distance is
202.3(2) pm. The shortest distances of the cod ligand to rho-
dium were found to be 210.32(19) and 213.0(2) pm, respec-
tively, for Rh(1)�C(1) and Rh(1)�C(2), respectively. Com-
pound 8 crystallizes in the monoclinic space group P21, a=
970.11(2) pm, b=1165.89(3) pm, c=1027.55(3) pm, a=908,
b=101.641(2), g=908, Z=2 (Table 1). The rhodium±CNHC


distance (Rh(1)�C(9)) of 204.7(3) pm is significantly shorter
than that in 7. The shortest dis-
tances between the cod ligand
and rhodium (Rh(1)�C(2)
210.3(3), Rh(1)�C(1)
211.5(3) pm) are comparable
to those in 7. Selected distan-
ces and angles are given in
Tables 2 and 3.


The significant difference in
the Rh�CNHC distances is indi-
cative of different basicities of
the two ligands, though steric
effects can neither be excluded
nor quantified. To compare
these two new NHCs with
other known NHCs, the RhI


NHC carbonyl complexes 11
and 12 were synthesized in 70
and 84% yield, respectively, byScheme 1. Synthesis of 1±6. diglyme=diethyleneglycol dimethyl ether.
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bubbling CO through a solution of 9 and 10 in THF/toluene
(Scheme 2). The n(COI) and n(COII) values of Rh carbonyl
complexes are an excellent measure for the basicity of a
ligand.[25] The more basic the ligand, the more pronounced
is s donation to the metal center, and this results in lower


values for both n(COI) and n(COII). The Rh carbonyl com-
plexes 12 and particularly 11 show low values for both
n(COI) and n(COII) and have the lowest values for
n(COII) ever reported for Rh carbonyl complexes of gener-


Scheme 2. Synthesis of Rh complexes 7±12.


Figure 1. X-ray structure of 7.
Figure 2. X-ray structure of 8.
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al formula [RhCl(NHC)(CO)2], where NHC is an N-hetero-
cyclic carbene (Table 4).


This indicates that the corresponding free carbenes 1,3-di-
mesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene and 1,3-bis(2-
propyl)-3,4,5,6-tetrahydropyrimidin-2-ylidene are NHCs
with very high, if not the highest, basicity reported so far,
particularly since steric effects can be ruled out in the latter.
If this were true than catalytically active metal complexes
should exhibit high activity in catalytic reactions if steric fac-
tors were still absent. Rhodium complexes are indeed rele-
vant to many areas of catalysis such as hydrosilylation, eth-


ylene/CO copolymerization, hydroformylation, and hydroge-
nation. Nevertheless, we decided to prepare palladium com-


plexes of our new carbenes for
two reasons. First, a broad va-
riety of data on catalysis is
available for ™standard∫ palla-
dium NHC complexes. Second,
we were interested whether
3,4,5,6-tetrahydropyrimidin-2-
ylidenes would facilitate a syn-
thetic route that involves for-
mation of silver(i) carbenes.


Synthesis of bis-NHC com-
plexes of silver(i) and palla-
dium(ii) 13±16 : The formation
of NHC complexes of mercury
and palladium by treatment of
the imidazolium chlorides with
the corresponding metal ace-
tate was already demonstrated
by Wanzlick and Schˆnherr
et al. and Herrmann et al.[3,10]


Though the free carbenes can
be generated by reaction of 3
and 6, respectively, with potas-
sium sec-amylate, we chose a
synthetic approach that en-
tailed formation of AgI bis-


NHC complexes followed by transmetalation. Thus, the cor-
responding palladium complexes were accessible via the
silver intermediates as described by Lin et al.,[30,31] Crabtree
et al.[32] , and Coleman[33] . For this purpose, compounds 3
and 6 were treated with freshly prepared silver(i) oxide to
yield the corresponding cationic silver(i) bis-NHC com-
plexes [Ag(1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylide-
ne)2]AgBr2 (13) and [Ag(1,3-bis(2-propyl)-3,4,5,6-tetrahy-
dropyrimidin-2-ylidene)2]AgBr2 (14). Reaction of these
compounds with [PdCl2(CH3CN)2] resulted in the palla-
dium(ii) complexes [Pd(1,3-dimesityl-3,4,5,6-tetrahydropyri-


Table 1. Crystal data and structure refinement for 7 and 8.


7 8


formula C30H40Br0.6Cl0.4N2Rh¥CH2Cl2 C18H32BrN2Rh¥CH2Cl2
Mr 678.60 544.20
crystal system monoclinic monoclinic
space group P21/n (No. 14) P21 (No. 4)
a [pm] 1488.72(3) 970.11(2)
b [pm] 1410.67(2) 1165.89(3)
c [pm] 1620.10(2) 1027.55(3)
a [8] 90 90
b [8] 116.946(2) 101.641(2)
g [8] 90 90
V [nm3] 3.03298(8) 1.13830(5)
Z 4 2
T [K] 233(2) 233(2)
1calcd [Mgm�3] 1.486 1.588
m [mm�1] 1.588 2.745
color, habit orange prism yellow prism
no. of rflns with
I>2s(I)


5264 4300


GOF on F2 1.024 1.064
R indices
(I>2s(I))


R1=0.0230 R1=0.0215


wR2=0.0554 wR2=0.0514


Table 2. Bond lengths [pm] and angles [8] for 7.


Rh(1)�C(9) 208.96(18) Rh(1)�C(1) 210.32(19) Rh(1)�C(2) 213.0(2)
Rh(1)�C(5) 216.15(19) Rh(1)�C(6) 222.92(19) Rh(1)�Br(1) 249.99(3)
Rh(1)�Cl(1) 249.99(3) N(1)�C(9) 134.6(2) N(2)�C(9) 134.9(2)
C(9)-Rh(1)-C(1) 100.07(7) C(9)-Rh(1)-C(2) 95.50(8) C(1)-Rh(1)-C(2) 38.40(9)
C(9)-Rh(1)-C(5) 149.56(7) C(1)-Rh(1)-C(5) 96.10(8) C(2)-Rh(1)-C(5) 81.47(8)
C(9)-Rh(1)-C(6) 173.21(7) C(1)-Rh(1)-C(6) 80.03(8) C(2)-Rh(1)-C(6) 88.77(8)
C(5)-Rh(1)-C(6) 36.39(8) C(9)-Rh(1)-Br(1) 90.73(5) C(1)-Rh(1)-Br(1) 145.96(7)
C(2)-Rh(1)-Br(1) 171.31(6) C(5)-Rh(1)-Br(1) 90.09(5) C(6)-Rh(1)-Br(1) 85.61(5)
C(9)-N(1)-C(13) 122.20(15) C(9)-N(1)-C(10) 123.38(16) C(13)-N(1)-C(10) 114.36(15)
C(9)-N(2)-C(19) 122.44(15) C(9)-N(2)-C(12) 125.90(16) C(12)-N(2)-C(19) 111.60(15)
N(1)-C(9)-N(2) 115.30(16)


Table 3. Bond lengths [pm] and angles [8] for 8.


Rh(1)�C(9) 204.7(3) Rh(1)�C(2) 210.3(3) Rh(1)�C(1) 211.5(3)
Rh(1)�C(6) 219.7(3) Rh(1)�C(5) 223.4(3) Rh(1)�Br(1) 251.61(4)
N(1)�C(9) 135.4(4) N(2)�C(9) 134.3(4) C(9)-Rh(1)-C(2) 91.48(12)
C(9)-Rh(1)-C(1) 91.41(13) C(2)-Rh(1)-C(1) 38.76(13) C(9)-Rh(1)-C(6) 156.36(11)
C(2)-Rh(1)-C(6) 96.89(12) C(1)-Rh(1)-C(6) 81.66(12) C(9)-Rh(1)-C(5) 167.25(12)
C(2)-Rh(1)-C(5) 80.90(12) C(1)-Rh(1)-C(5) 89.00(12) C(6)-Rh(1)-C(5) 36.06(12)
C(9)-Rh(1)-Br(1) 89.62(9) C(2)-Rh(1)-Br(1) 155.95(9) C(1)-Rh(1)-Br(1) 165.22(10)
C(6)-Rh(1)-Br(1) 91.57(8) C(5)-Rh(1)-Br(1) 93.23(8) C(9)-N(1)-C(10) 122.8(3)
C(9)-N(1)-C(13) 120.1(2) C(10)-N(1)-C(13) 116.5(3) C(9)-N(2)-C(12) 123.8(3)
C(9)-N(2)-C(16) 119.3(3) C(12)-N(2)-C(16) 116.5(3) N(1)-C(9)-N(2) 117.6(3)


Table 4. n(COI) and n(COII) [cm�1] for Rh carbonyl complexes.


Compound n(COI) n(COII) Ref.


11 2062 1976 this work
12 2063 1982 this work


2057 1984 ±[25]


2081 1996 ±[25]


2076 2006 ±[25]
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midin-2-ylidene)2]
2+(Ag2Br2Cl2


4�)1/2 (15) and [PdCl2(1,3-
bis(2-propyl)-3,4,5,6-tetrahydropyrimidin-2-ylidene)2] (16) in
84 and 42% yield, respectively (Scheme 3). Crystals of 15
and 16 suitable for X-ray diffraction were obtained. The
structures are shown in Figures 3 and 4.


Compound 15 crystallizes in the monoclinic space group
P21/c, a=2719.11(7), b=1613.44(3), c=2280.11(6), a=90,
b=109.255(2), g=908, Z=8. Its asymmetric unit contains
two dicationic Pd(NHC)2 complexes, one disordered solvent
molecule (acetone), and an Ag2X6


4� (X=Cl, Br) counteran-
ion[34] . Interestingly, the two halide ions are separated from
the dicationic Pd center for steric reasons. These findings
were additionally supported by FABMS measurements, in
which only the cationic species C44H57N4Pd ([M+H�2Cl]+)
was observed. Implications for the catalytic activity are dis-
cussed below. Since 15 was synthesized from the bromine-
containing precursor 13 and [PdCl2(CH3CN)2], an occupa-
tional disorder of the halide atoms with a total disorder of
0.527:0.473 for Cl:Br was observed in Ag2X6


4�. Compound 16 crystallizes in the monoclinic space group C2/c, a=
2235.22(3), b=815.95(5), c=1686.34(4) pm, a=90, b=


125.505(2), g=908, Z=4. As it was synthesized from the
bromine-containing precursor 14 and [PdCl2(CH3CN)2] the
crystal showed an occupational disorder of halide ions of 5:1
for Cl(1):Br(1). In contrast to 15, an almost perfect square-
planar ligand arrangement (C(1)-Pd(1)-Cl(1) 92.068) around
the Pd center with both halo ligands coordinated to the
metal was observed. Consequently, both a cationic species
with one chloro ligand attached to the Pd center, namely,
C20H40ClN4Pd ([M+H�HCl]+), and the halogen-free species
[M+H�2HCl]+ were observed by FABMS. Crystallograph-
ic data and parameters for 15 and 16 are summarized in
Table 5. Selected bond lengths and angles for 15 and 16 are
listed in Tables 6 and 7, respectively.


Heck reactions : Heck reactions[35±38] are among the most
prominent C�C bond-forming reactions.[37, 38] Phosphane-
based systems,[39±41] palladacycles,[42±46] and NHC-based sys-
tems[20,47±50] are among to the most reactive here. Despite


Scheme 3. Synthesis of 13±16.


Figure 3. X-ray structure of 15 (without (Ag2Br2Cl4
4�)1/2).


Figure 4. X-ray structure of 16.
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the excellent yields that have been reported for phosphane-
based coupling systems,[51] a major advantage of NHC-based
catalysts is that they are far less prone to oxidation than
their phosphane analogues, and this allows prolonged use
and reuse. Comparison of 15 and 16 with existing catalyst
systems in terms of reactivity was expected to provide more
information about the general applicability of this type of li-
gands in organometallic catalysis in general. The data ob-
tained for the Heck reaction of aryl bromides and chlorides
with styrene and butyl acrylate are summarized in Table 8.
Kinetic data for key compounds are summarized in
Figure 5.


Heck-type reactions with aryl iodides and activated aryl
bromides can in principle be accomplished with colloidal,
ligand-free Pd by maintaining a Pd concentration of less
than 0.1 mol%.[52±55] As in the case of ligand-based Heck-
type couplings,[56] anionic Pd0 and PdII species have been


proposed to be the active species. Compound 16 is a less
active catalyst for activated aryl bromides such as 4-bromo-
acetophenone (Table 8, entries 13 and 14) than its mesityl
counterpart 15 (Table 8, entries 1±4). Thus, turnover fre-
quencies (TOFs) of 10 and 2 s�1 were found for 15 and 16,
respectively, in the coupling of butyl acrylate and 4-bromo-
acetophenone. This is in accordance with the ™ranking∫ ob-
tained by IR spectroscopy on 11 and 12 and suggests that no
ligand-free species, which would exhibit identical reactivity,
are present. High TONs were observed for activated aryl
bromides with 15, which reached 2000000 even when the
system was ™recharged∫ and thus illustrate both high stabili-
ty and activity of the system (Table 8, entry 4). Interestingly,
though less active, 16 allows the coupling of a broader varie-
ty of aryl halides without formation of Pd black (Table 8, en-
tries 13±19). Pd0 was observed with 15 in the coupling of
bromobenzene, 4-bromoanisole, and 4-chloroacetophenone
with butyl acrylate (Table 8, entries 9, 10, and 12). In view
of the crystal structure, this is attributed to hampered forma-
tion of the species (NHC)2PdArX. For steric reasons, one
might speculate that with 15 the active species is (NHC)Pd


formed by (temporary) loss of
one NHC, rather than free Pd,
since the latter is certainly not
expected to be active in the
coupling of aryl bromides and
particularly aryl chlorides. At
low catalyst concentration and
reaction rates, as is the case
for deactivated aryl bromides
and aryl chlorides, backdiffu-
sion of the NHC ligand does
not take place, and low TONs
and formation of Pd black
result. Further evidence is pro-
vided by use of a supported
version of 15 in which both
NHC ligands are attached to a
support. Such a system certain-
ly facilitates the reformation of
a (NHC)2Pd


0 species. In no
case was formation of Pd black


observed with the same set of substrates.[57] In addition, the
supports could be reused, and the activity of a filtered reac-
tion mixture was low compared to the support. This strongly
suggests that the true active species are ligand-bound and
not colloidal Pd. Further evidence was obtained by adding
HgII to mixtures of 4-bromoacetophenone and butyl acry-
late. Both 15 and 16 were still active and reached TONs of
up to 86000 with 0.001 mol% of catalyst. Finally, and in
contrast to 15, compound 16, which has a readily accessible
Pd core, was found to be quite efficient in the coupling of
aryl chlorides in the presence of tetrabutylammonium bro-
mide (TBAB; Table 8, entries 11 and 18) and allowed high
conversion (>90%) to be reached over less than 10 h. In
fact, its reactivity respectively rivals and exceeds those of
other NHC-based systems[50] and phosphane-based systems,
which have been reported to achieve TONs of around 25±38
in the reaction of 4-chloroacetophenone and styrene with 3


Table 5. Crystal data and structure refinement for 15 and 16.


15 16


formula C44H56AgBr1.42Cl1.58N4Pd¥0.5acetone C20H40Br0.33Cl1.67N4Pd
Mr 1053.68 528.67
crystal
system


monoclinic monoclinic


space group P21/c (No. 14) C2/c (No. 15)
a [pm] 2719.11(7) 2235.22(3)
b [pm] 1613.44(3) 815.95(5)
c [pm] 2280.11(6) 1686.34(4)
a [8] 90 90
b [8] 109.255(2) 125.505(2)
g [8] 90 90
V [nm3] 9.4435(4) 2.50373(17)
Z 8 4
T [K] 233(2) 233(2)
1calcd [Mgm�3] 1.482 1.403
m [mm�1] 2.121 1.463
color, habit brown plate colorless prism
no. of rflns
with I>2s(I)


8904 1622


GOF on F2 1.178 1.089
R indices
(I>2s(I))


R1=0.0539 R1=0.0241


wR2=0.1041 wR2=0.0550


Table 6. Bond lengths [pm] and angles [8] for 15.


Pd(1)�C(17) 209.5(8) Pd(1)�C(1) 209.9(8) Pd(2)�C(33) 209.1(7)
Pd(2)�C(49) 209.6(7) C(17)-Pd(1)-C(1) 177.7(3) C(33)-Pd(2)-C(49) 178.0(3)
N(2)-C(1)-N(1) 117.4(7) N(2)-C(1)-Pd(1) 122.2(6) N(1)-C(1)-Pd(1) 120.4(6)
N(4)-C(17)-N(3) 117.8(7) N(4)-C(17)-Pd(1) 119.1(6) N(3)-C(17)-Pd(1) 123.1(7)
N(6)-C(33)-N(5) 117.3(7) N(6)-C(33)-Pd(2) 122.7(5) N(5)-C(33)-Pd(2) 119.9(5)
N(5)-C(34)-C(35) 109.4(7) N(8)-C(49)-N(7) 117.3(7) N(8)-C(49)-Pd(2) 118.9(6)
N(7)-C(49)-Pd(2) 123.7(5) N(7)-C(50)-C(51) 109.6(7)


Table 7. Bond lengths [pm] and angles [8] for 16.


Pd(1)�C(1)#1 206.2(3) Pd(1)�C(1) 206.2(3) Pd(1)�Cl(1) 234.81(6)
Pd(1)�Cl(1)#1 234.81(6) Pd(1)�Br(1)#1 234.81(6) C(1)#1-Pd(1)-C(1) 180.00(14)
C(1)#1-Pd(1)-Cl(1) 87.94(7) C(1)-Pd(1)-Cl(1) 92.06(7) C(1)#1-Pd(1)-Cl(1)#1 92.06(7)
C(1)-Pd(1)-Cl(1)#1 87.94(7) Cl(1)-Pd(1)-Cl(1)#1 180.0 C(1)#1-Pd(1)-Br(1)#1 92.06(7)
C(1)-Pd(1)-Br(1)#1 87.94(7) Cl(1)-Pd(1)-Br(1)#1 180.0 Cl(1)#1-Pd(1)-Br(1)#1 0.00(3)
N(1)-C(1)-N(2) 118.2(2) N(1)-C(1)-Pd(1) 120.76(18) N(2)-C(1)-Pd(1) 120.90(19)
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and 0.3 mol% Pd, respectively, under optimized condi-
tions.[39, 41,51] It also competes with the activity of coupling
systems consisting of an alkyl phosphane and a pallada-
cyle.[45] The positive effect of TBAB on reaction kinetics has
already been described by various groups[58±62] and is best il-
lustrated by comparing the reaction kinetics of 4-bromoace-
tophenone and butyl acrylate, as shown in Figure 5 (see also
Table 8, entries 3 and 4). Compound 15 proved to be signifi-
cantly more active on addition of TBAB; the TON in-
creased from 10 to 20 s�1.


Conclusion


We have synthesized a new class of N-heterocyclic carbenes
based on 1,3-disubstituted pyrimidin-2-ylidenes. They have
high basicity and allow the synthesis of mono- and bis-NHC
complexes of Rh and Pd, respectively. The bis-NHC palla-
dium(ii) complexes are highly active catalysts for Heck-type
reactions of aryl bromides and chlorides, and in some cases


TONs of up to 2000000 can be obtained. Current work fo-
cuses on the heterogenization of these ligands and their
metal complexes on various supports, evaluation of the cata-
lytic activity of these systems in various C�C and
C�heteroatom bond-forming reaction, and the synthesis of
other metal complexes relevant to catalysis.


Experimental Section


All experiments involving transition metals were performed under a ni-
trogen atmosphere in a MBraun glove box or by standard Schlenk tech-
niques. Reagent-grade THF, toluene, and pentane were distilled from
sodium benzophenone ketyl under argon. Dichloromethane and chloro-
form were distilled from calcium hydride under argon. 1,3-bis(2-propyl)-
3,4,5,6-tetrahydropyrimidin-1-ium tetrafluoroborate was synthesized ac-
cording to a published procedure.[23] All other reagents were commercial-
ly available and used as received. Column chromatography was per-
formed with silica gel 60 (220±440 mesh, Fluka, Buchs, Switzerland).
NMR spectra were recorded at 25 8C on a Bruker Spektrospin 300 at
300.13 MHz for 1H and at 75.47 MHz for 13C and referenced to the sol-
vent peaks (CDCl3: d=7.24, 77.0 ppm; CD2Cl2: d=5.32, 54.0 ppm).
FTIR spectra were recorded on a Bruker Vector 22 using ATR technolo-
gy. GC-MS measurements were carried out on a Shimadzu GCMS QP
5050 with a SPB-5 fused silica column (30 mî0.25 mmî25 mm film
thickness) and helium as carrier gas. Mass spectra were recorded on a
Finnigan MAT 95S using FAB ionization (Cs gun: 20 kV, 3 mA; m-nitro-
benzyl alcohol matrix). Elemental analyses were performed at the Insti-
tute of Physical Chemistry, University of Vienna, Austria, and at the
Mikroanalytisches Labor, Technische Universit‰t M¸nchen, Garching,
Germany.


N,N’-Dimesitylpropane-1,3-diamine (1): 1,3-Dibromopropane (4.100 g,
20.31 mmol) and 2,4,6-trimethylaniline (mesitylamine, 5.910 g,
43.71 mmol) were dissolved in diethyleneglycol dimethyl ether, and the
mixture was stirred at 140 8C. During the reaction a brown precipitate
formed. The reaction was monitored by GC-MS. After 6 h no further
conversion was observed. The reaction mixture was allowed to cool to
room temperature. Dichloromethane (100 mL) and 15% aqueous sodium
hydroxide solution (30 mL, 110 mmol) were added, and the reaction mix-
ture was stirred until the solids had completely dissolved. The dark red
organic phase was separated, washed with water (3î100 mL), and dried
over sodium sulfate. After evaporation of the solvents in vacuo, a dark


Table 8. Summary of Heck-type couplings. All reactions were carried out in dimethylacetamide (DMAc) using anhydrous sodium acetate as base
(1.5 mol equiv).


Entry CH=CH2R ArX Catalyst mol% T [8C] t [h] Conversion [%] TON


1 butyl acrylate 4-bromoacetophenone 15 0.05 145 1 100 2000
2 butyl acrylate 4-bromoacetophenone 15 0.001 145 6.5 97 97300
3 butyl acrylate 4-bromoacetophenone 15 0.0001[a] 145 21 98 997000
4 butyl acrylate 4-bromoacetophenone 15 0.00005 145 190 �99 2î106


5 styrene 4-bromoacetophenone 15 0.001 145 30 93[b] 93300
6 styrene bromobenzene 15 0.05 145 41 90[c] 1800
7 styrene bromobenzene 15 0.0001 145 65 56[c] 560000
8 styrene 4-bromoanisole 15 0.05 145 86 60[d] 1200
9 butyl acrylate bromobenzene 15 0.05 145 ± Pd black �200


10 butyl acrylate 4-bromoanisole 15 0.05 145 ± Pd-black �200
11 butyl acrylate 4-chloroacetophenone 15 1[a] 150 86 32 32
12 butyl acrylate 4-chloroacetophenone 15 0.05 145 ± Pd black �200
13 butyl acrylate 4-bromoacetophenone 16 0.05 147 22.5 100 2000
14 butyl acrylate 4-bromoacetophenone 16 0.0001 145 90 52 515000
15 butyl acrylate bromobenzene 16 0.05 145 67 92 1800
16 butyl acrylate bromobenzene 16 0.0001 145 66 49 489000
17 butyl acrylate 4-bromoanisole 16 0.05 145 4 63 63
18 butyl acrylate 4-chloroacetophenone 16 1[a] 150 8 91 91
19 butyl acrylate 4-chloroacetophenone 16 1[a] 150 22.3 100 100


[a] Tetrabutylammonium bromide (0.2 equiv) was added. [b] 19% 1,1-diphenylethene. [c] 7% 1,1-diphenylethene. [d] 14% 1,1-diphenylethene.


Figure 5. Kinetics of Heck-type coupling between 4-bromoacetophenone
and butyl acrylate at 145 8C in DMAc. With 0.0001 mol% of 15 (*),
0.0001 mol% of 16 (^), or 0.0001 mol% of 15 and 0.2 mol% of TBAB
(&) as catalyst.
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red oil remained. The product was purified by column chromatography
on silica gel 60 with diethyl ether/pentane (1/2) as eluent (Rf=0.3). All
product fractions were pooled and evaporated to dryness to give the
product as an off-white powder (3.307 g, 10.40 mmol, 51%). Alternative-
ly, the product can be purified by repeated recrystallization from pentane
and diethyl ether/pentane. FTIR (ATR mode): ñ=3358 (w), 2960 (w)
2912 (m), 2848 (m), 1610 (w), 1590 (w), 1480 (s), 1434 (s), 851 (s), 726
(s), 689 cm�1 (s); 1H NMR (CDCl3): d=6.82 (s, 4H, aromatic H), 3.05 (t,
4H, 2îNCH2,


3J(H,H)=6.78 Hz), 3.0±2.8 (br s, 2H, NH), 2.26 (s, 12H, o-
CH3 of Mes), 2.23 (s, 6H, p-CH3 of Mes), 1.89 ppm (quint, 2H, CH2,
3J(H,H)=6.78 Hz); 13C NMR (CDCl3): d=143.5, 131.4, 129.7, 129.4 (all
aromatic C), 47.0 (2îNCH2), 32.5 (CH2), 20.5, 18.3 ppm (both CH3 of
Mes); GC-MS (EI) calcd for C21H30N2: m/z : 310.24; found: 310.25; ele-
mental analysis (%) calcd for C21H30N2: C 81.24, H 9.74, N 9.02; found:
C 81.14, H 9.69, N 9.01.


1,3-Dimesitylhexahydropyrimidine (2): Compound 1 (1.308 g,
4.211 mmol) was dissolved in methanol and treated with 36.5% aqueous
formaldehyde solution (0.386 g, 4.63 mmol formaldehyde) diluted with
methanol (2 mL). The reaction mixture was stirred at 45 8C. A white pre-
cipitate formed during the reaction. Conversion was complete after 16 h,
as indicated by GC-MS. The precipitate was filtered off. Recrystallization
of the crude product from ethanol yielded 1.231 g of colorless crystals
(3.832 mmol, 91%). FTIR (ATR mode): ñ=2944 (w), 2913 (w), 2822
(w), 1478 (s), 1393 (m), 1320 (m), 1248 (m), 1205 (s), 849 cm�1 (s);
1H NMR (CDCl3): d=6.81 (s, 4H, aromatic H), 4.23 (s, 2H, NCH2N),
3.21 (t, 4H, NCH2), 2.35 (s, 12H, o-CH3 of Mes), 2.23 (s, 6H, p-CH3 of
Mes), 1.86 ppm (m, 2H, CH2);


13C NMR (CDCl3): d=145.2, 136.8, 134.1,
129.4 (all aromatic C), 69.7 (NCH2N), 49.8 (NCH2), 27.9 (CH2), 20.6,
19.8 ppm (both CH3 of Mes); GC-MS (EI) calcd for C22H30N2: m/z :
322.24; found: 322.25.


1,3-Dimesityl-3,4,5,6-tetrahydropyrimidin-1-ium bromide (3): Compound
2 (0.823 g, 2.56 mmol) was dissolved in absolute dimethoxyethane and
treated with N-bromosuccinimide (NBS, 0.455 g, 2.56 mmol). The reac-
tion mixture was stirred at room temperature for 3 h. A yellow precipi-
tate formed, which was filtered off, washed with pentane, and dried in
vacuo to yield 0.881 g (2.20 mmol, 86%) of 3 as a yellow powder. FTIR
(ATR mode): ñ=2976 (w), 2914 (w), 1648 (s), 1479 (w), 1312 (s),
1209 cm�1 (s); 1H NMR (CDCl3): d=7.54 (s, 1H, N+=CH), 6.91 (s, 4H,
aromatic H), 4.18 (t, 4H, NCH2), 2.57 (m, 2H, CH2),), 2.39 (s, 12H, o-
CH3 of Mes), 2.24 ppm (s, 6H, p-CH3 of Mes); 13C NMR (CDCl3): d=
153.6 (N+=CH), 140.5, 136.4, 134.6, 130.1 (all aromatic C), 47.0 (NCH2),
21.0 (CH3 of Mes), 19.6 (CH2), 18.0 ppm (CH3 of Mes); elemental analy-
sis (%) calcd for C22H29BrN2: C 65.83, H 7.28, N 6.98; found: C 65.52, H
7.62, N 6.90.


1,3-Dimesityl-3,4,5,6-tetrahydropyrimidin-1-ium tetrafluoroborate (4):
Compound 3 (1.500 g, 3.737 mmol) was dissolved in ethanol and treated
with a solution of silver tetrafluoroborate (0.728 g, 3.737 mmol) in etha-
nol. Immediately, a yellow precipitate of silver bromide formed. After
stirring for a few minutes, the precipitate was filtered off and washed
with ethanol. Finally, the solution was concentrated to a few milliliters
and the product crystallized as 1.450 g of white crystals. (3.550 mmol,
95%). FTIR (ATR mode): ñ=1657 (s), 1478 (w), 1316 (s), 1093 (s), 1051
(s); 1H NMR (CDCl3): d=7.48 (s, 1H, N+=CH), 6.93 (s, 4H, aromatic
H), 3.88 (t, 4H, NCH2), 2.54 (m, 2H, CH2), 2.28 (s, 12H, o-CH3 of Mes),
2.25 ppm (s, 6H, p-CH3 of Mes); 13C NMR (CDCl3): d=153.9 (N+=CH),
140.5, 136.3, 134.3, 130.1 (all aromatic C), 46.3 (NCH2), 20.9 (CH3 of
Mes), 19.2 (CH2), 17.4 ppm (CH3 of Mes); elemental analysis (%) calcd
for C22H29BF4N2: C 64.72, H 7.16, N 6.86; found: C 64.52, H 7.39, N 6.81.


1,3-Bis(2-propyl)hexahydropyrimidine (5): 1,3-Bis(2-propyl)propane-1,3-
diamine (1.162 g, 7.338 mmol) was dissolved in absolute methanol
(3 mL). 36.5% aqueous formaldehyde solution (0.734 g, 8.81 mmol form-
aldehyde) diluted with methanol (2 mL) was added, and the mixture was
stirred at 47 8C for 2 h. After that time the reaction was complete, as indi-
cated by GC-MS. The product was dried in vacuo to give a colorless
liquid in 95% yield (1.190 g, 6.71 mmol). 1H NMR (CDCl3): d=3.23 (s,
2H, NCH2N), 2.68 (hept, 2H, NCH, 3J(H,H)=6.84 Hz), 2.47 (t, 4H,
NCH2,


3J(H,H)=5.49 Hz), 1.60 (quint, 2H, CH2,
3J(H,H)=5.49),


0.98 ppm (d, 12H, CH3,
3J(H,H)=6.84 Hz); 13C NMR (CDCl3): d=70.4


(NCH2N), 52.3 (NCH2), 47.7 (NCH), 24.7 (CH2), 19.0 ppm (CH3); GC-
MS (EI) calcd for C10H22N2: m/z : 170.18, found: 170.20.


1,3-Bis(2-propyl)-3,4,5,6-tetrahydropyrimidin-1-ium bromide (6): Com-
pound 5 (1.190 g, 6.986 mmol) was dissolved in absolute 1,2-dimethoxy-
ethane and treated with NBS (1.243 g, 6.986 mmol). The reaction mixture
was stirred at room temperature for 2 h, during which a yellow precipi-
tate formed. The volatile compounds were removed in vacuo and a
brown, oily residue remained. The pure product was obtained after
column chromatography on silica gel 60 with dichlormethane/ethanol (6/
1) as eluent. The product eluted in the second fraction (Rf=0.2). The
product fractions were combined and evaporated to dryness to yield
1.480 g of 6 as a brown powder (5.938 mmol, 85%). FTIR (ATR mode):
ñ=3405 (w), 2964 (m), 2882 (m), 1671 (s), 1324 (m), 1123 cm�1 (m);
NMR (CDCl3): d=9.40 (s, 1H, N+=CH), 4.36 (hept, 2H, NCH,
3J(H,H)=6.39), 3.31 (t, 4H, NCH2,


3J(H,H)=5.94), 2.05 (quint, 2H, CH2,
3J(H,H)=5.94 Hz), 1.27 ppm (d, 12H, CH3);


13C NMR (CDCl3): d=151.5
(N+=C), 56.0 (NCH), 38.2 (NCH2), 20.1 (CH3), 19.1 ppm (CH2).


Bromo(h4-1,5-cyclooctadiene){1,3-bis(2-propyl)-3,4,5,6-tetrahydropyrimi-
din-2-ylidene}rhodium (7): [{Rh(cod)Cl}2] (120 mg, 244 mmol) was dis-
solved in THF (5 mL), and lithium tert-butoxide (47 mg, 590 mmol) was
added with vigorous stirring. The mixture was stirred for a further 30 min
at room temperature, and then 6 (134 mg, 536 mmol) was added. The re-
action mixture was stirred overnight at 55 8C, after which time TLC
showed no further conversion. The solvent was removed in vacuo. The
product was purified by column chromatography on silica gel 60 with di-
chloromethane/ethanol (250/4) as mobile phase. The product eluted as a
yellow band in the second fraction (Rf=0.6). The product fractions were
pooled and evaporated to dryness to yield a yellow solid (0.189 g,
411 mmol, 84%). Yellow crystals suitable for X-ray analysis were ob-
tained by layering pentane over a dilute solution of 7 in dichloromethane
at �36 8C. FTIR (ATR mode): ñ=2963 (m), 2928 (m), 2873 (m), 2832
(m), 1506 (s), 1449 (m), 1363 (m), 1304 (s), 1162 (s), 1078 cm�1 (m);
1H NMR (CDCl3): d=6.35 (hept, 2H, NCH), 4.84 (m, 2H, cod CH), 3.37
(m, 2H, cod CH), 3.05±2.85 (m, 4H, NCH2), 2.26 (m, 4H, cod CH2),
1.90±1.65 (m, 6H, CH2+cod CH2), 1.29 ppm (d, 12H, CH3);


13C NMR
(CDCl3): d=203.7 (d, NCN, 1J(103Rh,13C)=45 Hz,), 94.4 (d, cod CH,
1J(103Rh,13C)=6.5 Hz), 69.0 (d, cod CH, 1J(103Rh,13C)=15.5 Hz), 57.1,
37.8, 32.3, 29.0, 21.0, 20.3, 19.7 ppm (cod CH2, NCH2, CH2, NCH, CH3);
elemental analysis (%) calcd for C18H32BrN2Rh: C 47.07, H 7.02, N 6.10;
found: C 47.39, H 7.00, N 6.01.


Bromo(h4-1,5-cyclooctadiene)(1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-
2-ylidene)rhodium (8): [{Rh(cod)Cl}2] (120 mg, 244 mmol) was dissolved
in THF (4 mL), and lithium tert-butoxide (47 mg, 590 mmol) was added
with vigorous stirring. The mixture was stirred for a further 30 min at
room temperature, and then 3 (215 mg, 536 mmol) was added. After a
few minutes a clear, yellow solution formed, which was stirred for 5 h at
room temperature. After this time, TLC showed no further conversion.
The solvent was removed in vacuo. The product was purified by column
chromatography on silica gel 60 with dichloromethane/ethanol (250/8) as
mobile phase. 8 eluted as a yellow band in the second fraction (Rf=0.3).
The product fractions were pooled and evaporated to dryness to yield a
yellow solid in 73% yield. (0.219 g, 356 mmol). Yellow crystals suitable
for X-ray analysis were obtained by layering pentane over a dilute solu-
tion of 8 in dichloromethane at �36 8C. FTIR (ATR mode): ñ=2879 (m),
1477 (s), 1433 (m), 1298 (s), 1198 (m), 851 cm�1 (m); 1H NMR (CDCl3):
d=6.97 (m, 4H, aromatic H), 4.32, 4.20 (2îbrs, 2H, cod CH), 3.3±3.1
(m, 6H, NCH2+cod CH), 2.7±2.1 (m, 20H, CH2+CH3 of Mes), 1.5±
1.2 ppm (m, 8H, cod CH2);


13C NMR (CDCl3): d=211.1 (d, NCN,
1J(103Rh,13C)=45 Hz,), 141.8, 141.7, 137.3 (all aromatic C), 93.8 (d, cod
CH, 1J(103Rh,13C)=7.5 Hz), 93.4 (d, cod CH, 1J(103Rh,13C)=6.8 Hz), 67.7
(d, cod CH, 1J(103Rh,13C)=15.1 Hz), 66.9 (d, cod CH, 1J(103Rh,13C)=
15.1 Hz), 47.9, 47.6, 32.2, 32.2, 27.6, 27.4, 21.1, 21.0, 20.9 ppm (cod CH2,
NCH2, CH2, CH3 of Mes).


Chloro(h4-1,5-cyclooctadiene)(1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-
2-ylidene)rhodium (9): [{Rh(cod)Cl}2] (120 mg, 244 mmol) was dissolved
in THF (4 mL), and then lithium tert-butoxide (47 mg, 590 mmol) was
added with stirring. The mixture was stirred for a further 30 min at room
temperature, and then 4 (219 mg, 536 mmol) was added. A clear, yellow
solution formed immediately. The reaction mixture was stirred for 1 h at
53 8C, then the solvent was removed in vacuo. The product was obtained
after column chromatography on silica gel 60 with dichloromethane/
THF/ethanol (400/17/3) as solvent. The product eluted as a yellow band
in the second fraction (Rf=0.4). The product fractions were pooled and
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evaporated to dryness to give a yellow powder in 74% yield (0.206 g,
397 mmol). Yellow crystals were grown from dichloromethane/pentane.
FTIR (ATR mode): ñ=2880 (m), 1478 (s), 1434 (m), 1299 (s), 1198 (m),
1026 (m), 851 (m), 804 cm�1 (m); 1H NMR (CDCl3): d=6.97 (m, 4H, aro-
matic H), 4.19 (s, 2H, cod CH), 3.32 (t, 4H, NCH2), 3.18 (s, 2H, cod
CH), 2.7±2.0 (m, 20H, CH2+CH3 of Mes), 1.6±1.1 ppm (m, 8H, cod
CH2);


13C NMR (CDCl3): d=210.8 (d, NCN, 1J(103Rh,13C)=53 Hz), 141.6,
137.4, 128.4 (br) (all aromatic C), 94.0 (d, cod CH, 1J(103Rh,13C)=7.2 Hz),
67.0 (d, cod CH, 1J(103Rh,13C)=14.4 Hz), 47.6, 32.3, 27.4, 27.4, 21.2, 20.9,
19.6 ppm (br) (cod CH2, NCH2, CH2, CH3 of Mes); elemental analysis
(%) calcd for C30H40ClN2Rh: C 63.55, H 7.11, N 4.94; found: C 63.22, H
7.00, N 4.91.


Chloro(h4-1,5-cyclooctadiene){1,3-bis(2-propyl)-3,4,5,6-tetrahydropyrimi-
din-2-ylidene}rhodium (10): [{Rh(cod)Cl}2] (80 mg, 164 mmol) was dis-
solved in THF (5 mL), and lithium tert-butoxide (32 mg, 400 mmol) was
added with vigorous stirring. The mixture was stirred for a further 30 min
at room temperature, then 1,3-bis(2-propyl)-3,4,5,6-tetrahydropyrimidin-
1-ium tetrafluoroborate (134 mg, 536 mmol) was added. A clear, orange
solution formed within minutes. The reaction mixture was stirred over-
night at 55 8C. After this time TLC showed no further conversion. The
solvent was removed in vacuo. The product was purified by column chro-
matography on silica gel 60 with dichloromethane/ethanol (250/8) as sol-
vent. The product eluted as a yellow band in the second fraction (Rf=


0.3). The product fractions were pooled and evaporated to dryness to
yield a yellow solid (0.096 g, 230 mmol, 71%). FTIR (ATR mode): ñ=
2963 (m), 2929 (m), 2872 (m), 1505 (m), 1440 (m), 1364 (m), 1303 (s),
1158 (m), 1076 cm�1 (m); 1H NMR (CDCl3): d=6.44 (hept, 2H, NCH,
3J(H,H)=6.84 Hz), 4.77 (m, 2H, cod CH), 3.30 (m, 2H, cod CH), 3.05±
2.85 (m, 4H, NCH2), 2.30 (m, 4H, cod CH2), 1.90±1.65 (m, 6H, CH2+


cod CH2), 1.29 ppm (d, 12H, CH3,
3J(H,H)=6.84 Hz); 13C NMR


(CDCl3): d=204.1 (d, NCN, 1J(103Rh,13C)=46 Hz,), 95.0 (d, cod CH,
1J(103Rh,13C)=6.5 Hz), 68.0 (d, cod CH, 1J(103Rh,13C)=15.5 Hz), 57.3,
37.7, 32.5, 28.8, 21.0, 20.4, 19.8 ppm (cod CH2, NCH2, CH2, NCH, CH3);
elemental analysis (%) calcd for C18H32ClN2Rh: C 52.12, H 7.78, N 6.75;
found: C 52.01, H 7.60, N 6.38.


Dicarbonylchloro(1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene)rho-
dium (11): Compound 9 (50 mg, 88 mmol) was dissolved in a mixture of
THF (3 mL) and toluene (3 mL) in a Schlenk flask. The flask was re-
moved from the dry box, and carbon monoxide was bubbled through the
solution for 50 min. A color change from orange to pale yellow was ob-
served. The reaction mixture was stirred at room temperature for 10 min
and then concentrated to dryness to give an orange powder in 70% yield
(32 mg, 62 mmol). FTIR (ATR mode): ñ=2062 (ñ(COI)), 1976
(ñ(COII)); 1H NMR (CDCl3): d=6.90 (m, 4H, aromatic H), 3.43 (t, 4H,
NCH2), 2.40±2.25 ppm (m, 20H, CH2+CH3 of Mes); 13C NMR (CDCl3):
d=202.3 (d, NCN, 1J(103Rh,13C)=41 Hz), 185.5 (d, CO, 1J(103Rh,13C)=
52 Hz), 183.6 (d, CO, 1J(103Rh,13C)=76 Hz), 141.2, 138.4, 137.9, 136.3,
134.1, 130.0, 129.0, 128.9, 128.2, 125.2 (all aromatic C), 46.8 (NCH2), 21.4,
21.0, 20.7, 19.4, 18.4, 18.2 ppm (NCH2, CH2, CH3 of Mes). FABMS calcd
for C24H29ClN2O2Rh [M+H]+ : m/z : 515.09; found m/z : 486.1
[M+H�HCO], 479.1 [M+H�HCl].


Dicarbonylchloro[1,3-bis(2-propyl)-3,4,5,6-tetrahydropyrimidin-2-ylide-
ne]rhodium (12): Compound 10 (50 mg, 120 mmol) was dissolved in a
mixture of THF (3 mL) and toluene (3 mL) in a Schlenk flask. The flask
was removed from the dry box and carbon monoxide was bubbled
through the solution for 50 min. The reaction mixture was stirred at
room temperature for 1.5 h and then concentrated to dryness giving a
yellow powder in 84% yield (37 mg, 101 mmol). FTIR (ATR mode) 2063
(n(COI)), 1982 (n(COII)); 1H NMR (CDCl3): d=5.47 (hept, 2H, NCH,
3J(H,H)=6.57 Hz), 3.07 (m, 4H, NCH2), 2.0±1.7 (m, 2H; CH2), 1.25±
1.10 ppm (2îd, 12H, CH3 of 2-Pr, 3J(H,H)=6.57 Hz); 13C NMR
(CDCl3): d=192.8 (d, N-C-N, 1J(103Rh,13C)=38 Hz), 186.4 (d, CO,
1J(103Rh,13C)=53 Hz), 183.5 (d, CO, 1J(103Rh,13C)=77 Hz), 58.2 (NCH of
2-Pr), 38.0 (NCH2), 20.5 (CH2), 19.4, 19.0 ppm (CH3 of 2-Pr). FABMS
calcd for C12H21ClN2O2Rh: m/z : 363.03 [M+H]+ , found: m/z : 334.0
[M+H�HCO], 327.0 [M+H�HCl]; elemental analysis (%) calcd for
C12H20ClN2O2Rh: C 39.74, H 5.56, N 7.72; found: C 39.41, H 5.47, N 7.60.


[Ag(1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene)2][AgBr2] (13):
Silver oxide : Silver nitrate (1.01 g, 5.94 mmol) was dissolved in water
(10 mL) and heated to 80 8C. Sodium hydroxide (0.24 g, 6.00 mmol) was
dissolved in 5 mL of water and also heated to 80 8C. On mixing the two


solutions, a dark brown precipitate of Ag2O formed immediately. The
precipitate was filtered off, washed with hot water (3î20 mL) and boiling
ethanol (3î20 mL), and dried in vacuo.


[Ag(1,3-Dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene)2][AgBr2] (13):
Compound 3 (0.564 g, 1.41 mmol) was dissolved in absolute dichlorome-
thane (35 mL), and then freshly prepared silver(i) oxide (0.166 g,
0.717 mmol) was added. The reaction mixture was stirred for 22 h at
room temperature, during which an almost clear solution formed. The re-
action mixture was filtered, and then the filtrate was concentrated to
1 mL. On addition of diethyl ether (80 mL), a white precipitate formed.
The precipitate was filtered off, washed with diethyl ether, and dried in
vacuo. The product was stored in the dark. Yield: 0.663 g (93%,
1.31 mmol, white solid). FTIR (ATR mode): ñ=2945 (w), 2908 (w), 1731
(w), 1661 (w), 1605 (w), 1515 (s), 1478 (m), 1443 (m), 1300 (m), 1203
(m), 1024 (m), 856 cm�1 (m); 1H NMR (CDCl3): d=6.90 (s, 8H, aromatic
H), 3.37 (t, 8H, NCH2,


3J(H,H)=5.94 Hz), 2.31 (quint, 4H, CH2), 2.25,
2.23 ppm (2îs, 36H, CH3 of Mes); 13C NMR (CDCl3): d=142.7, 138.2,
134.3, 129.9 (all aromatic C), 43.9 (NCH2), 21.0 (CH3 of Mes), 20.7
(CH2), 17.8 ppm (CH3 of Mes); FABMS calcd for C44H56N4Ag: m/z :
749.35 [M+]; found: m/z : 749.35 (98.5%).


[Ag{1,3-bis(2-propyl)-3,4,5,6-tetrahydropyrimidin-2-ylidene}2]AgBr2 (14):
Silver(i) oxide was prepared as described for 13. 6 (0.193 g, 0.775 mmol)
was dissolved in absolute dichloromethane (15 mL), and then freshly pre-
pared silver (i) oxide (0.0897 g, 0.387 mmol) was added. The reaction
mixture was stirred for 26 h at room temperature, but remained a suspen-
sion. The reaction mixture was brought into a dry box. The solid compo-
nents were filtered off and the filtrate was concentrated to 1 mL. On ad-
dition of diethyl ether, an off-white solid precipitated. The precipitate
was filtered off, washed with diethyl ether, and dried in vacuo to yield
0.101 g of product (37%, 287 mmol). FTIR (ATR mode): ñ=2972 (w),
2952 (w), 2909 (w), 2878 (w), 1681 (m), 1523 (m), 1464 (m), 1445 (m),
1370 (m), 1343 (m), 1314 (m), 1232 (m), 1216 (m), 1161 (m), 1094 (s),
1045 (s), 1034 cm�1 (m); 1H NMR (CDCl3): d=4.3±4.1 (m, 2H, NCH),
3.26, 2.94 (2ît, 4H, NCH2), 2.01, 1.80 (2îquint, 2H, CH2), 1.22,
1.10 ppm (2îd, 12H, CH3);


13C NMR (CDCl3): d=55.8 (NCH), 38.0
(NCH2), 20.1 (CH3), 19.0 ppm (CH2); FAB calcd for C20H40N4Ag [M+]:
m/z : 443.23; found m/z : 443.2 (100%) [M+].


[PdCl2(1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene)2] (15): Com-
pound 13 (0.300 g, 295 mmol) was dissolved in dichloromethane and treat-
ed with a solution of [PdCl2(CH3CN)2] (77 mg, 295 mmol) in dichlorome-
thane. A clear red solution formed. The reaction mixture was stirred at
room temperature for 5 h. During that time silver bromide precipitated.
Then the reaction mixture was stirred at 45 8C for 3 h. The precipitate
was filtered off, and the filtrate was concentrated to dryness and finally
purified by passage over a short column of silica 60 with acetone as
eluent. Recrystallization from dichloromethane/pentane yielded 203 mg
of red crystals (66%, 196 mmol). The precipitate consisted of pure AgBr.
It could be dissolved in concentrated ammonia and reprecipitated by ad-
dition of concentrated nitric acid. Crystals of 15 suitable for X-ray analy-
sis were obtained by crystallization from acetone/diethyl ether. FTIR
(ATR mode): ñ=2916 (w), 1518 (s), 1478 (m), 1441 (m), 1302 (s), 1203
(m), 851 cm�1 (s); 1H NMR (CD2Cl2): d=6.91 (s, 8H, aromatic H), 3.18
(t, 8H, NCH2,


3J(H,H)=5.64 Hz), 2.34 (s, 12H, p-CH3 of Mes), 2.21 (m,
4H, CH2), 1.81 ppm (s, 24H, o-CH3 of Mes); 13C NMR (CD2Cl2): d=


144.3, 139.9, 136.7, 131.4 (aromatic C), 45.5, 45.5 (NCH2), 22.7, 22.4,
19.4 ppm (CH3 of Mes+CH2); FABMS calcd for C44H57Cl2N4Pd: m/z :
817.30 [M++H]+ ; found: m/z : 747.5 (100%) [M++H�2Cl]); elemental
analysis (%) calcd for C88H112Pd2Ag2Br3Cl3N8: C 51.39, H 5.49, N 5.45;
found: C 51.61, H 5.59, N 5.41.


[Pd{1,3-bis(2-propyl)-3,4,5,6-tetrahydropyrimidin-2-ylidene}2]Cl2 (16):
Compound 15 (0.173 g, 242 mmol) was dissolved in dichloromethane and
treated with a solution of [PdCl2(CH3CN)2] (63 mg, 240 mmol) in di-
chloromethane. On mixing, a beige precipitate of silver bromide formed
immediately, and the solution changed its color from orange to pale
yellow. The reaction mixture was stirred for 30 min at room temperature.
Then silver bromide was removed by filtration of the mixture through
glass-fiber paper. The filtrate was concentrated to dryness and passed
over a short column of silica 60 with acetone as eluent. Recrystallization
from dichloromethane/pentane gave the product as yellow crystals in
38% yield (50 mg, 92 mmol). FTIR (ATR mode): ñ=2967 (m), 2869 (m),
1525 (s), 1449 (m), 1362 (m), 1306 (s), 1169 cm�1 (s); 1H NMR (CDCl3):
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d=6.31 (m, 4H, NCH), 2.97 (t, 8H, NCH2), 1.79 (m, 4H, CH2), 1.32±
1.22 ppm (m, 24H, CH3);


13C NMR (CDCl3): d=192.5, 192.1 (Pd=C),
56.5, 56.4, 56.3 (NCH), 37.6, 37.5, 37.5 (NCH2), 20.8, 20.7, 19.8, 19.7, 19.6,
19.5 ppm (CH3+CH2); FABMS calcd for C20H41Cl2N4Pd: m/z : 513.17
[M++H]+ ; found m/z : 477.2 [M++H�HCl], 441.3 (100%) [M+


+H�2HCl]; elemental analysis (%) calcd for C20H40Cl0.67Br0.33N4Pd: C
45.44, H 7.63, N 10.60; found: C 45.46, H 7.62, N 10.59.


Typical procedure for Heck reactions : Aryl halide (10 mmol), vinyl com-
pound (12 mmol), anhydrous sodium acetate (15 mmol), and tert-butyl-
benzene (160 mg) as internal standard were dissolved in dimethylaceta-
mide (DMAc; 10 mL). Then the mixture was heated to 145 8C. The
actual temperature was measured directly in the Schlenk tube. A GC-MS
spectrum was recorded for this mixture. The catalyst dissolved in DMAc
(1 mL ) was added. A few milliliters of sample were withdrawn in defi-
nite time intervals. These samples were diluted with dichloromethane, fil-
tered through glass-fiber paper, and analyzed by GC-MS. The conversion
was calculated as 1�AArX(t)Astd(t0)/AArX(t0)Astd(t) (A=area).


Crystal structure determination on 7, 8, 15, and 16 : Single crystals of 7
and 8 suitable for X-ray analysis were obtained by slow crystallization
from dichloromethane/pentane, and those of 15 and 16 from acetone/di-
ethyl ether. Data were collected on a Nonius Kappa CCD using graphite-
monochromatized MoKa radiation (l=0.71073 ä) and a nominal crystal
to area detector distance of 36 mm. Intensities were integrated using
DENZO and scaled with SCALEPACK.[63] Several scans in f and w di-
rections were made to increase the number of redundant reflections,
which were averaged in the refinement cycles. This procedure replaces in
a good approximation an empirical absorption correction. The structures
were solved with direct methods (SHELXS86) and refined against F2


(SHELX97).[64] The function minimized was �[w(F2
o�F2


c)
2] with the


weight defined as w�1= [s2(F2
o)+ (xP)2+yP] and P= (F2


o+2F2
c)/3. All


non-hydrogen atoms were refined with anisotropic displacement parame-
ters. The hydrogen atoms at C(1), C(2), C(5), and C(6) were found and
refined with bond restraints (dC�H around 95 pm) and isotropic displace-
ment parameters; all others were placed on calculated positions. For
compound 7 a disorder in the ratio 3:2 occurs by exchange of the bro-
mine atom Br(1) at the metal center by chlorine Cl(1). The ratio was de-
termined by using a free variable which refines the ratio of occupation
for two different halogens on the same position. In the last refinement
cycles the ratio was fixed at the determined value. Another 3:2 disorder
exists for the two chlorine atoms of a solvent molecule: Cl2:Cl2A and
Cl3:Cl3A are split into two positions. Further crystallographic data are
collected in Table 1. For compound 15, each Cl/Br pair in Ag2X6


4� was
refined with equal coordinates and displacement parameters, and free
variables were used to refine the occupation factors at each position. An-
other 1:1 disorder occurred for the solvent acetone by rotating around
508 about C(65).


CCDC-212219, CCDC-212220, CCDC-222718 and CCDC-222717 contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.uk).
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Steric and Electronic Effects in Cyclic Alkoxyamines–Synthesis and
Applications as Regulators for Controlled/Living Radical Polymerization


Christian Wetter, Johannes Gierlich, Christoph Alexander Knoop, Christoph M¸ller,
Tobias Schulte, and Armido Studer*[a]


Introduction


During the last ten years, radical polymerization has gained
renewed interest. Different methods have been introduced
that allow controlled living radical polymerizations. Nowa-
days, polymers with narrow polydispersities (PDI<1.2) can
be prepared by nitroxide-mediated polymerizations
(NMPs),[1] atom-transfer radical polymerizations (ATRPs),[2]


or reversible addition±fragmentation chain transfer (RAFT)
polymerizations.[3] The NMP and ATRP processes are con-
trolled by the persistent radical effect (PRE).[4] For NMP,
reversible formation of a dormant alkoxyamine from the
corresponding nitroxide and the chain-growing polymer rad-
ical is the key to the success of the controlled/living poly-
merization. The equilibrium in the NMP lies well towards
the side of the dormant alkoxyamine, thus ensuring a low
concentration of free radicals during the polymerization.


The equilibrium constant between the nitroxide-capped pol-
ymer and the free nitroxide and polymer radical, respective-
ly, is of great importance. Various parameters, such as H
bonding,[5] steric and electronic effects among others, influ-
ence the equilibrium.[6,7] Based on calculations, Moad and
Rizzardo predicted small C�O bond dissociation energies
for silylated alkoxyamines of type A (Scheme 1).[8] More-


over, they showed that increasing the steric bulk around the
N atom in the alkoxyamines should decrease the C�O bond
strength (!B). Very recently, Fischer discussed steric effects
of ring substituents in cyclic alkoxyamines on the equilibri-
um constant based on experimental results.[9] In agreement


[a] Dipl. Chem. C. Wetter, Dipl. Chem. J. Gierlich,
Dipl. Chem. C. A. Knoop, Dipl. Chem. C. M¸ller,
Dipl. Chem. T. Schulte, Prof. Dr. A. Studer
Fachbereich Chemie der Universit‰t Marburg
Hans-Meerwein-Strasse, 35032 Marburg (Germany)
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Abstract: The synthesis of new six- and
seven-membered cyclic alkoxyamines
bearing ethyl groups at the a-N posi-
tion of the alkoxyamines is described.
The key step in the synthesis of the
sterically hindered six-membered cyclic
alkoxyamines is a Wadsworth±Horner±
Emmons olefination with bisphospho-
nate 1. The seven-membered cyclic alk-
oxyamines were prepared from the
corresponding six-membered keto alk-
oxyamines by ring-enlargement with
trimethylsilyl(TMS)-diazomethane. The
use of the new alkoxyamines as regula-
tors/initiators for radical polymeriza-
tion is discussed. Efficient controlled


and living polymerization of styrene
and n-butyl acrylate was obtained with
the six-membered tetraethyl alkoxy-
amine 13. Controlled polymerizations
can be conducted even at 90 8C. In ad-
dition, alkoxyamine 13 can be used for
the preparation of AB diblock and
ABA triblock copolymers with narrow
polydispersities. The influence of the
replacement of methyl groups in the a-
position of the N atom in cyclic alkoxy-


amines by larger ethyl groups on the
styrene polymerization (reaction time,
PDI, kinetics of the C�O bond homol-
ysis) is discussed. In addition, thermal
decomposition of the new alkoxy-
amines was studied. Furthermore, the
synthesis of N,N-bissilylated alkoxy-
amines is described. The silylated alk-
oxyamines are not suitable as regula-
tors/initiators for the controlled/living
radical polymerization. The C�O
bonds in silylated alkoxyamines are
stronger than the C�O bonds in analo-
gous N,N-dialkylated alkoxyamines.
The experimental results are verified
by calculations with Gaussian98 (A.9).


Keywords: alkoxyamines ¥ block
copolymers ¥ kinetics ¥ nitroxides ¥
radical polymerization


Scheme 1. Variation of the steric and electronic effects of the N substitu-
ents in alkoxyamines.
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with the theoretical predictions, an increase in the size of
the substituents leads to a decrease of the C�O bond disso-
ciation energy.


Herein we present results on the synthesis of new sterical-
ly hindered styryl-TEMPO derivatives (TEMPO=2,2,6,6-
tetramethylpiperidinyl-1-oxyl). In addition, the synthesis of
silylated alkoxyamines is described. The efficiency of the
new alkoxyamines as regulators for the polymerization of
styrene and n-butyl acrylate is discussed. In addition, the
preparation of AA and AB diblock as well as of ABA tri-
block copolymers is presented. Furthermore, rate constants
for the C�O bond homolysis of the new alkoxyamines de-
rived from these nitroxides and decomposition studies of
the new alkoxyamines are given. Finally, calculations on the
C�O bond dissociation energy of silylated alkoxyamines is
described.


Results and Discussion


Preparation of the alkoxyamines : Bisphosphonate 1 was
prepared according to a literature procedure in two steps
starting from commercially available methallyl dichloride.[10]


Wadsworth±Horner±Emmons (WHE) olefination with 3-
pentanone was attempted under different conditions. With


LiBr/1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)/THF,[11]


KHCO3/tBuOH/H2O, Ba(OH)2/THF/H2O, and LDA/THF
the desired olefin 2 was not observed. With NaH in THF
the product was obtained in moderate yields; however, up-
scaling was not possible. It turned out that dianion forma-
tion is essential for this particular WHE reaction. Thus,
treatment of 1 with LDA and subsequent addition of BuLi
afforded the corresponding dianion that was reacted with 3-
pentanone to give phosphonate 2, which was used for the
second olefination without any purification (Scheme 2). Un-
fortunately, one-pot bis-olefination could not be accomplish-
ed. The second WHE reaction with 3-pentanone was diffi-
cult to achieve. Olefination with LiBr/DBU/THF,[11] LDA/
THF, NaH/THF, MgBr2/NEt3/THF,[12] and Ba(OH)2/THF/


Abstract in German: In dieser Arbeit wird die Herstellung
von zyklischen 6- und 7-Ring-Alkoxyaminen beschrieben, die
in a-Stellung zum Stickstoffatom Ethylgruppen tragen. Der
Schl¸sselschritt in der Synthese dieser sterisch gehinderten Alk-
oxyamine beinhaltet eine Wadsworth±Horner±Emmons-
Olefinierung am Bisphosphonat 1. Die 7-gliedrigen Homolo-
gen wurden ausgehend von den entsprechenden Piperidino-
nen hergestellt. Die Ringerweiterung wurde mit TMS-Diazo-
methan durchgef¸hrt. Es wird ¸ber die Verwendung der
neuen Alkoxyamine als Regulatoren/Initiatoren in der radika-
lischen Polymerisation berichtet. Effiziente kontrollierte und
lebende Polymerisation von Styrol und n-Butylacrylat wurde
mit dem Tetraethylpiperidinon-Alkoxyamin 13 erzielt. Kont-
rollierte Polymerisationen konnten sogar bei 90 8C durchge-
f¸hrt werden. Au˚erdem kann das Alkoxyamin 13 f¸r den
Aufbau von AB-Diblock- und ABA-Triblock-Copolymeren
mit niedrigen Polydispersit‰ten verwendet werden. Es wird
diskutiert, welchen Einfluss der Austausch von Methyl- durch
Ethylgruppen in a-Stellung zum Stickstoff in zyklischen Alk-
oxyaminen auf die Styrolpolymerisation aus¸bt (Reaktions-
dauer, PDI, Kinetiken der C�O-Bindungshomolyse). Die
thermische Zersetzung der neuen Alkoxyamine wurde unter-
sucht. Des Weiteren wird die Herstellung von N,N-bissilyliert-
en Alkoxyaminen beschrieben. Die silylierten Alkoxyamine
sind als Initiatoren/Regulatoren f¸r kontrollierte/lebende Pol-
ymerisationen nicht geeignet. Die C�O-Bindungen in sily-
lierten Alkoxyaminen sind st‰rker als die C�O-Bindungen in
entsprechenden dialkylierten Alkoxyaminen. Die experimen-
tellen Ergebnisse wurden mit Hilfe von Berechnungen mit
Gaussian98 (A.9) best‰tigt.


Scheme 2. Synthesis of the nitroxides 6a,b, 8, 10, and 12.
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H2O failed. Pleasingly, a smooth olefination was observed
with CsOH in a benzene/H2O mixture. The WHE products
were isolated in 31% overall yield as a mixture of the de-
sired ketone 3a along with the isomerized b,g-unsaturated
ketones 4 (cis/trans mixture of isomers; ratio 3a/4 = 1:6).
Prolonged heating under the reaction conditions did not
alter the isomer ratio (thermodynamic product control).
Separation of the isomers was not necessary because isomer-
ization occurred under the conditions applied for the subse-
quent cyclization reaction (concentrated NH4OH, 105 8C).
Heating of the 3a,4 mixture in concentrated NH4OH at
105 8C in a sealed tube for 20 h afforded piperidinone 5
(40%, 59% based on recovered 3a and 4), that was oxi-
dized with Na2WO4/H2O2 in MeOH/H2O


[13] to give nitroxide
6a in 87% isolated yield. Nitroxide 6b was prepared in
analogy from 2 via ketone 3b.


Hydroxy derivative 8 was obtained via reduction of 5
(LAH, !7) and subsequent oxidation (95% overall). Ring-
enlargement of 5 with TMSCHN2/BF3¥OEt2 (!9)[7] and oxi-
dation afforded keto nitroxide 10 in 33% overall yield.
LAH reduction of 9 gave alcohol 11 that was directly oxi-
dized to give nitroxide 12 (96%). The alkoxyamines 13±17
were prepared from 1-phenylethyl bromide and the corre-
sponding nitroxides according to the Matyjaszewski protocol
(Scheme 3).[14] For a proper discussion of the steric effects of
the ring substituents of our new alkoxyamines on the poly-
merizations, results previously obtained with the smaller
methyl-substituted alkoxyamines 18±22 are also considered
in the present study.


The silylated alkoxyamines were prepared from commer-
cially available 1,2-dibromobenzene. Formation of the bis-
Grignard reagent from 1,2-dibromobenzene and silylation
with diethylchlorosilane or diisopropylchlorosilane afforded
the corresponding dialkylarylsilanes (Scheme 4). The chloro-
silanes were readily obtained from the silanes upon treat-
ment with Cl2 (!23,24).[15, 16a] Silylation of 1-phenylethoxya-
mine[16b] with 23 and 24 to give 25 and 26 was best achieved
under microwave irradiation in DMF with Et3N and catalyt-
ic amounts of DMAP.


Polymerization of styrene with alkoxyamines 13±17: The
polymerizations were conduct-
ed in sealed tubes with 1% of
the alkoxyamine initiator at
90±125 8C and were stopped
after 6±56 h. The conversion
was determined gravimetrical-
ly. The polydispersity index
(PDI) and the molecular
weight of the polymers were
analyzed by means of size-ex-
clusion chromatography
(SEC). The results are sum-
marized in Table 1.


The fastest polymerization
was observed for the six-mem-
bered keto alkoxyamine 13 for
which a 79% conversion was
obtained after 6 h. Further-


more, excellent control of the polymerization was achieved
(PDI = 1.12, Table 1, entry 1). As expected, the ethyl
groups accelerate the polymerization process: styrene poly-
merization with the corresponding smaller methyl-substitut-


Scheme 3. New sterically hindered alkoxyamines 13±17 and the corre-
sponding known methyl derivatives 18±22.


Scheme 4. Synthesis of the silylated alkoxyamines 25 and 26.


Table 1. Polymerization of styrene using alkoxyamines 13±17.


Entry Alkoxyamine Temp Time Mn, exp Mn, theory PDI Conversion Ref.
(mol%) [8C] [h] [gmol�1] [gmol�1] [%]


1 13 (1) 125 6 10900 8200 1.12 79 [a]


2 14 (1) 125 6 11700 7100 1.36 68 [a]


3 15 (1) 125 6 7400 6800 1.14 65 [a]


4 16 (1) 125 6 7700 6900 1.13 66 [a]


5 17 (1) 125 6 10600 5800 1.64 56 [a]


6 18 (1) 125 6 3000 2900 1.23 28 [b]


7 19 (1) 125 6 2200 2700 1.27 26 [b]


8 20 (1) 125 6 9000 8700 1.10 84 [b]


9 21 (1) 125 6 3300 3100 1.23 30 [b]


10 13 (0.2) 125 6 43500 38500 1.32 74 [a]


11 13 (1) 105 24 9400 7200 1.09 69 [a]


12 13 (0.2) 105 24 37500 38000 1.16 73 [a]


13 13 (0.1) 105 24 62400 73900 1.24 71 [a]


14 13 (1) 90 56 10500 7600 1.08 73 [a]


15 22 (1) 125 6 1800 2000 1.30 19 [a]


[a] This work. [b] Ref. [7]
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ed six-membered keto alkoxyamine regulator 18 afforded
only 28% conversion under the same conditions (Table 1,
entry 6). The well-known styryl-TEMPO alkoxyamine 22
gave a conversion of only 19% with a PDI of 1.30 under the
same conditions (Table 1, entry 15). The same trend was ob-
served for the six-membered hydroxy-alkoxyamines 14 and
19 . With the larger ethyl-substituted initiator, 14, polymeri-
zation was faster than with 19 (Table 1, entries 2, 7). Howev-
er, the control of the polymerization was not satisfactory for
the hydroxy-alkoxyamines 14 and 19 (PDI>1.2). We have
previously[7] shown that hydroxy-substituted cyclic alkoxy-
amines are not sufficiently stable under the reaction condi-
tions. This is probably the reason for the modest control ob-
tained with regulator 14. Stability studies are discussed
below. The methyl-ethyl-substituted initiator 15 provided a
fast polymerization and a good control (Table 1, entry 3). A
good result was obtained with the seven-membered alkoxy-
amine 16 (66% conversion, PDI = 1.13, Table 1, entry 4).
Contrary to our expectations, a higher conversion was meas-
ured for the smaller methyl congener 20 (Table 1, entry 8).
As for the six-membered alkoxyamines, polymerization was
not controlled with the hydroxy derivative 17 (Table 1,
entry 5). From these initial results we can conclude that, for
six-membered alkoxyamines, the substitution of methyl
groups with larger ethyl groups leads to an improvement of
the initiator/regulator efficiency. However, for the seven-
membered systems, the size of the substituents did not influ-
ence the polymerization process to a large extent. In fact,
the tetramethyl-substituted seven-membered alkoxyamine
20 turned out to be a slightly better initiator/regulator than
the ethyl congener 16 for the styrene polymerization. Fur-
thermore, keto groups in the rings are tolerated, whereas 4-
hydroxy-substituted cyclic alkoxyamines provide moderate
results.


Further polymerization studies were conducted with the
efficient alkoxyamine 13. We first attempted to prepare high
molecular-weight polystyrene using 13. The reaction was
performed with 0.2 mol% of 13 under otherwise identical
conditions (Table 1, entry 10). Disappointingly, the polymer-
ization was not well controlled (PDI = 1.32, Mn =


43500 gmol�1). We repeated the polymerization at 105 8C
(Table 1, entry 11, 1 mol% 13). To our delight, polymeriza-
tion over a period of 24 h afforded polystyrene with a PDI
of 1.09 (69% conversion). Therefore, lowering of the tem-
perature is important for a successful polymerization. High
molecular weight polystyrene (up to 62500 gmol�1) with a
narrow PDI can be prepared at 105 8C (Table 1, entries 12,
13). Even at 90 8C, controlled (but slow) polymerization of
styrene can be performed with our new alkoxyamine 13
(Table 1, entry 14).


To prove the controlled/
living character of the 13-
mediated styrene polymeriza-
tion, we determined the con-
version as a function of time
and we analyzed the molecular
weight as a function of mono-
mer conversion (Figure 1). The
linear increase of ln([Mo]/[M])


versus time and molecular weight versus monomer con-
sumption proves the controlled character of the polymeriza-
tion.


It is well-known that styryl-TEMPO 22 is not able to con-
trol the acrylate polymerization.[1c] To date, controlled nitro-
xide-mediated polymerization of acrylates is only possible
with two types of nitroxides.[6g,17,18] To control the acrylate
polymerization, however, sacrificial nitroxide has to be
added to the reaction mixture in these systems. Therefore,
we focused on the polymerization of n-butyl acrylate with
alkoxyamine 13 and without additional nitroxide. The poly-
merizations were conducted at 105 or 125 8C in neat n-butyl
acrylate (Table 2). We were very pleased to observe that
polymerization was efficient and controlled at 125 8C
(Table 2, entry 1). Even better results were obtained on low-
ering the reaction temperature to 105 8C. Reaction for 32 h
provided poly(n-butyl acrylate) with a PDI of 1.12 with Mn


of 18600 gmol�1 (Table 2, entry 2). It is important to note
that no nitroxide has to be added to the reaction mixture.
To our knowledge, this is the first report of a successfully
controlled polymerization of an acrylate mediated by a
cyclic nitroxide.[19]


Figure 1. a) Monomer conversion versus time (styrene, 105 8C, 1 mol%
13). b) Molecular weight vs monomer conversion (styrene, 105 8C,
1 mol% 13, 15 h).


Table 2. Polymerization of n-butyl acrylate with 13 under different conditions.


Entry Alkoxyamine Temp Time Mn, exp Mn, theory PDI Conversion
(mol%) [8C] [h] [gmol�1] [gmol�1] [%]


1 13 (1) 125 9 20500 11400 1.18 89
2 13 (1) 105 32 18600 10600 1.12 83
3 13 (0.2) 105 32 73000 53800 1.21 84
4 13 (0.1) 105 32 91300 83300 1.34 65
5 13 (1) 90 96 12300 9000 1.13 70
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All the following experiments were therefore conducted
at 105 8C. With 0.2 mol% 13, high conversion (84%) and
good control (PDI = 1.21) was obtained after 32 h (Table 2,
entry 3). High molecular-weight poly(n-butyl acrylate) was
prepared with 0.1 mol% of the alkoxyamine (Mn =


91300 gmol�1, Table 2, entry 4). However, the polydispersity
slightly increased. We also showed that the butyl acrylate pol-
ymerization can be conducted at 90 8C (Table 2, entry 5, 96 h,
PDI = 1.13, 70% conversion).


We next studied the preparation of block copolymers with
alkoxyamine 13. To this end, alkoxyamine-terminated poly-
styrene and poly(n-butyl acrylate) were used as macroinitia-
tors. Polymerizations were conducted under bulk conditions
at 105 and 125 8C. The results are summarized in Table 3.
Styrene polymerization at 125 8C with a polystyrene macroi-
nitiator (PDI = 1.10, Mn = 9300 gmol�1) afforded polystyr-
ene with an increased PDI (PDI = 1.45, Table 3, entry 1).
A slightly better result was obtained if a poly(n-butyl acry-
late) was used as a macroinitiator (Table 3, entry 2). The
poly(n-butyl acrylate)-block-polystyrene (P(n-BA)-b-PS) di-
block copolymer was formed with a PDI of 1.28. We
thought that decreasing the reaction temperature would fur-
ther improve the results. Indeed, styrene polymerization


with a PS-macroinitiator at 105 8C afforded polystyrene with
a narrow PDI (PDI = 1.08, Table 3, entry 3). Furthermore,
a polystyrene-block-poly(n-butyl acrylate) (PS-b-P(n-BA))
diblock copolymer with an Mn of 66400 gmol�1 and a
narrow PDI (1.08) was prepared at 105 8C starting with a PS
macroinitiator (Table 2, entry 4). GPC traces of the PS mac-
roinitiator and the PS-b-P(n-BA) diblock copolymer are
presented in Figure 2 (traces a and b). Nitroxide-mediated
polystyrene-block-poly(n-butyl acrylate) diblock formation
was not successful with the alkoxyamines known to date.[17]


P(n-BA)-b-PS diblock copolymer formation worked very
well with alkoxyamine 13 (Table 3, entry 5). Encouraged by
these results, we then focused on the formation of ABA tri-
block copolymers. To this end, a P(n-BA)-b-PS macroinitia-
tor (Mn = 39200 gmol�1, PDI = 1.15) was used for the
neat acrylate polymerization at 105 8C. We were very
pleased to observe that ABA triblock copolymerization
worked well. P(n-BA)-b-PS-b-(n-BA) with a Mn of
30900 gmol�1 and a narrow PDI of 1.14 was formed


(Table 3, entry 6, Figure 2, trace d). In analogy, we prepared
a PS-b-P(n-BA)-b-PS triblock copolymer with excellent con-
trol (PDI = 1.14, Table 3,entry 7). We can conclude that
AB diblock and ABA triblock copolymers with narrow
PDIs can be efficiently prepared with alkoxyamine 13.


Polymerization studies with
the silylated alkoxyamines : We
then studied styrene polymeri-
zations with the silylated al-
koxyamines 25 and 26. The
polymerizations were conduct-
ed under the conditions descri-
bed above. Disappointingly,
neither 25 nor 26 were able to
control the polymerization
(PDI>2.0). Polymerizations
are governed by the autopoly-
merization of styrene.[20] The
alkoxyamines are only specta-
tors in these polymerizations!
Contrary to the calculations


reported in the literature,[8] C�O bonds in silylated alkoxya-
mines are obviously stronger than in the corresponding N,N-
dialkylated alkoxyamines. Therefore, we decided to reinves-
tigate the C�O bond strengths in silylated alkoxyamines by
computational methods. Alkoxyamines 27±30 were chosen
as model compounds to elucidate the effect of N-silyl substi-
tution in alkoxyamines.


Structures were optimized with Gaussian98 (A.9)[21] at
the B3LYP level of theory. Unless otherwise stated, the
bond energies were BSSE (basis-superposition error)-cor-


Figure 2. GPC traces of the PS-b-P(n-BA) diblock copolymer (trace b)
and the P(n-BA)-b-PS-b-(n-BA) triblock copolymer (trace d) and the
corresponding macroinitiators (trace a: PS macroinitiator; trace c: P(n-
BA)-b-PS-macroinitiator).


Table 3. Preparation of di- and triblock copolymers using alkoxyamine 13.


Entry Macroinitiator Monomer T Time Mn, exp Mn, theory PDI Conversion
(Mn , PDI, mol%) [8C] [h] [gmol�1] [gmol�1] [%]


1 PS (9300, 1.10, 0.2%) styrene 125 6 33600 48900 1.45 58
2 P(n-BA) (18600, 1.12, 0.2%) styrene 125 6 42000 70700 1.28[a] 50
3 PS (5000, 1.12, 1%) styrene 105 12 19400 10300 1.08 51
4 PS (10500, 1.08, 0.2%) n-butyl acry-


late
105 32 66400 74600 1.08[b] 57


5 P(n-BA) (17800, 1.13, 0.2%) styrene 105 12 39200 57400 1.15[a] 42
6 P(n-BA)-b-PS (16700, 1.12,


0.5%)
n-butyl acry-


late
105 32 30900 24700 1.14[b] 31


7 PS-b-P(n-BA) (6600, 1.15,
0.5%)


styrene 105 16 25400 22200 1.14[a] 61


[a] Measured with polystyrene standard solution. [b] Measured with poly(methylmethacrylate) standard solu-
tion.
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rected (counterpoise method).[22] Calculated C�O bond en-
ergies and bond lengths of the alkoxyamines 27±30 are pre-
sented in Table 4.


Similar C�O bond lengths were calculated for the silylat-
ed and N,N-tert-butylated alkoxyamines (compare 27 with
29 and 28 with 30). As expected for steric reasons, C�O
bonds in alkoxyamines 28 and 30, which are derived from


tert-butyl radicals, are longer than the corresponding
methyl-substituted alkoxyamines 27 and 29. As a direct con-
sequence of the steric repulsion and the additional stability
of a tertiary radical compared to a primary radical, C�O
bonds are stronger in the methyl-substituted alkoxyamines
27 and 29 compared to their tert-butyl derivatives 28 and 30
(59.9 kJmol�1 for 27/28 and 51.7 kJmol�1 for 29/30). As pre-
dicted from our experimental results, C�O bonds for the si-
lylated alkoxyamines are stronger than for the correspond-
ing dialkylated alkoxyamines. Thus, replacement of both
tert-butyl groups in 27 with two trimethylsilyl groups (!29)
leads to an increase of the C�O bond energy by
32.7 kJmol�1. In analogy, for the sterically more hindered
tert-butyl compounds, a 40.8 kJmol�1 stronger C�O bond
was calculated for the silyl-substituted alkoxyamine 30.
Hence, we can conclude that, in contrast to previous calcula-
tions, replacement of the N substituents in alkoxyamines by
silyl groups leads to an increase in the C�O bond energy
and, therefore, silylated alkoxyamines are not useful as reg-
ulators/initiators for the controlled free-radical polymeriza-
tion.


Kinetics of the C�O bond homolysis–EPR experiments :
The kinetic experiments were conducted in tert-butylben-
zene at 403 K. Oxygen was used to scavenge the styryl radi-
cal and the concentration of the released nitroxide was
measured by EPR spectroscopy, as previously descri-
bed.[5,6h,k,7,23] The experimental cleavage rate constants kd


were calculated by means of Equation (1) (conversions up
to 30%). The activation energies Ea were estimated from
the rate constants, whereby A = 2.4î1014 s�1.[5,6h,7]


ln
�
½nitroxide�1�½nitroxide�t


½nitroxide�1


�
¼ �kd � t ð1Þ


The fastest C�O bond homolysis was measured for the
six-membered ethyl-substituted alkoxyamines 13 and 14
(Table 5; entries 1 and 2; 13 : 2.2î10�2 s�1; 14 : 2.9î10�2 s�1).
For the corresponding methyl derivatives, homolytic cleav-


age rate constants kd of 5.7î
10�4 s�1 (18 at 407 K) and 3.3î
10�3 s�1 (19 at 413 K) have
been reported.[7] This clearly
shows that increasing the size
of the a-N substituents in
cyclic alkoxyamines leads to an
increase in the rate constant
for the C�O bond homolysis,
in agreement with recent re-


ports from the Fischer laboratory for other cyclic alkoxya-
mines.[9] Interestingly, replacement of two of the four methyl
groups in 18 by ethyl groups leads to a rate constant that
lies in the middle between the those of tetramethyl deriva-
tive 18 and the tetraethyl derivative 13 (!15, kd of 4.9î
10�3 s�1, Table 5, entry 3). To our surprise, the ring-enlarged
seven-membered alkoxyamines 16 and 17 homolyze more
slowly than the corresponding six-membered compounds 13
and 14 (compare Table 5, entries 1 and 2 with 4 and 5). This
is in contrast to the methyl series where the seven-mem-
bered alkoxyamines 20 and 21 homolyze faster than the six-
membered derivatives 18 and 19 (20 : 2.0î10�3 s�1 at 407 K;
21: 2.7î10�2 s�1 at 407 K).[7]


Thermal stability of the alkoxyamines : The thermal decom-
position of a polymeric alkoxyamine leading to a terminally
unsaturated polymer and the corresponding hydroxylamine
is an important side reaction in NMP. This process can occur
by transfer of a b-hydrogen atom from the transient polymer
radical to the nitroxide or by a non-radical direct ionic elim-
ination.[24b] We decided to study the thermal decomposition
of the various alkoxyamines to styrene and the correspond-
ing hydroxylamine. To this end, the alkoxyamine was dis-
solved in a NMR tube in perdeutero p-xylene (0.03±0.06m).
The degassed sample was heated to 398 K within the cavity
of a 1H NMR spectrometer (500 MHz) and the decomposi-
tion was followed by monitoring the decrease of the alkoxy-
amine signals as well as the increase of the styrene resonan-
ces. The signal of the benzylic H atom at 
4.7 was used to
estimate the alkoxyamine concentration. Similar experi-
ments have previously been described.[7,24] Spectra were re-


Table 4. Calculated C�O bond energies and bond lengths.


Compound N�O[ä] Si�N[ä] C�N[ä] C�O[ä] DE [C�O][kJmol�1]


27 1.451 ± 1.515 1.422 �138.25
28 1.449 ± 1.527 1.480 �78.38
29 1.476 1.797 ± 1.423 �170.91
30 1.470 1.806 ± 1.473 �119.20


Table 5. Rate constants for the C�O bond homolysis and decomposition rate constants of alkoxyamines 13±17 and EPR parameters of the corresponding
nitroxides.


Entry Alkoxyamine kd [s
�1][a] Ea [kJmol�1][b] kdecomp [s


�1][c] Nitroxide aN [G][d] g


1 13 2.2î10�2 123.7 1.5î10�5 6a 14.16 2.006
2 14 2.9î10�2 122.8 1.2î10�4 8 14.51 2.006
3 15 4.9î10�3 128.7 1.1î10�5 6b 14.51 2.006
4 16 5.9î10�3 128.1 6.6î10�5 10 13.58 2.006
5 17 1.2î10�2 125.7 2.1î10�4 12 14.09 2.006


[a] Measured at 403 K. [b] Ea was calculated with A = 2.4î1014 s�1; see ref. [6h]. Statistical errors 2±3 kJmol�1. [c] Measured at 398 K. [d] EPR data
were recorded in tBuPh saturated with O2 and are given with an error of �0.14 G.
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corded every 5 minutes. The decomposition rate constants
(kdecomp) for the various alkoxyamines were determined with
Equation (2), according to Fukuda×s work[24a] ([S] = styrene
concentration; [A] = alkoxyamine concentration) and are
summarized in Table 5.


ln ð½S�=½A� þ 1Þ ¼ kdecomp � t ð2Þ


The hydroxy-substituted alkoxyamine 14 decomposes one
order of magnitude faster than the corresponding keto alk-
oxyamine 13 (Table 3, entries 1,2). The broader polydisper-
sity obtained in the 14-mediated styrene polymerization can
therefore be explained by the instability of the regulator. It
is important to note that the ethyl-substituted six-membered
alkoxyamines are less stable than the methyl congeners
(kdecomp (18) = 5.9î10�6 s�1; kdecomp (19) = 1.3î10�5 s�1).[7,24a]


Because of this instability, the best polymerization results
with 13 were achieved at lower temperatures (105 8C). Al-
koxyamine 14 is not stable enough for an efficient regulator/
initiator. Similar trends were observed for the seven-mem-
bered alkoxyamines 16 and 17 (Table 5, entries 4 and 5).[25]


The hydroxy derivative 17 was the least stable compound
studied. Similar decomposition rate constants have been ob-
tained for the corresponding methyl substituted alkoxya-
mines 20 and 21 (see ref. [7]) In agreement with the experi-
mental results, the replacement of the a-N-methyl groups in
seven-membered alkoxyamines by ethyl groups has only a
small effect on the decomposition rate constant.


Conclusion


We presented the synthesis of new sterically hindered six-
and seven-membered cyclic alkoxyamines. The alkoxya-
mines were tested as regulator/initiators in controlled/living
radical polymerizations. We showed that replacement of
methyl groups in the a position to the N atom in six-mem-
bered cyclic alkoxyamines by ethyl groups leads to highly ef-
ficient regulators. For the seven-membered cyclic alkoxya-
mines, however, the replacement of methyl by ethyl groups
only has a small (detrimental) effect on the polymerization.
We presented kinetic data that show that the replacement of
methyl by ethyl groups in six-membered cyclic alkoxyamines
leads to an increase of the rate constant of the C�O bond
homolysis, which is an important parameter in NMP. Along
with the desired increase of the homolysis rate constant, a
decrease of the alkoxyamine stability was measured for the
ethyl derivatives. However, we found that the six-membered
alkoxyamine 13 is sufficiently stable and sufficiently active
at 105 8C. Controlled polymerization of styrene and n-butyl
acrylate was achieved by the use of this new sterically highly
hindered alkoxyamine. Controlled polymerizations can even
be performed at 90 8C. It is important to note that NMP of
n-butyl acrylate is currently only possible if noncyclic al-
koxyamines are used.[1c,19] Furthermore, addition of sacrifi-
cial nitroxide is not necessary for the polymerization of n-
butyl acrylate with our new initiator/regulator 13. This is im-
portant for the formation of polymer brushes from surfaces
(grafting from) where the exact concentration of surface-


bound alkoxyamine initiator is difficult to determine. Forma-
tion of AA and AB diblock and ABA triblock copolymers
with excellent control was achieved with alkoxyamine 13.


Furthermore, we showed that silylated alkoxyamines are
not suitable as regulators/initiators for controlled living radi-
cal polymerization. In contrast to previous literature reports,
the C�O bonds in silylated alkoxyamines are stronger than
the C�O bonds in analogous N,N-dialkylated alkoxyamines.


Experimental Section


General : 1H and 13C NMR spectra were recorded on a Bruker ARX500,
ARX400, ARX300, ARX200 or a AC200 spectrometer. Chemical shifts
are referenced to SiMe4 as an internal standard. TLC was carried out on
Merck silica gel60F254 plates, detection by UV or dipping into a solution
of KMnO4 (3.0 g), NaHCO3 (10.0 g), and H2O (800 mL) or a solution of
Ce(SO4)2¥H2O (10 g), phosphomolybdic acid hydrate (25 g), concentrated
H2SO4 (60 mL), and H2O (940 mL), followed by heating. FC was carried
out on Merck or Fluka silica gel60 (40±63 mm) at 
0.4 bar. IR spectra
were recorded on a IR750 (Nicolet Magna) or a IFS-200 (Bruker). MS
were recorded on a VGTribid, VarianCH7 (EI), IonSpec Ultima, Finni-
gan MATTSQ700 or a Finnigan MAT95S (ESI) in m/z (% of basis
peak). Size-exclusion chromatography (SEC) was carried out with THF
as eluent at a flow rate of 1.0 mLmin�1 at room temperature on a system
consisting of a L6200A Intelligent Pump (Merck Hitachi), a set of two
PLgel 5 mm MIXED-C columns (300î7.5 mm, Polymer Laboratories),
and a RI-101 detector (Shodex). Data were acquired through a PL Data-
stream unit (Polymer Laboratories) and analyzed with Cirrus GPC soft-
ware (Polymer Laboratories) based upon calibration curves based on pol-
ystyrene and poly(methyl methacrylate) standards (Polymer Laboratories
Polystyrene Medium MW Calibration Kit S-M-10 to determine the mo-
lecular weight of polystyrene and Polymer Laboratories Polymethylme-
thacrylate Medium MW Calibration Kit M-M-10 to determine the molec-
ular weight of n-butyl acrylate) with peak molecular weights ranging
from 500±3000000 gmol�1. EPR spectra were recorded on a ESP300E
(Bruker) equipped with a Nicolet Cavity (Bruker) and a B-TC 80/15
(Bruker). The nitroxide concentrations were determined by double inte-
gration of the EPR spectra and calibration with a TEMPO solution in
tert-butylbenzene. Microwave-assisted heating was performed in an MLS-
Ethos1600 Microwave System (MLS). Solvents were purified by standard
methods. Compounds sensitive to air and moisture were handled under
argon by means of Schlenk techniques.


(4-Ethyl-2-oxohex-3-enyl)-dimethylphosphonate (2): A solution of diiso-
propylamine (5.6 mL, 40.13 mmol) in THF (250 mL) was treated with bu-
tyllithium (BuLi) in hexanes (40.13 mmol) at 0 8C. After stirring for
30 min at 0 8C, ketodiphosphonate 1 (10.00 g, 36.48 mmol) dissolved in
THF (50 mL) was added dropwise. The solution turned deep yellow.
After stirring for another 40 min, the solution was chilled to �35 8C and
BuLi in hexanes (80.26 mmol) was added dropwise. The reaction mixture
turned dark red. After stirring for 1 h at �35 8C, 3-pentanone was added
slowly. The solution was allowed to warm to room temperature and was
stirred overnight. The reaction mixture was treated with brine, extracted
with t-butyl methyl ether (MTBE), and the organic layer was dried
(MgSO4). Evaporation of the solvents in vacuo yielded the crude product
2 (8.47 g), which was used for the next step without further purification.
An analytical sample was purified by FC (MTBE/acetone 4:1 to acetone/
MeOH 10:1). IR (film): ñ = 3468br, 2970m, 1684s, 1613 s, 1463m,
1396w, 1258s, 1032s cm�1; 1H NMR (200 MHz, CDCl3): d = 6.11 (s, 1H,
CH), 3.76 (d, J(H,P) = 11.2 Hz, 6H, CH3), 3.08 (d, J(H,P) = 22.5 Hz,
2H, CH2), 2.55 (q, J = 7.5 Hz, 2H, CH2), 2.19 (dq, J1 = 7.5 Hz, J2 =


1.3 Hz, 2H, CH2), 1.06 (t, J = 7.5 Hz, 3H, CH3), 1.02 ppm (t, J =


7.5 Hz, 3H, CH3);
13C NMR (75 MHz, CDCl3): d = 190.2 (d, J(C,P) =


6.2 Hz, C), 169.4 (C), 121.0 (d, J(C,P) = 2.2 Hz, CH), 52.7 (d, J(C,P) =


6.2 Hz, 2CH3), 42.5 (d, J(C,P) = 126.9 Hz, CH2), 31.1 (CH2), 25.9 (CH2),
12.5 (CH3), 11.8 ppm (CH3); MS (EI): 234 (25 [M]+), 151 (44), 124 (100),
111 (26), 95 (70), 55 (29); HRMS (EI) calcd for C10H19O5P ([M]+):
234.1021; found: 234.1019.
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3,7-Diethylnona-3,6-dien-5-one (3a) and 3,7-diethylnona-2,6-dien-5-one
(4): To the phosphonate 2 (8.47 g, 36.15 mmol) dissolved in benzene
(90 mL) was added CsOH¥H2O (15.18 g, 90.37 mmol), 3-pentanone
(38.3 mL, 0.362 mol) and water (2.3 mL). After heating to 60 8C for 14 h
and then refluxing for 4 h, the reaction mixture was cooled to room tem-
perature and treated with a 2m HCl solution. The mixture was then ex-
tracted with diethyl ether, and the organic layer was dried (MgSO4).
Evaporation of the solvents in vacuo and purification of the crude prod-
uct by FC (diethyl ether/pentane 1:100) afforded the unsaturated ketones
3a and 4 (2.21 g, 3/4 1:6.4, 31% over two steps) as a yellow oil. The un-
desired isomer 4 could be transformed into the desired isomer 3a under
basic conditions. IR (film): ñ = 3440br, 2969 s, 2935s, 2875s, 1670m,
1621s, 1426m, 1119m cm�1; 1H NMR (300 MHz, CDCl3): d = 6.00 (s,
2H, CH), 2.60 (q, J = 7.5 Hz, 4H, CH2), 2.17 (q, J = 7.3 Hz, 4H, CH2),
1.07 ppm (t, J = 7.3 Hz, 12H, CH3);


13C NMR (50 MHz, CDCl3): d =


191.4 (C), 164.8 (C), 164.7 (C), 124.0 (2CH), 30.9 (CH2), 25.5 (CH2), 13.0
(CH3), 12.1 ppm (CH3); MS (EI): 194 (10, [M]+), 165 (69), 137 (33), 111
(100), 55 (77); HRMS (EI) calcd for C13H22O ([M]+): 194.1671; found:
194.1677.


6-Ethyl-2-methylocta-2,5-dien-4-one (3b): To a solution of diisopropyl-
amine (2.7 mL, 19.13 mmol) in THF (95 mL) was added BuLi in hexanes
(19.13 mmol) at 0 8C. After the mixture had been stirred for 15 min, a sol-
ution of phosphonate 2 (2.99 g, 12.76 mmol) in THF (45 mL) was added
dropwise. The mixture was heated to reflux for 30 min, then acetone
(7.26 mL, 127.6 mmol) was added. After refluxing overnight, the reaction
mixture was cooled to room temperature and a saturated aqueous solu-
tion of NH4Cl was added. Extraction (diethyl ether), drying (MgSO4),
evaporation of the solvents in vacuo, and purification by FC (diethyl
ether/pentane 1:50) yielded 3b (484 mg, 22%). IR (film): ñ = 3441br,
2970s, 2935 s, 2876s, 1673m, 1627 s, 1443m, 1114m cm�1; 1H NMR
(300 MHz, CDCl3): d = 6.06 (s, 1H, CH), 5.95 (s, 1H, CH), 2.57 (q, J =


7.3 Hz, 2H, CH2), 2.18±2.11 (m, 5H, CH2, CH3), 1.86 (s, 3H, CH3), 1.05
(t, J = 7.3 Hz, 3H, CH3), 1.04 ppm (t, J = 7.3 Hz, 3H, CH3);


13C NMR
(75 MHz, CDCl3): d = 191.4 (C), 165.2 (C), 154.0 (C), 126.3 (CH), 123.6
(CH), 30.9 (CH2), 27.6 (CH3), 25.5 (CH2), 20.4 (CH3), 13.0 (CH3),
12.1 ppm (CH3); MS (EI): 166 (32, [M]+), 151 (100), 123 (48), 109 (26),
83 (75), 55 (47); HRMS (EI) calcd for C11H18O ([M]+): 166.1358; found:
166.1357.


2,2,6,6-Tetraethylpiperidin-4-one (5): The ketones 3a and 4 (2.21 g,
11.43 mmol) and a concentrated aqueous solution of NH4OH (17.6 mL,
114.3 mmol) were heated to 105 8C in a sealed tube for 20 h. The reaction
mixture was cooled to room temperature, treated with brine, and extract-
ed with MTBE. The organic layer was dried (MgSO4). Evaporation of
the solvents in vacuo and purification of the crude product by FC (dieth-
yl ether/pentane 1:5) afforded the piperdinone 5 (960 mg, 40%) as an
orange oil along with unreacted 3a and 4 (700 mg, 32%). IR (film): ñ =


3354br, 2945s, 2832s, 2524w, 2045w, 1451m, 1032 s, 662br cm�1; 1H NMR
(200 MHz, CDCl3): d = 2.18 (s, 4H, CH2), 1.47±1.28 (m, 8H, CH2),
0.77 ppm (t, J = 5.1 Hz, 12H, CH3);


13C NMR (50 MHz, CDCl3): d =


212.1 (C), 58.4 (2C), 49.7 (2CH2), 33.0 (4CH2), 7.9 ppm (4CH3); MS
(ESI): 234 (60 [M+Na]+), 212 (13, [M+H]+), 194 (25), 154 (100), 111
(28); HRMS (ESI) calcd for C13H25NNaO ([M+Na]+): 234.1834; found:
234.1840.


2,2,6,6-Tetraethylpiperidin-4-one-N-oxyl radical (6a): To a solution of the
aminoketone 5 (300 mg, 1.42 mmol) in MeOH (3.0 mL) and water
(1.0 mL) was added Na2WO4¥2H2O (118 mg, 0.36 mmol) and a 35%
aqueous solution of H2O2 (0.85 mL, 8.52 mmol). The reaction mixture
was stirred for 24 h at 25 8C, quenched with a saturated aqueous solution
of K2CO3 and extracted with diethyl ether. The organic layer was dried
(MgSO4). Evaporation of the solvents in vacuo and purification by FC
(diethyl ether/pentane 1:3) yielded 6a (280 mg, 87%) as an orange oil.
EPR: aN = 14.16 G.


2,2-Diethyl-6,6-dimethylpiperidin-4-one-N-oxyl radical (6b): 6-Ethyl-2-
methylocta-2,5-dien-4-one 3b (250 mg, 1.29 mmol) and a concentrated
aqueous solution of NH4OH (2.0 mL, 12.87 mmol) were heated to 105 8C
in a sealed tube for 17 h. After cooling to room temperature, the reaction
mixture was treated with brine and then extracted with MTBE. The or-
ganic layer was dried (MgSO4). Evaporation of the solvents in vacuo and
purification of the crude product by FC (diethyl ether/pentane 1:5) af-
forded 2,2-diethyl-5,5-dimethylpiperidin-4-one (261 mg, 92%). IR (film):
ñ = 3333br, 2966s, 1709 s, 1620w, 1462m, 1381m, 1295m cm�1; 1H NMR


(200 MHz, CDCl3): d = 2.22 (s, 2H, CH2), 2.18 (s, 2H, CH2), 1.57±1.24
(m, 4H, CH2), 1.18 (s, 6H, CH3), 0.77 ppm (t, J = 7.5 Hz, 6H, CH3);


13C
NMR (50 MHz, CDCl3): d = 211.4 (C), 59.7 (C), 54.5 (C), 54.4 (CH2),
50.4 (CH2), 32.1 (CH3), 32.0 (CH2), 7.6 ppm (CH3); MS (ESI): 367 (14
[2M+H]+), 184 (100, [M+H]+); HRMS (ESI) calcd for C11H22NO
([M+H]+): 184.1701; found: 184.1708.


To a solution of 2,2-diethyl-5,5-dimethylpiperidin-4-one (271 mg,
1.48 mmol) in MeOH (3.0 mL) and water (1.0 mL) was added
Na2WO4¥2H2O (81 mg, 0.25 mmol) and a 35% aqueous solution of H2O2


(0.90 mL, 8.87 mmol). The reaction mixture was stirred for 24 h at 25 8C,
quenched with brine and extracted with MTBE. The organic layer was
dried (MgSO4). Evaporation of the solvents in vacuo yielded the 6b
(85 mg, 29%) as an orange oil. EPR: aN = 14.51 G.


2,2,6,6-Tetraethylpiperidin-4-ol (7): To a solution of aminoketone 5
(200 mg, 0.95 mmol) in THF (10 mL) was added lithium aluminum hy-
dride (LAH) (36 mg, 0.95 mmol). The reaction mixture was stirred at
25 8C for 12 h, then heated to reflux for 4 h. After the mixture had been
cooled to room temperature, water (45 mL), a 15% aqueous solution of
NaOH (45 mL), and water (90 mL) were added to the stirred mixture in
5 min intervals. The suspension was finally allowed to stir for 20 min
while a white precipitate formed. Filtration, washing with MTBE, drying
(MgSO4), and evaporation of the solvents in vacuo yielded alcohol 7
(203 mg, 98%) which was used without further purification. IR (film):
ñ = 3343br, 2965s, 2965s, 2876m, 1460 s, 1378m, 1058 s, 1031m cm�1; 1H
NMR (300 MHz, CDCl3): d = 3.95 (tt, J1 = 11.6 Hz, J2 = 4.0 Hz, 2H,
CH2), 1.84 (dd, J1 = 11.9 Hz, J2 = 3.6 Hz, 2H, CH2), 1.57±1.16 (m, 8H,
CH2), 0.93 (dd, J1 = J2 = 11.9 Hz, 2H, CH2), 0.78 ppm (dt, J1 = 7.3 Hz,
J2 = 3.0 Hz, 12H, CH3);


13C NMR (75 MHz, CDCl3): d = 64.4 (CH),
55.8 (2C), 44.4 (2CH2), 34.5 (2CH2), 29.9 (2CH2), 8.4 (2CH3), 7.5 ppm
(2CH3); MS (ESI): 214 (100, [M+H]+), 86 (4); HRMS (ESI) calcd for
C13H28NO ([M+H]+): 214.2171; found: 214.2177.


2,2,6,6-Tetraethylpiperidin-4-ol-N-oxyl radical (8): To a solution of the
aminoketone 7 (579 mg, 2.71 mmol) in MeOH (5.5 mL) and water
(1.8 mL) was added Na2WO4¥2H2O (149 mg, 0.45 mmol) and a 35%
aqueous solution of H2O2 (1.63 mL, 16.26 mmol). The reaction mixture
was stirred for 24 h at 25 8C, quenched with brine, and extracted with
MTBE. The organic layer was dried (MgSO4). Evaporation of the sol-
vents in vacuo yielded nitroxide 8 (625 mg, 97%) as an orange oil. EPR:
aN = 14.51 G.


2,2,7,7-Tetraethylazepan-4-one (9): To a solution of aminoketone 5
(620 mg, 2.93 mmol) in CH2Cl2 (30 mL) over 3 ä molecular sieves (8.8 g)
at �78 8C were added BF3¥OEt2 (0.40 mL, 3.22 mmol) and subsequently a
2m solution of Me3SiCHN2 in Et2O (4.4 mL, 8.79 mmol). The reaction
mixture was stirred at �78 8C for 3.5 h and then quenched with a saturat-
ed aqueous solution of NaHCO3 at �78 8C. Filtration, extraction with di-
ethyl ether, drying of the organic layers (MgSO4), and evaporation of the
solvents in vacuo yielded the crude homologue. This was dissolved in
MeOH (50 mL), and pyridinium p-toluenesulfonate (92 mg, 0.37 mmol)
was added. After the mixture had been stirred for 14 h at 25 8C, Et3N
(0.21 mL, 1.48 mmol) was added. Then the mixture was stirred for an ad-
ditional 30 min, the solvent was evaporated in vacuo, and a saturated solu-
tion of NH4Cl was added. Extraction (MTBE), drying (MgSO4), evapora-
tion of the solvents in vacuo, and purification by FC (diethyl ether/pen-
tane 1:6) yielded the azepane 9 (521 mg, 79%). IR (film): ñ = 3453w,
2962s, 2930 s, 1706s, 1456m, 1359m, 1271w, 1176w cm�1; 1H NMR
(400 MHz, CDCl3): d = 2.56 (s, 2H, CH2), 2.30 (t, J = 6.2 Hz, 2H,
CH2), 1.86 (t, J = 6.2 Hz, 2H, CH2), 1.51±1.45 (m, 4H, CH2), 1.39 (q,
J = 7.5 Hz, 4H, CH2), 0.85±0.77 ppm (m, 12H, CH3);


13C NMR
(100 MHz, CDCl3): d = 212.6 (C), 57.4 (C), 57.3 (C), 51.1 (CH2), 38.9
(CH2), 32.4 (2CH2), 32.0 (CH2), 31.0 (2CH2), 8.0 (2CH3), 7.9 ppm
(2CH3); MS (ESI): 226 (100, [M+H]+); HRMS (ESI) calcd for
C14H28NO ([M+H]+): 226.2171; found: 226.2165.


2,2,7,7-Tetraethylazepan-4-one-N-oxyl radical (10): To a solution of the
azepanone 9 (457 mg, 2.03 mmol) in MeOH (4.8 mL) and water (1.4 mL)
was added Na2WO4¥2H2O (112 mg, 0.34 mmol) and a 35% aqueous solu-
tion of H2O2 (1.22 mL, 12.2 mmol). The reaction mixture was stirred for
18 h at 25 8C, quenched with brine, and extracted with diethyl ether. The
organic layer was dried (MgSO4). Evaporation of the solvents in vacuo
and purification by FC (diethyl ether/pentane 1:8) yielded 10 (200 mg,
41%) as an orange oil. EPR: aN = 13.58 G.
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2,2,7,7-Tetraethylazepan-4-ol (11): To a solution of azepanone 9 (63 mg,
0.32 mmol) in THF (2 mL) was added LAH (36 mg, 0.32 mmol). The re-
action mixture was stirred at 25 8C for 12 h, then heated to reflux for 4 h.
After the mixture had been cooled to room temperature, water (15 mL),
a 15% aqueous solution of NaOH (15 mL), and water (30 mL) were
added with 5 min intervals with stirring. The suspension was finally al-
lowed to stir for 20 min while a white precipitate formed. Filtration,
washing with MTBE, drying (MgSO4), and evaporation of the solvents in
vacuo yielded the alcohol 11 (57 mg, 78%), which was used without fur-
ther purification. IR (film): ñ = 3347br, 2966s, 2936s, 2878m, 1461 s,
1377m, 11180m, 1032m cm�1; 1H NMR (400 MHz, CDCl3): d = 3.95±
3.89 (m, 1H, CH), 1.86±1.76 (m, 2H, CH2), 1.70±1.57 (m, 3H, CH2),
1.55±1.24 (m, 9H, CH2), 0.83±0.72 ppm (m, 12H, CH3);


13C NMR
(100 MHz, CDCl3): d = 69.6 (CH), 57.3 (C), 56.5 (C), 45.7 (CH2), 34.0
(CH2), 33.5 (CH2), 32.5 (CH2), 32.4 (CH2), 30.8 (CH2), 30.0 (CH2), 8.5
(CH3), 8.2 (CH3), 7.8 (CH3), 7.2 ppm (CH3); MS (ESI): 250 (12,
[M+Na]+), 228 (100, [M+H]+); HRMS (ESI) calcd for C14H30NO
([M+H]+): 228.2327; found: 228.2334.


2,2,7,7-Tetraethylazepan-4-ol-N-oxyl radical (12): To a solution of the
azepanol 11 (151 mg, 0.66 mmol) in MeOH (1.5 mL) and water (0.5 mL)
was added Na2WO4¥2H2O (36 mg, 0.11 mmol) and a 35% aqueous solu-
tion of H2O2 (0.40 mL, 3.96 mmol). The reaction mixture was stirred for
24 h at 25 8C, quenched with brine, and extracted with MTBE. The organ-
ic layer was dried (MgSO4). Evaporation of the solvents in vacuo yielded
12 (170 mg, 98%) as an orange oil. EPR: aN = 14.09 G.


2,2,6,6-Tetraethyl-1-(1-phenylethoxy)piperidin-4-one (13): Nitroxide 6a
(510 mg, 2.23 mmol), Cu dust (142 mg, 2.23 mmol), Cu(OTf)2 (40 mg,
0.11 mmol), (4,4’-di-tert-butyl)-2,2’-bipyridine (60 mg, 0.45 mmol), 1-phe-
nylethylbromide (413 mg, 2.23 mmol), and benzene (7.0 mL) were heated
for 18 h to 75 8C in a sealed tube under an argon atmosphere. Filtration
over a thin pad of SiO2, washing with MTBE, evaporation of the solvents
in vacuo, and purification by FC (diethyl ether/pentane 1:20) yielded 13
(456 mg, 61%). IR (film): ñ = 3029w, 2971 s, 2881m, 1718 s, 1464m,
1251m, 1060s cm�1; 1H NMR (400 MHz, CDCl3): d = 7.32±7.24 (m, 5H,
CH), 4.72 (q, J = 6.7 Hz, 1H, CH), 2.46±2.26 (brm, 4H, CH2), 2.13±1.98
(brm, 1H, CH2), 1.89±1.55 (brm, 7H, CH2), 1.46 (d, J = 6.7 Hz, 3H,
CH3), 1.15±0.57 ppm (brm, 12H, CH3);


13C NMR (100 MHz, CDCl3): d
= 211.0 (C), 145.0 (C), 128.1 (2CH), 127.2 (CH), 126.5 (2CH), 83.1
(CH), 66.2 (C), 66.1 (C), 46.7 (CH2), 31.3 (CH2), 31.0 (CH2), 29.3 (CH2),
29.0 (CH2), 23.5 (CH3), 9.9 (CH3), 9.5 (CH3), 8.6 (CH3), 8.3 ppm (CH3);
MS (ESI): 354 (31, [M+Na]+), 260 (100); HRMS (ESI) calcd for
C21H33NNaO2 ([M+Na]+): 354.2409; found: 354.2393.


2,2,6,6-Tetraethyl-1-(1-phenylethoxy)piperidin-4-ol (14): Nitroxide 8
(200 mg, 0.88 mmol), Cu dust (54 mg, 0.85 mmol), Cu(OTf)2 (16 mg,
0.044 mmol), (4,4’-di-tert-butyl)-2,2’-bipyridine (24 mg, 0.176 mmol), 1-
phenylethylbromide (154 mg, 0.83 mmol), and benzene (3.0 mL) were
heated for 19 h to 75 8C in a sealed tube under an argon atmosphere. Fil-
tration over a thin pad of SiO2, washing with MTBE, evaporation of the
solvents in vacuo, and purification by FC (diethyl ether/pentane 1:5)
yielded 14 (83 mg, 30%). IR (film): ñ = 3440br, 2970 s, 2880m, 1727w,
1537w, 1463m, 1375m cm�1; 1H NMR (400 MHz, CDCl3): d = 7.33±7.19
(m, 5H, CH), 4.68 (q, J = 6.7 Hz, 1H, CH), 3.88 (tt, J1 = 11.4 Hz, J2 =


4.0 Hz, 1H, CH), 2.20±2.10 (m, 1H, CH2), 2.01±1.92 (m, 1H, CH2), 1.81±
1.60 (m, 5H, CH2), 1.55±1.24 (m, 3H, CH2), 1.41 (d, J = 6.7 Hz, 3H,
CH3), 1.07 (t, J = 7.3 Hz, 3H, CH3), 0.97±0.75 (m, 2H, CH2), 0.92 (t, J
= 7.7 Hz, 3H, CH3), 0.70 (t, J = 7.5 Hz, 3H, CH3), 0.64 ppm (t, J =


7.1 Hz, 3H, CH3);
13C NMR (100 MHz, CDCl3): d = 146.5 (C), 127.9


(2CH), 126.6 (CH), 125.9 (2CH), 82.3 (CH), 65.5 (C), 65.1 (C), 62.7
(CH), 40.0 (CH2), 39.6 (CH2), 30.1 (CH2), 29.1 (CH2), 27.4 (CH2), 27.0
(CH2), 24.9 (CH3), 10.2 (CH3), 9.9 (CH3), 8.2 (CH3), 8.0 ppm (CH3); MS
(ESI): 334 (100, [M+H]+), 318 (86); HRMS (ESI) calcd for C21H36NO2


([M+H]+): 334.2746; found: 334.2740.


2,2-Diethyl-6,6-dimethyl-1-(1-phenylethoxy)piperidin-4-one (15): 2,2-Di-
ethyl-6,6-dimethylpiperidin-4-one-N-oxyl radical (6b) (72 mg,
0.363 mmol), Cu dust (22 mg, 0.347 mmol), Cu(OTf)2 (6 mg, 0.017 mmol),
(4,4’-di-tert-butyl)-2,2’-bipyridine (18 mg, 0.066 mmol), 1-phenylethylbro-
mide (61 mg, 0.320 mmol), and benzene (1.2 mL) were heated for 24 h to
75 8C in a sealed tube under an argon atmosphere. Filtration over a thin
pad of SiO2, washing with MTBE, evaporation of the solvents in vacuo,
and purification by FC (diethyl ether/pentane 1:10) yielded 15 (79 mg,
72%). IR (film): ñ = 3441w, 2974s, 2938s, 2880m, 1719s, 1494w, 1454m,


1305m cm�1; 1H NMR (300 MHz, CDCl3): d = 7.35±7.23 (m, 5H, CH),
4.77 (br, 1H, CH), 2.41±2.27 (m, 4H, CH2), 2.32 (s, 3H, CH3), 2.04 (s,
3H, CH3), 1.49 (d, J = 5.4 Hz, 3H, CH3), 1.31±1.21 (m, 10H), 0.88 ppm
(t, J = 5.6 Hz, 6H, CH3);


13C NMR (75 MHz, CDCl3): d = 209.8 (C),
144.2 (C), 128.1 (2CH), 127.4 (CH), 126.6 (2CH), 83.3 (CH), 65.8 (C),
60.4 (C), 53.1 (CH2), 47.4 (CH2), 33.4 (CH3), 33.3 (CH3), 30.9 (CH2), 28.5
(CH2), 23.5 (CH3), 9.5 (CH3), 8.4 ppm (CH3); MS (ESI): 326 (100,
[M+Na]+), 304 (41, [M+H]+), 242 (53); HRMS (ESI) calcd for
C19H29NNaO2 ([M+Na]+): 326.2096; found: 326.2091.


2,2,7,7-Tetraethyl-1-(1-phenylethoxy)azepan-4-one (16): Nitroxide 10
(200 mg, 0.83 mmol), Cu dust (53 mg, 0.83 mmol), Cu(OTf)2 (15 mg,
0.042 mmol), (4,4’-di-tert-butyl)-2,2’-bipyridine (23 mg, 0.168 mmol), 1-
phenylethylbromide (154 mg, 0.83 mmol), and benzene (3.0 mL) were
heated for 48 h to 75 8C in a sealed tube under an argon atmosphere. Fil-
tration over a thin pad of SiO2, washing with MTBE, evaporation of the
solvents in vacuo, and purification by FC (diethyl ether/pentane 1:30)
yielded 16 (64 mg, 22%) as a mixture of two diastereoisomers because of
the chirality at the nitrogen atom (d.r. = 1.1:1). IR (film): ñ = 3369w,
2963s, 2878 s, 1705 s, 1462s, 1359m, 1180m cm�1; MS (ESI): 346 (36,
[M+H]+), 305 (100); HRMS (ESI) calcd for C22H36NO2 ([M+H]+):
346.2746; found: 346.2739.


Major isomer : 1H NMR (500 MHz, CDCl3): d = 7.29±7.25 (m, 4H, CH),
7.23±7.20 (m, 1H, CH), 4.54 (q, J = 6.9 Hz, 1H, CH), 2.79 (dd, J1 =


12.4 Hz, J2 = 7.1 Hz, 2H, CH2), 2.29±0.80 (m, 10H, CH2), 2.14 (s, 2H,
CH2), 1.39 (d, J = 6.9 Hz, 3H, CH3), 1.26 (t, J = 7.1 Hz, 3H, CH3), 0.92
(t, J = 7.6 Hz, 3H, CH3), 0.84 (t, J = 7.6 Hz, 3H, CH3), 0.71 ppm (t, J
= 7.6 Hz, 3H, CH3);


13C NMR (125 MHz, CDCl3): d = 208.5 (C), 145.0
(C), 128.0 (2CH), 127.4 (CH), 126.9 (2CH), 82.2 (CH), 71.3 (C), 65.1
(C), 50.2 (CH2), 32.3 (CH2), 31.5 (CH2), 31.1 (CH2), 25.7 (CH2), 24.4
(CH2), 22.7 (CH3), 10.2 (CH3), 9.2 (CH3), 8.6 (CH3), 8.2 ppm (CH3).


Minor isomer : 1H NMR (500 MHz, CDCl3): d = 7.29±7.25 (m, 4H, CH),
7.23±7.20 (m, 1H, CH), 4.59 (q, J = 6.7 Hz, 1H, CH), 2.76 (dd, J1 =


12.4 Hz, J2 = 6.9 Hz, 2H, CH2), 2.29±0.80 (m, 10H, CH2), 2.07 (s, 2H,
CH2), 1.38 (d, J = 6.7 Hz, 3H, CH3), 0.95 (t, J = 7.3 Hz, 3H, CH3), 0.92
(t, J = 7.3 Hz, 3H, CH3), 0.67 (t, J = 7.3 Hz, 3H, CH3), 0.66 ppm (t, J
= 7.3 Hz, 3H, CH3);


13C NMR (125 MHz, CDCl3): d = 208.5 (C), 144.9
(C), 128.0 (2CH), 127.2 (CH), 126.6 (2CH), 82.1 (CH), 71.0 (C), 65.9
(C), 50.0 (CH2), 32.2 (CH2), 31.8 (CH2), 31.2 (CH2), 25.4 (CH2), 24.3
(CH2), 23.4 (CH3), 10.0 (CH3), 9.4 (CH3), 8.7 (CH3), 7.3 ppm (CH3).


2,2,7,7-Tetraethyl-1-(1-phenylethoxy)azepan-4-ol (17): Nitroxide 12
(81 mg, 0.33 mmol), Cu dust (20 mg, 0.32 mmol), Cu(OTf)2 (5.4 mg,
0.015 mmol), (4,4’-di-tert-butyl)-2,2’-bipyridine (8.1 mg, 0.060 mmol), 1-
phenylethylbromide (56 mg, 0.30 mmol), and benzene (1.0 mL) were
heated for 14 h to 75 8C in a sealed tube under an argon atmosphere. Fil-
tration over a thin pad of SiO2, washing with MTBE, evaporation of the
solvents in vacuo, and purification by FC (MTBE/pentane 1:2) yielded
the alkoxyamine 17 (76 mg, 73%) as a mixture of diastereoisomers
(d.r. = 1.7:1). IR (film): ñ = 3447br, 2972 s, 2879s, 1691w, 1465s, 1373m,
1056s cm�1; 13C NMR (100 MHz, CDCl3): d = 146.4 (C), 127.8 (2CH),
126.6 (CH), 125.8 (2CH), 82.3 (CH), 65.4 (C), 65.1 (C), 62.6 (CH), 40.0
(CH2), 39.6 (CH2), 30.1 (CH2), 29.6 (CH2), 29.1 (CH2), 27.3 (CH2), 27.0
(CH2), 24.8 (CH3), 10.1 (CH3), 9.8 (CH3), 8.2 (CH3), 7.9 ppm (CH3); MS
(ESI): 370 (25, [M+Na]+), 348 (19, [M+H]+), 318 (100); HRMS (ESI)
calcd for C22H37NNaO2 ([M+H]+): 370.2722; found: 370.2709.


Major isomer : 1H NMR (500 MHz, CDCl3): d = 7.30±7.22 (m, 5H, CH),
4.69±4.66 (m, 1H, CH), 3.96±3.88 (m, 1H, CH), 2.34±0.53 ppm (m, 29H).


Minor isomer : 1H NMR (500 MHz, CDCl3): d = 7.30±7.22 (m, 5H, CH),
4.76±4.71 (m, 1H, CH), 4.11±4.05 (m, 1H, CH), 2.34±0.53 ppm (m, 29H).


1,2-Bis(chlorodiethylsilanyl)benzene (23): 1,2-Dibromobenzene (6.58 g,
27.90 mmol) was added dropwise to magnesium turnings (1.40 g,
57.68 mmol) and diethyl chlorosilane (7.12 g, 58.01 mmol) in THF
(35 mL). The mixture was heated to reflux for 4 h, and, after cooling to
room temperature, hexane was added (30 mL). The organic layer was
washed with 2n HCl (30 mL) and water (30 mL) and was dried (MgSO4).
Evaporation of the solvents in vacuo and purification by distillation (

90 8C, 1.1 mbar) yielded the bis(diethylsilanyl)benzene (2.04 g, 29%); 1H
NMR (300 MHz): d = 7.83 (dd, J1 = 5.4 Hz, J2 = 3.3 Hz, 2H, CH), 7.60
(dd, J1 = 5.6 Hz, J2 = 3.1 Hz, 2H, CH), 4.37 (qn, J = 3.3 Hz, 2H, SiH),
0.97±0.91 (m, 12H, CH3), 0.90±0.88 ppm (m, 8H, CH2).
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Bis(diethylsilanyl)benzene (2.03 g, 8.10 mmol) was saturated with chlor-
ine at 0 8C. Purging with argon removed excess chlorine and yielded the
product 23 (2.34 g, 90%); 1H NMR (300 MHz): d = 7.86 (dd, J1 =


5.6 Hz, J2 = 3.4 Hz, 2H, CH), 7.44 (dd, J1 = 5.6 Hz, J2 = 3.2 Hz, 2H,
CH), 1.25±1.15 (m, 8H, CH2), 1.06±0.99 ppm (m, 12H, CH3). The physi-
cal data are in agreement with the values reported in literature.[15,16]


1,2-Bis(chlorodiisopropylsilanyl)benzene (24): 1,2-Dibromobenzene
(0.36 g, 0.15 mmol) was added dropwise to magnesium turnings (1.66 g,
68.20 mmol) in THF (35 mL) in order to start the reaction. Diisopropyl-
chlorosilane (8.62 g, 57.19 mmol) was added. 1,2-Dibromobenzene
(6.910 g, 29.29 mmol) in THF (50 mL) was added slowly to allow the re-
action to reflux gently before heating to reflux for 42 h. After the mixture
was cooled to room temperature, hexane was added (110 mL). Filtration
of the salts, evaporation of the solvents in vacuo, and purification by FC
(pentane/Et3N = 100:1) yielded the bis(diisopropylsilanyl)benzene
(1.34 g, 14%); 1H NMR (200 MHz): d = 7.53±7.49 (m, 2H, CH), 7.37±
7.30 (m, 2H, CH), 4.30 (t, J = 3.5 Hz, 2H, SiH), 1.40±1.13 (m, 4H, CH),
1.12±0.91 ppm (m, 24H, CH3).


Bis(isopropylsilanyl)benzene (600 mg, 1.96 mmol) was saturated with
chlorine at 0 8C. Purging with argon removed excess chlorine and yielded
the product 24 (735 mg, >98%); 1H NMR (300 MHz): d = 7.87 (dd, J1
= 5.7 Hz, J2 = 3.4 Hz, 2H, CH), 7.41 (dd, J1 = 5.6 Hz, J2 = 3.4 Hz, 2H,
CH), 1.69 (sept., J = 7.3 Hz, 4H, CH), 1.14 (d, J = 7.1 Hz, 12H, CH3),
0.90 ppm (d, J = 7.3 Hz, 12H, CH3). The physical data are in agreement
with the values reported in literature.[15,16]


1,1,3,3-Tetraethyl-2-(1-phenyl-ethoxy)-2,3-dihydro-1H-benzo[1,2,5]azadi-
silole (25): To a solution of 1,2-bis(chlorodiethylsilyl)benzene (0.11 g,
0.35 mmol) and a catalytic amount of 4-(N,N-dimethylamino)pyridine in
dry DMF (2 mL) in a sealed tube was added a mixture of O-(1-phenyle-
thyl)hydroxylamine (32 mg, 0.23 mmol) and NEt3 (71 mg, 0.70 mmol).
The reaction mixture was heated to 100 8C for 8 min in a sealed tube
under microwave irradiation. The solvent was evaporated in vacuo, and
the crude product was dissolved in pentane. Filtration, evaporation of the
solvent in vacuo, and purification by FC (MTBE/pentane/NEt3 =


20:80:1) yielded the product 25 (69 mg, 78%). IR (film): ñ = 3047s,
2874s, 1456m, 1411w, 1369w, 1233m, 1121m, 1075m, 1054m, 1006m,
929s, 876m, 760 s, 700s cm�1; 1H NMR (300 MHz): d = 7.41±7.29 (m,
9H, CH), 4.58 (q, J = 6.6 Hz, 1H, CH), 1.47 (d, J = 6.6 Hz, 3H, CH3),
1.00±0.79 (m, 14H), 0.72 ppm (t, J = 7.5 Hz, 6H, CH3);


13C NMR
(75 MHz): d = 144.36 (2C), 132.02 (2CH), 131.61 (2CH), 128.72 (CH),
128.41 (CH), 128.20 (CH), 127.71 (CH), 126.78 (CH), 126.33 (C), 84.7
(CH), 23.04 (CH3), 7.31 (2 CH3), 7.21 (2 CH3), 6.62 (2 CH2), 6.20 ppm (2
CH2); MS (EI): 383 (14, [M]+), 279 (100), 207 (54), 179 (34), 105 (58);
HRMS (EI): calcd for C22H33NOSi2: 383.2101; found: 383.2089.


1,1,3,3-Tetraisopropyl-2-(1-phenyl-ethoxy)2,3-dihydro-1H-benzo[1,2,5]-
azadisilole (26): To a solution of 1,2-bis(chlorodiethylsilyl)benzene
(119 mg, 0.32 mmol) and a catalytic amount of 4-(N,N-dimethylamino)-
pyridine in dry DMF (2 mL) in a sealed tube was added a mixture of O-
(1-phenyl-ethyl)hydroxylamine (36 mg, 0.26 mmol) and NEt3 (80 mg,
0.79 mmol). The reaction mixture was heated to 90 8C for 10 min in a
sealed tube under microwave irradiation. The solvent was evaporated in
vacuo, and the crude product was dissolved in pentane. Filtration, evapo-
ration of the solvent in vacuo, and purification by FC (MTBE/pentane/
NEt3 = 20:80:1) yielded the product 26 (51 mg, 45%). IR (film): ñ =


3048m, 2943s, 2891 s, 1464s, 1383m, 1364m, 1115m, 1072m, 994m, 918 s,
883s, 749m, 698s, 683 s, 622m, 502m, 460m cm�1; 1H NMR (300 MHz): d
= 7.50±7.29 (m, 9H, CH), 4.61 (q, J = 6.5 Hz, 1H, CH), 1.50 (d, J =


6.6 Hz, 3H, CH3), 1.44±1.28 (m, 2CHSi), 1.27±1.11 (m, 2H, CH), 1.10±
1.02 ppm (m, 24H); 13C NMR (75 MHz): d = 144.3 (3C), 133.0 (2CH),
128.1 (2CH), 128.1 (2CH), 127.6 (CH), 126.9 (2CH), 84.2 (CH), 23.1
(CH3), 18.6 (CH3), 18.5 (CH3), 18.3 (CH3), 18.2 (CH3), 13.8 (2CH),
13.6 ppm (2 CH); EI-MS: 439 (25, [M]+), 367 (22), 365 (23), 335 (60),
333 (96), 331 (100), 277 (87), 269 (81); HRMS (EI) calcd for
C26H41NOSi2 ([M]+): 439.2727; found: 439.2724.


Typical procedure for the polymerization of styrene : A Schlenk tube was
charged with the alkoxyamine initiator 13 (30 mg, 90.0 mmol) and styrene
(1.03 mL, 8.996 mmol) under argon. The styrene was previously degassed
in three freeze±thaw cycles and sealed off under argon. The polymeriza-
tion was carried out under argon at 105 8C for 24 h. The resulting mixture
was cooled to room temperature, dissolved in CH2Cl2, and poured onto


an aluminum dish. Residual monomer was removed in a vacuum drying
cabinet at 60 8C for 12 h. Conversion was evaluated gravimetrically; mo-
lecular weight and polydispersity index (PDI) were determined by size-
exclusion chromatography (SEC). Conversion = 69%; Mn =


9400 gmol�1; PDI = 1.09.


Typical procedure for the polymerization of n-butyl acrylate : A Schlenk
tube was charged with the alkoxyamine initiator 13 (30 mg, 90.0 mmol)
and n-butyl acrylate (1.28 mL, 8.996 mmol) under argon. The n-butyl ac-
rylate was previously degassed in three freeze±thaw cycles and sealed off
under argon. The polymerization was carried out under argon at 105 8C
for 32 h. The resulting mixture was cooled to room temperature, dis-
solved in CH2Cl2, and poured onto an aluminum dish. Residual monomer
was removed in a vacuum drying cabinet at 60 8C for 12 h. Conversion
was evaluated gravimetrically; molecular weight and polydispersity index
(PDI) were determined by size exclusion chromatography (SEC). Con-
version = 83%; Mn = 18600 gmol�1; PDI = 1.12.
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Hexasubstituted Donor±Acceptor Benzenes as Nonlinear Optically Active
Molecules with Multiple Charge-Transfer Transitions


Boris Traber,[a] J. Jens Wolff,*[a, b] Frank Rominger,[a] Thomas Oeser,[a] Rolf Gleiter,*[a]


Mark Goebel,[c] and R¸diger Wortmann*[c]


Introduction


The advantages of organic versus inorganic materials for
nonlinear optical (NLO) applications include technical as-
pects like their relative ease of synthesis and integration
into polymeric structures but also large optical nonlinearities
and fast response.[1±7] To a first approximation, the bulk
NLO properties of organic materials result from a tensorial


addition of the contributions of the individual molecules, for
example their second- or third-order polarisabilities.[6] Most
molecules with high second-order polarisability (b) were de-
vised according to a similar design principle, that is an ex-
tended, linear p system with a high molecular dipole such as
substituted stilbenes with a donor and an acceptor in 4,4’-
positions. Chromophores of this type usually exhibit one in-
tense low-lying charge-transfer (CT) transition whose inten-
sity and dipole difference determine the NLO response
within a two-level model.[8]


While great progress has been made in the optimisation
of such one-dimensional (1D) NLO chromophores, it has
become apparent that some problems in nonlinear optics
cannot be effectively addressed by this approach. One is the
efficiency±transparency trade-off which is of crucial impor-
tance for second-harmonic generation (SHG). The efficiency
of the energy conversion must be high, but the reabsorption
of the converted light low. However, the desirable increase
in second-order polarisabilities in more extended p systems
is usually accompanied by a bathochromic shift of the CT
transition.[6] Furthermore, the strong dispersion of the re-
fractive index makes it difficult to achieve noncritical phase
matching between fundamental and frequency-doubled
waves in a bulk material or crystal. Alternative design strat-
egies at the molecular level are therefore desirable.
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Abstract: The synthesis of three novel
nonlinear optical (NLO) chromophores
with threefold symmetry, namely 1,3,5-
tris(4-N,N-diethylaminophenyl)-2,4,6-
tris(4-nitrophenyl)benzene (3), 1,3,5-
tris(4-N,N-dihexylaminophenylbuta-
diynyl)-2,4,6-tris(4-nitrophenyl)benzene
(13) and 1,3,5-tris(4-N,N-dihexylamino-
phenylethynyl)-2,4,6-tris(4-nitrophenyl-
ethynyl)benzene (4b), is reported. We
used the [Co2(CO)8]-catalysed trimeri-
sation of 4-N,N-diethylamino-4’-nitro-
tolane (5) to prepare 3. The trimerisa-
tion experiment carried out with 1-(4-
N,N-diethylaminophenyl)-6-(4-N,N-ni-


trophenyl)hexatriyne (6) and [Rh-
(PPh3)3Cl] afforded 13. A stepwise ap-
proach was used to prepare 4b. 1,3,5-
Trichloro-2,4,6-triiodobenzene (8b) was
coupled with 4-nitrophenyl-acetylene
(14) under Pd0 catalysis to yield 1,3,5-
trichloro-2,4,6-tris(4-nitrophenylethynyl)-
benzene (15). The coupling reaction of
15 with 4-N,N-dihexylaminophenyl-
ethynyltributylstannane (21) led to 4b.


X-ray investigations on 3, 4b and 13
confirmed the structural assignments
and revealed that the peripheral aryl
rings in 4b are less twisted around the
connecting bonds than in 3 and 13. A
large second-order polarisability (b) of
4b relative to 3 and 13 was determined
by hyper-Rayleigh scattering (HRS).
Compound 4b represents an NLO
chromophore with second-order polari-
sabily among the highest obtained so
far for two-dimensional nondipolar
NLO chromophores.


Keywords: alkynes ¥ cross-
coupling ¥ cyclotrimerization ¥ non-
linear optics ¥ UV/Vis spectroscopy
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One approach exploits p systems with several donor and
acceptor groups.[9±19] The multiple substitution leads to a
two-dimensional (2D) character of the tensor b in which off-
diagonal elements become significant. In particular nondipo-
lar compounds with threefold symmetry (C3h, D3h) have
been investigated for which the significant tensor elements
are given by bzzz=�bzyy=�byzy=�byyz. A number of re-
views on such 2D NLO chromophores[6,20,21] including work
on organometallic compounds[22,23] have been published.
The second-order polarisabilities of highly symmetric 2D
chromophores are usually investigated by hyper-Rayleigh
scattering (HRS).[24±26] In contrast to the coherent frequency
doubling in the direction of the laser beam used in electric-
field-induced second-harmonic generation (EFISHG),[27,28]


frequency doubling in the HRS experiment is incoherent
and occurs in all directions of space. Far fewer investigations
have been carried out on C2v-symmetric dipolar 2D NLO
chromophores with multiple donor±acceptor substitu-
tion.[6,21] A complete characterisation of chromophores of
this symmetry requires a consistent combination of both po-
larised HRS and EFISHG measurements, sometimes sup-
ported by a third technique like electrooptical absorption
measurements (EOAM).[8,29] Some of these chromophores
exhibit deviations from Kleinman symmetry.[8]


In this work we focused on the optimisation of 2D NLO
chromophores with D3 or D3h symmetry, which have been
shown to provide large b values at an improved efficiency/
transparency ratio. A systematic study of 2D versus 1D
NLO chromophores based on a central S-triazine or 1,3,5-
tricyanobenzene moiety has demonstrated that these sys-
tems may exhibit nonlinear optical properties which com-
pare very well with the best dipolar systems.[30] The systems
1,3,5-tris(diisopropylamino)-2,4,6-trinitrobenzene (1) and
1,3,5-trihydroxy-2,4,6-trinitrobenzene (2) yielded values for
the second-order polarisability (b) comparable to that of p-
nitroaniline, the prototype of a dipolar aromatic system.[11]


In continuation of this work we extended the central p


system by synthesising the donor±acceptor-substituted deri-


vates of hexaphenylbenzene 3, hexaphenylethynylbenzene 4
and the congener 13, all three of which have approximately
D3 symmetry. Hexaphenylbenzenes have also gained consid-
erable interest in material science owing to their remarkable
electron transfer properties[31,32] and their ability to form
liquid crystalline mesophases.[33±35] To the best of our knowl-
edge no functionalised hexaphenylethynylbenzenes have
been reported to date. Herein we report the synthesis of the
novel 2D NLO chromophores 3, 4 and 13, their molecular
structures and NLO properties.


Synthesis : Retrosynthetic considerations : Modern synthetic
techniques provide several pathways to achieve our goal.
Although low yields are often encountered in cyclotrimeri-
sation processes, this protocol is the method of choice be-
cause it gives easy access to these highly substituted ben-
zenes.[36±38] Although this type of reaction is well known,[39]


cyclotrimerisation is still the object of current studies.[40±42]


The most simple example is the cobalt-catalysed trimerisa-
tion of alkynes.[43] In our case, this means the trimerisations
of 5 (Scheme 1) and 6 (Scheme 2).


In both cases we face the problem of obtaining regioisom-
ers; however, given the simplicity of the reaction and the
availability of the starting materials it was tempting to try
these approaches first.


For the synthesis of 4 we also considered a multistep ap-
proach using modern coupling procedures. Thus, starting
from 1,3,5-trihalogeno-2,4,6-triiodobenzene (8a±8c), the
tris- and hexaphenylethynyl-substituted product seemed to
attainable. We planed to perform the step from 8 to 7 with a
Sonogashira-type coupling. For the replacement of the
chlorine substituents a Stille-type coupling seemed necessa-
ry.[44]


Synthesis of 3 and 4 : Heating 4-N,N-diethylamino-4’-nitroto-
lane (5) in dioxane with dicobaltoctacarbonyl at 80±100 8C
for 24 h afforded 3 in 9% yield together with 9 (Scheme 3).
Both isomers could be separated by chromatography on
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Scheme 1. Retrosynthetic analysis of compound 3.


Scheme 2. Retrosynthetic analysis of 4.


Scheme 3. a) [Co2(CO)8], dioxane, 100 8C.
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silica gel. The tolerance of the catalyst toward the nitro
group is surprising.[45]


As a result of the strong twisting of the phenyl rings in 3
(see below) we also tried to synthesize the hexa-peri-benzo-
coronene with methods described in the literature;[46±48] un-
fortunately, this attempt failed. We therefore focused on the
synthesis of 4. Encouraged by the success of the transition-
metal-induced trimerisation of 5 we first tried this pathway.
The synthesis of the starting material, 1-(4-N,N-diethylami-
nophenyl)-6-(4-nitrophenyl)hexatriyne (6), was achieved by
a Hay cross-coupling reaction[49] of (4’-nitrophenyl)buta-
diyne (10) with 4-(N,N-diethylaminophenyl)acetylene (11)
in 30% yield (Scheme 4).


Initial attempts to cyclotrimerise 6 with catalysts[50±52] such
as [Pd(PhCN)2Cl2],


[53] Me3SiCl and Pd/C,[54] [Cp2ZrCl2]
[55, 56]


and [Co2(CO)8],
[57] failed without any reaction. Ligands with


high steric hindrance (1,1’-bis(diphenylphosphino)ferrocene
nickel(ii) chloride, dichloro-bis(tri-n-butylphosphine)nickel-
(ii)) were also tried without the desired result. Trimerisation
of 6 occurs with Ni(PPh3)2(CO)2


[58±60] as catalyst; however,
only 1,2,4-tris(4-N,N-diethylaminophenylethynyl)-3,5,6-tris-
(4-nitrophenylethynyl)benzene (12) was detected
(Scheme 4), and besides a couple of further trimerisation
products, the desired 1,3,5 isomer was not found. Surprising-
ly, heating 6 with Wilkinson×s catalyst [Rh(PPh3)3Cl]


[61] in di-
oxane afforded small amounts of 13 (Scheme 4). This reac-
tion also occurred with [Co(PPh3)3Cl]


[62] as catalyst, but the
conversion was worse. It is noteworthy that the cyclotrimeri-
sation takes place mainly with the alkyne unit at the nitro-
phenyl ring.


After this failure we examined a stepwise approach as in-
dicated in Scheme 2 by using Pd-catalysed coupling reac-
tions. 1,3,5-Trichloro-2,4,6-triiodobenzene[63] (8b), 1,3,5-tri-
bromo-2,4,6-triiodobenzene (8c) and 1,3,5-trichloro-2,4,6-tri-
fluorobenzene (8a) were coupled with the acceptor unit, 4-


nitrophenylacetylene (14). However, the Sonogashira proto-
col[64±69] was only successful with 8b as starting material to
give 1,3,5-trichloro-2,4,6-tris(4-nitrophenylethynyl)benzene
(15) in 50% yield (Scheme 5). In the cases of 8a and 8c,
only reduction products were obtained in which an iodine
centre was substituted by a hydrogen atom. Attempts to
couple the donor unit first failed.


Purification of 15 was difficult as a result of its low solu-
bility in common solvents. It was also not possible to ach-
ieve complete conversion in the Stille coupling of 11 to the
threefold substituted 4a with diethyl amino group as donor.
In this experiment the main reaction was a twofold substitu-
tion. The resulting product was also difficult to purify as a
result of its low solubility in common solvents. Therefore,
we decided to carry out the originally planned Stille cou-
pling (see above) with 4-N,N-dihexylaminophenylethynyl-
tributylstannane (21) (Scheme 6).


The synthesis of 21 was achieved in a four-step procedure
by using conventional means. The readily available 4-iodo-
N,N-dihexylaniline (18) was transformed into 19 by a Sono-
gashira coupling reaction with trimethylsilylacetylene. After
removal of the protecting group the alkyne 20 was stanny-
lated to afford 21 in an overall yield of 54% starting from 4-
iodoaniline (16) and n-hexyliodide (17).


The final Stille coupling reaction between 15 and 21 af-
forded 4b as a red-coloured product in 14% yield
(Scheme 7). The product could easily be purified by chroma-
tography owing to the presence of the hexyl groups. Inter-
estingly, the reaction occurred only above 90 8C.


Structural investigations : We were able to grow single crys-
tals of 3, 4b and 13 suitable for X-ray investigations and the
results are presented in Figures 1±4. Crystals of 3 were ob-
tained from a hexane/CH2Cl2 solution. The molecular struc-
ture of 3 has a strong torsion of the peripheral rings with re-


Scheme 4. a) CuCl, TMEDA, O2; b) [Ni(PPh3)2(CO)2]; c) [Rh(PPh3)3Cl].
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Scheme 5. a) [Pd(PPh3)4], CuI, HN(iC3H5)2, THF.


Scheme 6. a) Na2CO3, DMF, 120 8C, 20 h; b) HC�C�SiMe3, [Pd(PPh3)4], CuI, HNEt2; c) KOH, H2O/EtOH, d) nBuLi/THF, (nC4H9)3SnCl.


Scheme 7. a) [Pd(PPh3)4], CuO, 21, DMF, 98 8C.
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spect to the central benzene nucleus (Figure 1). The inter-
planar angles between the peripheral and central phenyl
rings vary between 548 and 758. The nitro and diethylamino
groups are nearly oriented coplanar to the adjacent phenyl
rings. The bond lengths of the central ring are between
1.40 ä and 1.41 ä and are therefore a little bit longer than


the normal value.[70] The bond lengths within the peripheral
phenyl rings and between phenyl rings and substituents vary
within the usual range. In the solid state we observe a weak
interaction between nitro groups of neighbouring ring sys-
tems. The close contact distance between the oxygen centre
of one NO2 group and the nitrogen atom of the other is
2.97(4) ä. This value is close to that calculated from the
van der Waals radii[71] (N=1.5 ä, O=1.4 ä) of both atoms.
Interestingly, there is no evidence for a close contact be-
tween the amino and nitro groups.


The molecular structure of 4b is presented in Figure 2.
Crystals of 4b suitable for X-ray diffraction were obtained
from a dioxane solution. The introduction of the alkyne
spacer units successfully improves the planarity of the mole-
cule. The interplanar angles between the peripheral and cen-
tral phenyl rings vary between 18 and 268 (Figure 2). The
bond length of the aminophenyl rings has a significant chi-
noid distortion in the range of 3s. The nitro and dihexylami-


no groups are oriented coplanar to the adjacent rings. Simi-
lar to the molecular structure of 3, there is a close contact of
3.24(1) ä between the oxygen centre of one NO2 group and
the nitrogen atom of another. As shown in Figure 3, these
nitro groups with close contacts are situated on an axis in
the crystal and are involved in the build up of the crystal.


The molecular structure of 13 is presented in Figure 4.
Crystals of 13 suitable for X-ray diffraction were obtained
from an n-heptane/CH2Cl2 solution. The interplanar angles
between the central ring and the nitrophenyl rings are a


little bit reduced (50±678) relative to those of 3. The corre-
sponding angles of the diethylaminophenyl rings are not co-
herent (23±838). As in the previous cases the donor and ac-
ceptor groups are situated in the plane of the adjacent
phenyl ring.


Figure 1. Molecular structure of 3. Hydrogen atoms were omitted for the
sake of clarity; nitrogen and oxygen atoms are hatched.


Figure 2. Molecular structure of 4b. Hydrogen atoms were omitted; nitro-
gen and oxygen atoms are hatched.


Figure 3. Packing arrangement of 4b. View along the crystallographic a
axis. Hydrogen atoms were omitted; nitrogen and oxygen atoms are
hatched. Intermolecular N±O contacts are indicated by fragmented lines.


Figure 4. Molecular structure of 13. Hydrogen atoms and the CH2Cl2
molecules included were omitted; nitrogen and oxygen atoms are hatch-
ed.
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Determination of linear and nonlinear optical properties :
The UV/Vis spectra of 3, 4b and 13 in 1,4-dioxane are dis-
played in Figure 5. All chromophores exhibit spectra with
an intense absorption below 500 nm. The spectrum of the
sterically crowded and distorted hexaphenylbenzene deriva-


tive 3 has no clear maximum, which is consistent with its
strongly distorted structure (discussed above). On the other
hand, owing to reduced steric hindrance, 4b and 13 have
more pronounced CT transition maxima with a transition
wavelength of 453 nm and 431 nm, respectively; these are
bathochromically shifted with respect to that of 3.


Since the 2D NLO chromophores 3, 13 and 4b have no
dipole moment it is not possible to determine their second-
order polarisabilities by EFISHG. Instead the HRS method
was applied which does not rely on the dipolar alignment of
the chromophores in an externally applied electric field. The
HRS signal is generated by incoherent scattering caused by
fluctuations of the second-order susceptibility of the solu-
tion. In contrast to linear Rayleigh scattering at frequency
w, the intensity of the HRS signal (S2w) at frequency 2w is
quadratically dependent on the irradiance of the fundamen-
tal beam (Iw) of the form S2w=Cq(I


w)2 where Cq is a quadrat-
ic fit parameter related to the number densities of solute
and solvent and to rotational averages of their second-order
polarisabilities hb2i.[26, 72,73] The fit parameter is usually line-
arly dependent on the solute concentration, and a suitable
regression allows one to separate solute from solvent contri-
butions and to determine b. The HRS signal can be detected
under different polarisation conditions (i.e. with parallel
(ZZ) or perpendicular orientation (ZX) relative to the po-
larisation of the incident light). For the highly symmetrical
2D NLO chromophores in this work measurements under
parallel polarisation conditions were sufficient to determine
b. The results of the HRS measurements with different con-
centrations of 3 and 4b in 1,4-dioxane solution are displayed
in Figure 6, and those for 13 are displayed in Figure 7. The
HRS signals of 3, 13 and 4b are clearly quadratically de-
pendent on the fundamental intensity at low concentrations.
Slight deviations from the quadratic behaviour were ob-


served at lower fundamental intensity for higher concentra-
tions only. The quadratic fit parameters (Cq) obtained are
plotted against the concentrations of 3, 13 and 4b in Fig-
ures 8±10 and show a nonlinear dependence on the concen-
trations in contrast to the expected linear behaviour. The
largest deviations are observed for concentrated solutions
and are the result of absorption at the second-harmonic
wavelength of 532 nm. The absorption losses were taken
into account by a correction factor derived from the Lam-
bert±Beer law and final fits in Figures 8±10 were carried out
with this correction over the whole concentration range. The
slope at vanishing concentration (c!0) was determined
from the linear part of the fit formula, and b values for 3, 13
and 4b were calculated relative to the measured slope of
the 4-nitroaniline (pNA) reference. The HRS signals were
checked for possible fluorescence contributions by using
notch filters with different bandwidth or fluorescence
quenchers.[11] These additional experiments showed that the
observed HRS signals are free from fluorescence. The re-
sults of the UV/Vis and the HRS measurements are sum-
marised in Table 1.


Figure 5. UV/Vis spectra of 3 (full line), 4b (dashed) and 13 (dotted) in
1,4-dioxane at 298 K.


Figure 6. HRS signals S2w as a function of the fundamental intensity Iw of
3 (circles, c=1.3, 2.7, 5.4, 11.0 molm�3) and 4b (triangles, c=0.10, 0.19,
0.39, 0.80 molm�3) in 1,4-dioxane for increasing concentration c.


Figure 7. HRS signals S2w as function of the fundamental intensity Iw of
13 (c=0.03, 0.06, 0.11, 0.26, 0.40 molm�3) in dioxane for increasing con-
centration c.
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The most striking point in the comparison of 3, 13 and 4b
is the dramatic increase of the second-order polarisability
(b). According to theory, the value of 13 is larger than for 3
owing to the bisalkyne units which cause reduced steric hin-
drance, but smaller than 4b, because the nitrophenyl rings


in 13 are still distorted. The value of 4b is one of the largest
second-order polarisabilities reported in the literature for
nondipolar 2D NLO chromophores.[30] Compounds 13 and
4b differ in one main structural feature, the extra acetylene
units in the latter. These units increase the conjugation
length and efficiently reduce the steric hindrance between
the phenyl groups. This allows a more planar conformation
and strongly enhances the p conjugation between the donor
and acceptor groups of the molecule. Another consequence
of the elongated p system is the reduced HOMO±LUMO
energy gap which contributes to the higher b value but also
leads to a loss of transparency as a result of the bathochro-
mic shift of the absorption band. Nevertheless, the transpar-
ency of 4b is still remarkably good in the observed region,
and the absorption losses are only small.


Conclusion


Three donor±acceptor hexasubstituted benzenes were syn-
thesised and successfully characterised by hyper-Rayleigh
scattering (HRS) as novel nonlinear optical (NLO) chromo-
phores with threefold symmetry. Steric hindrance in these
highly substituted compounds may be efficiently reduced by
introduction of acetylene bridges. The concomitant increase
of conjugation length led to NLO chromophores with
second-order polarisability among the highest obtained so
far for two-dimensional (2D) nondipolar NLO chromo-
phores.


Experimental Section


General : Reactions were carried out in oven-dried (120 8C) glassware
under argon and with magnetic stirring. THF was dried by distillation
over sodium. DMF (Acros) was used as purchased. Starting materials
and chemicals were obtained from commercial sources. p-Iodoaniline
(Aldrich) and tributyltin chloride (Fluka) were used without further puri-
fication. Trimethylsilylacetylene,[74] tetrakis(triphenylphosphine)palladi-
um,[75] 1,3,5-trichloro-2,4,6-triiodobenzene,[76] 4-N,N-diethylamino-4’-ni-
trotolane,[77] (4-nitrophenyl)butadiyne and diethylaminophenylacety-
lene[78] were synthesised by literature methods. Schlenk techniques were
used for reactions performed under inert gas. Melting points were record-
ed on a B¸chi B-540 and are uncorrected. NMR spectra were measured
at 300.133 MHz for 1H and 75.469 MHz for 13C. Microanalyses were per-
formed at the Analytical Laboratory of Heidelberg University.


HRS experiments were carried out in 1,4-dioxane (dried over sodium/po-
tassium alloy and distilled prior to use) following a previously described
protocol.[11, 29] A 1%wt solution of 4-nitroaniline (pNA) in 1,4-dioxane
was used as an external standard, and a value of bzzz=27.4î
10�50 Cm3V�2 was used for pNA as determined by EFISHG measure-
ments.[8] Optical absorption spectra were recorded on a Perkin±Elmer
Lambda 900 UV/Vis/NIR spectrometer. The temperature was adjusted to


Figure 8. Quadratic fit parameter Cq of the HRS measurements of 3 in
1,4-dioxane.


Table 1. Linear and nonlinear optical properties of 3, 4b and 13 derived
from UV/Vis and HRS measurements.


Substance 3 4b 13


lag [nm] 382 (shoulder) 453 431
emax [m


2mol�1] 1480 10100 22613
hb2i1=2ZZ [10�50 Cm3V�2] 58�9 800�67 258�60
bzzz [10


�50 Cm3V�2] 120�20 1670�140 537�126


Figure 9. Quadratic fit parameter Cq of the HRS measurements of 4b in
1,4-dioxane.


Figure 10. Quadratic fit parameter Cq of the HRS measurements of 13 in
1,4-dioxane.
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298 K by a Lauda Ecoline 200 Thermostat. The spectra were recorded in
1-cm quartz cells.


1,3,5-Tris(4-N,N-diethylaminophenyl)-2,4,6-tris(4-nitrophenyl)benzene
(3) and 1,2,4-tris(4-N,N-diethylaminophenyl)-3,5,6-(4-nitrophenyl)ben-
zene (9): A mixture of 4-N,N-diethylamino-4’-nitrotolane 5 (1.00 g,
4.00 mmol) and dicobaltoctacarbonyl (370 mg, 1.08 mmol) in dry dioxane
(10 mL) was stirred under an atmosphere of argon at 100 8C. The reac-
tion was monitored by TLC (silica gel, toluene/ethyl acetate, 1:1). Two
new green spots (probably due to intermediates) were formed and fur-
ther dicobaltoctacarbonyl was then added in small amounts (50 mg) until
these spots disappeared. After 8 h the solvent was removed in vacuo, and
the residue was passed through silica gel (toluene/ethyl acetate, 1:1). The
isomers were separated by column chromatography (silica gel, toluene/
ethyl acetate, 40:1) to yield 1,3,5-tris(4-N,N-diethylaminophenyl)-2,4,6-
tris(4-nitrophenyl)benzene (3) (94 mg, 9.3%) as red±orange crystals and
1,2,4-tris(4-N,N-diethylaminophenyl)-3,5,6-tris(4-nitrophenyl)benzene (9)
(120 mg, 12%) as a red solid. (3): M.p. 283 8C; UV/Vis (CH2Cl2): lmax


(e)= 272 (58918), 302 nm (67032m�1 cm�1); 1H NMR (300 MHz,
CD2Cl2): d=0.97 (t, 3J=7.0 Hz, 18H), 3.15 (q, 3J=7.0 Hz, 12H), 6.21 (d,
3J=8.8 Hz, 6H), 6.54 (d, 3J=8.8 Hz, 6H), 7.05 (d, 3J=8.8 Hz, 6H),
7.79 ppm (d, 3J=8.8 Hz, 6H); 13C NMR (75 MHz, CD2Cl2): d=12.07,
44.11, 110.99, 121.84, 125.92, 132.12, 132.50, 139.24, 141.00, 145.36, 146.24,
149.02 ppm; MS (FD+): m/z : 882.3 ([M+], 100); elemental analysis calcd
(%) for C54H54N6O6 (883.00): C 73.45, H 6.16, N 9.52; found: C 79.29, H
6.12, N 9.52. (9): M.p. 258±264 8C; 1H NMR (300 MHz, CD2Cl2): d=0.95±
0.99 (18H, m), 3.09±3.19 (12H, m), 6.19 (d, 3J=8.8 Hz, 2H), 6.23 (d, 3J=
8.8 Hz, 2H), 6.24 (d, 3J=8.8 Hz, 2H), 6.53 (d, 3J=8.8 Hz, 2H), 6.58 (d, 3J
8.8 Hz, 2H), 6.59 (d, 3J=8.8 Hz, 2H), 7.02 (d, 3J=8.8 Hz, 4H), 7.04 (d,
3J=8.8 Hz, 2H), 7.76 (d, 3J=8.8 Hz, 4H), 7.77 ppm (d, 3J=8.8 Hz, 2H);
13C NMR (75 MHz, CD2Cl2): d=12.09, 12.14, 44.17, 44.11, 111.01, 111.05,
121.84, 122.16, 122.18, 125.65, 126.48, 126.75, 132.14, 132.21, 132.24,
132.31, 132.37, 132.44, 137.93, 139.17, 139.75, 140.47, 140.93, 142.16,
143.35, 145.66, 145.71, 146.03, 146.27, 148.27, 148.51, 149.23 ppm; MS
(FD+): m/z : 882.3 ([M+], 100); HRMS(FAB+): m/z calcd for C54H54N6O6


([M+]): 882.4116; found: 882.4116.


1-(4-N,N-Diethylaminophenyl)-6-(4-nitrophenyl)hexatriyne (6): Cu cata-
lyst [from CuCl (1 g) and TMEDA (0.5 mL) in acetone (20 mL); the for-
mation of the catalyst was finished when the temperature of the stirred
suspension decreased] was added to a solution of (4-nitrophenyl)buta-
diyne (10) (1.52 g, 8.88 mmol) and 4-N,N-diethylaminophenylacetylene
(11) (2.24 g, 12.9 mmol) in acetone (200 mL) and the mixture was stirred
overnight. Water (200 mL) was then added and the mixture was extracted
with Et2O and dried over MgSO4. The solvent was evaporated and the
residue was purified by column chromatography (silica gel, petroleum
ether/toluene/CH2Cl2, 9:4:1) to yield 1-(4-N,N-diethylaminophenyl)-6-(4-
nitrophenyl)hexatriyne (6) (0.92 g, 30.3%) as orange crystals. M.p.>
182 8C (decomp); UV/Vis (CH2Cl2): lmax (e)=238 (45347), 288 (22800),
306 (24067), 324 (32173), 344 (40407), 364 (45473), 386 (36733), 450 nm
(22800m�1 cm�1); IR (KBr): ñ=2973, 2188, 2161, 2093, 1601, 1588, 1521,
1409, 1377, 1194 cm�1; 1H NMR (300 MHz, CD2Cl2): d=1.17 (t, 3J=
7.0 Hz, 6H), 3.15 (q, 3J=7.0 Hz, 4H), 6.21 (d, 3J=8.8 Hz, 2H), 6.54 (d,
3J=8.8 Hz, 2H), 7.05 (d, 3J=8.8 Hz, 2H), 7.79 ppm (d, 3J=8.8 Hz, 2H);
13C NMR (75 MHz, CD2Cl2): d=12.32, 44.52, 65.24, 70.36, 72.50, 76.21,
79.48, 83.31, 104.47, 111.28, 123.72, 128.45, 133.65, 134.93, 147.69,
149.10 ppm; MS (EI+): m/z (%): 342 (66, [M+]), 327 (100, [M+�CH3]),
312 (10, [M+�CH3�CH3]); elemental analysis calcd (%) for C22H18N2O2


(342.37): C 77.17, H 5.30, N 8.22; found: C 76.91, H 5.25, N 8.18.


1,2,4-Tris(4-N,N-diethylaminophenylethynyl)-3,5,6-tris(4-nitrophenylethy-
nyl)benzene (12): A solution of 1-(4-N,N-diethylaminophenyl)-6-(4-nitro-
phenyl)hexatriyne (6) (417 mg, 1.22 mmol) and bis(triphenylphosphine)-
nickel dicarbonyl (0.205 g, 0.321 mmol) in benzene (15 mL) was heated
for 2 h at reflux. After the mixture had been cooled to room tempera-
ture, the solvent was removed in vacuo and the residue was purified by
column chromatography (silica gel, petroleum ether/CH2Cl2, 1:1) to give
1,2,4-tris(4-N,N-diethylaminophenylethynyl)-3,5,6-tris(4-nitrophenylethy-
nyl)benzene (12) (75 mg, 18%) as a red powder. M.p.>250 8C (decomp);
1H NMR (300 MHz, CD2Cl2): d=1.10±1.17 (m, 3J=7.0 Hz, 18H), 3.30±
3.40 (m, 3J=7.0 Hz, 12H), 6.53 (d, 3J=8.8 Hz, 2H), 6.54 (d, 3J=8.8 Hz,
2H), 6.56 (d, 3J=8.8 Hz, 2H), 7.17 (d, 3J=8.8 Hz, 2H), 7.29 (d, 3J=
8.8 Hz, 2H), 7.32 (d, 3J=8.8 Hz, 2H), 7.35 (d, 3J=8.8 Hz, 2H), 7.36 (d,
3J=8.8 Hz, 2H), 7.80 (d, 3J=8.8 Hz, 2H), 8.09 (d, 3J=8.8 Hz, 2H), 8.13


(d, 3J=8.8 Hz, 2H), 8.41 ppm (d, 3J=8.8 Hz, 2H); 13C NMR (75 MHz,
CD2Cl2): d=12.30, 12.34, 44.45, 44.47, 71.16, 71.71, 71.83, 77.16, 77.33,
77.96, 84.85, 86.19, 86.27, 88.21, 88.46, 89.05, 105.22, 105.53, 105.55,
111.15, 111.19 , 111.20, 122.31, 123.21, 123.30, 123.46, 126.35, 126.47,
131.24, 131.48, 134.22, 134.37, 134.39, 144.52, 144.70, 144.71, 146.22,
147.34, 147.39, 148.04, 148.81, 148.83 ppm; MS: (FAB+): m/z (%): 1026
([M+]), 1027 ([M++H]); HRMS (FAB+): m/z calcd for C66H54N6O6 ([M


+


]): 1026.4105; found: 1026.4083.


1,3,5-Tris(4-N,N-diethylaminophenylbutadiynyl)-2,4,6-tris(4-nitrophenyl)-
benzene(13): A mixture of 1-(4-N,N-diethylaminophenyl)-6-(4-nitrophe-
nyl)hexatriyne (6) (685 mg, 2.00 mmol) and [Rh(PPh3)3Cl] (140 mg,
0.15 mmol) in dry dioxane (20 mL) was stirred under an atmosphere of
argon at 100 8C for three days. During this period some catalyst (50 mg)
was added in small amounts. Column chromatography (silica gel, light
petroleum ether/CH2Cl2, 4:6) gave small amounts of 13 as red crystals.
M.p.>220 8C (decomp); UV/Vis (CH2Cl2): lmax (e)=260 (53176), 330
(109775), 346 (114568), 430 nm (80334m�1 cm�1); IR (KBr): ñ=2973,
2927, 2198, 2133, 1738, 1633, 1601, 1521, 1348 cm�1; 1H NMR (300 MHz,
CD2Cl2): d=1.13 (t, 3J=7.1 Hz, 18H), 3.34 (q, 3J=7.0 Hz, 12H), 6.52 (d,
3J=9.1 Hz, 6H), 7.19 (d, 3J=9.1 Hz, 6H), 7.79 (d, 3J=8.8 Hz, 6H),
8.39 ppm (d, 3J=8.8 Hz, 6H); 13C NMR (75 MHz, CD2Cl2): d=12.59,
44.74, 71.30, 76.83, 85.23, 87.97, 105.47, 111.42, 123.00, 123.67, 131.52,
134.51, 145.22, 146.63, 148.28, 149.07 ppm; MS (FAB+): m/z (%): 1026
([M+], 100), 1011 ([M+�CH3], 25); HRMS (FAB+): m/z calcd for
C66H54N6O6 ([M


+]): 1026.4105; found: 1026.4078.


1,3,5-Trichloro-2,4,6-tris(4-nitrophenylethynyl)benzene (15): A mixture of
4-nitrophenylacetylene (14) (4.53 g, 30.78 mmol), 1,3,5-trichloro-2,4,6-
triiodobenzene (8b) (4.41 g, 7.89 mmol), [Pd(PPh3)4] (1.23 g, 1.06 mmol),
CuI (0.40 g, 2.12 mmol) and diisopropylamine (2.87 g, 28.36 mmol) in dry
THF (125 mL) was heated at reflux under argon overnight. The colour of
the solution turned to red and a yellow±brown precipitate was formed.
After the mixture had been cooled to room temperature, the precipitate
was filtered off, washed first with warm water and then with CH2Cl2 until
the colour of the precipitate was yellow. Repeated recrystallisation in tol-
uene or dioxane yielded 15 (2.61 g, 53.6%) as colourless needles, which
might still have traces of the side product, bis(4-nitrophenyl)butadiyne.
M.p.>320 8C (decomp); UV/Vis (CH2Cl2): lmax (e)=256 (30363), 336 nm
(107520m�1 cm�1); IR (KBr): ñ=1594, 1520, 1372, 856 cm�1; 1H NMR
(300 MHz, C2D2Cl4): d=7.83 (d, J=7.9 Hz, 6H), 8.30 ppm (d, J=7.9 Hz,
6H); 13C NMR (75.5 MHz, C2D2Cl4): d=97.62, 99.20, 99.78, 122.84,
123.70, 128.59, 132.68, 148.38 ppm; MS (EI+ , 70 eV): m/z (%): 617 (100,
[M+]); 587 (15, [M+�NO]); elemental analysis calcd (%) for
C30H12N3O6Cl3 (616.80): C 58.42, H 1.96, N 6.81, Cl 17.24; found: C 58.15,
H 2.23, N 6.70, Cl 17.18.


4-Iodo-N,N-dihexylaniline (18): 1-Iodohexane (17) (51.6 mL, 348 mmol)
and Na2CO3 (19.2 g, 182 mmol) were added to a solution of p-iodoaniline
(16) (23.12 g, 105.56 mmol) in DMF (320 mL) and stirred at 120 8C for
20 h. Further 1-iodohexane (18 mL, 121.38 mmol) was added to the reac-
tion picture and the mixture stirred at 120 8C for an additional 2 h. After
the mixture had been cooled to room temperature, the solution was sepa-
rated from the resulting salts by filtration and the solvent was removed
in vacuo. The remainder was dissolved in CH2Cl2 and washed with brine
(100 mL) and then dried. The residue was purified by chromatography
(silica gel, light petroleum ether/CH2Cl2, 7:3) to give 18 (28.85 g, 70.5%)
as a clear oil. UV/Vis (CH2Cl2): lmax (e)=276 (43379), 304 nm
(5449m�1 cm�1); IR (neat): ñ=2926, 2856, 2588, 2552, 1498, 1466, 1370,
1253, 1194, 801 cm�1; 1H NMR (300 MHz, CDCl3): d=0.88 (t, 3J=6.4 Hz,
6H), 1.29 (m, 12H), 1.50±1.54 (m, 4H), 3.19 (t, 3J=7.7 Hz, 4H), 6.39 (d,
J=8.9 Hz, 2H), 7.40 ppm (d, J=8.9 Hz, 2H); 13C NMR (75.5 MHz,
CDCl3): d=14.01, 22.65, 26.78, 27.01, 31.69, 51.00, 75.33, 114.03, 137.62,
147.64 ppm; MS (EI+ , 70 eV): m/z (%): 387 (43, [M+]), 316 (100, [M+


�C5H11]); elemental analysis calcd (%) for C18H30NI (387.34): C 55.81, H
7.81; N 3.62, I 32.76; found: C 55.96, H 7.82, N 3.65, I 32.96.


4-N,N-Dihexylaminophenyltrimethylsilylacetylene (19): A mixture of 18
(20.00 g, 51.63 mmol), trimethylsilylacetylene (6.59 g, 67.11 mmol),
[Pd(PPh3)4] (577 mg, 0.5 mmol) and CuI (190 mg, 0.1 mmol) in degassed
Et2NH (75 mL) was stirred at 50 8C under argon for 2 h. The formation
of two phases was observed. The top phase was decanted and the bottom
phase was washed with Et2O three times. The ether phase was combined
with the Et2NH phase and the solvent was removed. Column chromatog-
raphy (silica gel, light petroleum ether) gave 19 (15.74 g, 85.2%) as a
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yellow oil. UV/Vis (CH2Cl2): lmax (e)=304 (27952), 312 nm
(28560m�1 cm�1); IR (neat): ñ=2956, 2928, 2858, 2149, 1607, 1517, 1467,
1370, 1248, 864, 841 cm�1; 1H NMR (300 MHz, CD2Cl2): d=0.22 (s, 9H),
0.90 (t, 3J=6.62 Hz, 6H), 1.32 (m, 12H), 1.50±1.54 (m, 4H), 3.26 (t, 3J=
7.7 Hz, 4H), 6.53 (d, J=9.2 Hz, 2H), 7.25 ppm (d, J=9.2 Hz, 2H);
13C NMR (75.5 MHz, CD2Cl2): d=0.29, 14.20, 23.08, 27.14, 27.52, 32.11,
51.25, 91.00, 107.16, 108.73, 111.43, 133.42, 148.64 ppm; MS (EI+ , 70 eV):
m/z (%): 357 (68, [M+]), 286 (100, [M+�C5H11]); elemental analysis
calcd (%) for C23H39NSi (357.65): C 77.24, H 10.99; N 3.92, Si 7.85;
found: C 77.27, H 10.98, N 3.95.


4-N,N-Dihexylaminophenylacetylene (20): KOH (2.82 g, 50.32 mmol) in
H2O (5 mL) was added to a solution of 19 (15.00 g, 41.94 mmol) in EtOH
(90 mL) and the mixture was heated at reflux for 10 min. The solvent
was removed and the residue was dissolved in Et2O. The organic layer
was washed with brine (100 mL) and then dried. After evaporation 20
(11.79 g, 98%) was obtained as an orange oil and was used for analysis
without further purification. UV/Vis (CH2Cl2): lmax (e): 296 nm
(30207m�1 cm�1); IR (neat): ñ=3309, 2955, 2928, 2857, 2101, 1609, 1517,
1466, 1370, 1202, 813 cm�1; 1H NMR (300 MHz, CDCl3): d=0.91 (t, 3J=
6.6 Hz, 6H), 1.32 (m, 12H), 1.50±1.54 (m, 4H), 2.98 (s, 1H), 3.27 (t, 3J=
7.7 Hz, 4H), 6.55 (d, J=9.2 Hz, 2H), 7.29 ppm (d, J=9.2 Hz, 2H);
13C NMR (75.5 MHz, CDCl3): d=14.19, 23.07, 27.13, 27.48, 32.11, 51.25,
74.63, 85.34, 107.52, 111.45, 133.57, 148.77 ppm; MS (EI+ , 70 eV): m/z
(%): 285 (48, M+), 214 (100, M+�C5H11); elemental analysis calcd (%)
for C20H31N (285.47): C 84.15, H 10.95; N 4.91; found: C 84.39, H 10.89,
N 5.20.


4-N,N-Dihexylaminophenylethynyl-n-tributylstannane (21): A stirred so-
lution of 20 (5.85 g, 20.49 mmol) in THF (40 mL) at �78 8C under argon
was treated with nBuLi (1.6m in n-hexane, 12.8 mL, 20.5 mmol), then
slowly warmed up to room temperature and cooled again to �78 8C. Tri-
n-butyltin chloride (6.70 g, 20.49 mmol) was then added and the solution
was warmed to room temperature and stirred overnight. The mixture was
then diluted with Et2O (150 mL),
quenched with brine (100 mL), dried
over MgSO4 and evaporated. Kugelrohr
distillation (235 8C, 10�5 mbar) yielded
21 (10.45 g, 93%) as pale yellow oil.
UV/Vis (CH2Cl2): lmax (e): 298 nm
(31214m�1 cm�1); IR (neat): ñ=3310,
2955, 2926, 2855, 2126, 2101, 1608,
1517, 1369, 832 cm�1; 1H NMR
(300 MHz, CDCl3): d=0.80±0.96 (m,
15H), 0.96±1.16 (m, 6H), 1.17±1.45 (m,
18H), 1.45±1.77 (m, 10H), 3.25 (t, 3J=
7.7 Hz, 4H), 6.52 (d, J=9.0 Hz, 2H),
7.22 ppm (d, J=9.0 Hz, 2H); 13C NMR
(75.5 MHz, CDCl3): d=11.47 (satel-
lites: d, 1J(117Sn,13C)=183.4 Hz; d,
1J(119Sn,13C)=191.9 Hz), 13.86, 14.20,
23.09, 27.16, 27.41 (satellites: d,
2J(117Sn,13C)=28.8 Hz; d, 2J(119Sn,13C)=
30.2 Hz), 27.54, 29.34 (satellites: d,
3J(117Sn,199Sn±13C)=11.6 Hz), 32.12,
51.28, 89.43, 110.08, 111.46, 111.72,
133.28 (satellites: d, 4J(117Sn,199Sn±
13C)=3.1 Hz), 148.19 ppm; MS (EI+ ,
70 eV): m/z (%): 575 (26, [M+]), 518
(46, [M+�C4H9]), 404 (52, [M+


�3C4H9]), 284 (32, [M+�3C4H9�Sn]),
214 (100); elemental analysis calcd (%)
for C32H57NSn (574.51): C 66.90, H
10.00; N 2.44; found: C 67.17, H 9.97,
N 2.67.


1,3,5-Tris(4-N,N-dihexylaminophenyle-
thynyl)-2,4,6-tris(4-nitrophenylethynyl)-
benzene (4b): A mixture of 1,3,5-tri-
chloro-2,4,6-tris(4-nitrophenylethinyl)-
benzene (15) (997 mg, 1.61 mmol),
[Pd(PPh3)4] (373 mg, 0.32 mmol) and
powdered CuO (512 mg, 6.43 mmol) in
dry DMF (45 mL) was heated at 90 8C


under argon for 30 min. 4-N,N-Dihexylaminophenylethynyltributylstan-
nane (21) (3.54 g, 6.16 mmol) was added dropwise, and the colour of the
mixture immediately turned dark red. Heating was continued at 90 8C for
4 h; then further CuO (250 mg 3.14 mmol), [Pd(PPh3)4] (130 mg,
0.11 mmol) and 21 (1.43 g, 2.49 mmol) were added and the mixture was
heated at 98 8C for 3 h. Finally, to complete the reaction, another portion
of 21 (0.50 g, 0.87 mmol) was added and the mixture was stirred for a fur-
ther 1 h. After the mixture was cooled to room temperature, CH2Cl2 was
added to the mixture and the organic phase was washed twice with aque-
ous KF, twice with water, then dried and evaporated. Column chromatog-
raphy (silica gel, light petroleum ether/CH2Cl2, 1:1) yielded 4b (304 mg,
14%) as a red powder. M.p.>250 8C (decomp); UV/Vis (CH2Cl2): lmax


(e): 464 nm (65025m�1 cm�1); IR (KBr): ñ=3453, 2956, 2929, 2856, 2189,
1605, 1524, 1370 cm�1; 1H NMR (250 MHz, CD2Cl2): d=0.94 (t, 3J=
6.3 Hz, 18H), 1.36 (m, 36H), 1.50±1.64 (m, 12H), 3.29 (t, 3J=7.5 Hz,
12H), 6.49 (d, J=8.7 Hz, 6H), 7.29 (d, J=8.7 Hz, 6H), 7.59 (d, J=
8.5 Hz, 6H), 8.01 ppm (d, J=8.7 Hz, 6H); 13C NMR (75.5 MHz, CD2Cl2):
d=14.22, 23.12, 27.21, 27.59, 32.13, 51.26, 86.68, 93.89, 96.42, 103.79,
108.33, 111.48, 123.81, 123.83, 130.55, 130.90, 132.63, 133.72, 147.14,
149.24 ppm; MS (FAB+): m/z (%): 1363 ([M++H]); elemental analysis
calcd (%) for C90H102N6O6 (1363.84): C 79.26, H 7.54, N 6.16; found: C
79.20, H 7.73, N 6.04.


X-ray structural analysis : The measurements were performed with a Sie-
mens CCD diffractometer (for 3), a Bruker SMART APEX-diffractome-
ter (for 4b) or a Nonius±Kappa CCD-diffractometer (for 13) with MoKa


radiation and a graphite monochromator. Intensities were corrected for
Lorentz and polarisation effects. A semiempirical absorption correction
(SADABS[79]) was performed. All structures were solved by direct meth-
ods (SHELXTL[80] for 3 and 4b, SIR-97[81]). Structural parameters of the
non-hydrogen atoms of 3, 4b and 13 were refined anisotropically accord-
ing to a full-matrix least-squares technique (F2) (Table 2). All hydrogen
atoms of 3 were calculated. Several disordered atoms in 3, 4b and 13


Table 2. Crystallographic data and details of the refinement procedure.


Compound 3 13 4b


empirical formula C54H54N6O6 C66H54N6O6¥2.5CH2Cl2 C90H102N6O6


molecular mass [gmol�1] 883.03 1239.47 1363.78
crystal size [mm] 0.5î0.3î0.04 0.7î0.15î0.03 0.32î0.19î0.10
crystal colour orange red red
crystal shape lamina needle plate
space group P21/c P1≈ P1≈


crystal system monoclinic triclinic triclinic
a [ä] 10.8747(3) 13.8653(3) 13.431(1)
b [ä] 9.7903(3) 15.4622(3) 17.884(2)
c [ä] 44.880(1) 15.7283(5) 18.402(2)
a [8] 90 78.717(1) 68.746(2)
b [8] 96.432(1) 81.135(1) 75.893(2)
g [8] 90 70.763(1) 69.328(2)
V [ä3] 4748.2(2) 3107.5(1) 3820.4(7)
1calcd [mgm�3] 1.235 1.32 1.19
l [ä] 0.71073 0.71073 0.71073
Z 4 2 2
F(000) 1872 1290 1464
T [K] 210(2) 148 100
hmin/hmax �12/13 �17/18 �16/17
kmin/kmax �11/11 �20/19 �17/23
lmin/lmax �53/52 �18/20 �20/24
V range [8] 1.83±25.70 1.3±27.8 2.35±28.32
m [mm�1] 0.081 0.29 0.074
refl. collected 34401 21226 28337
refl. unique 8242 14535 18693
refl. observed [I>2s(I)] 5241 6871 13071
variables 620 1024 1339
(D/s)max 0.001 <0.001 0.001
R 0.072 0.099 0.050
Rw 0.142 0.207 0.118
S (Gof) 1.17 1.02 1.01
(D1)max [eä


�3] 0.26 0.50 0.38
(D1)min [eä


�3] �0.22 �0.78 �0.27
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were found involving nitro groups, hexyl side chains and dichlorome-
thane guest molecules.


The atoms at disordered groups were refined isotropically. In 13, inclu-
sion of two and a half molecules of dichloromethane per host molecule
was found. The hydrogen atoms of 4b and 13 were refined isotropically
with the exception of those involved with disordered molecule fragments.
Refinement of all structures was carried out with SHELXTL. CCDC-
221726 (3), CCDC-221727 (4b) and CCDC-221728 (13) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.uk).
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Functionalization of Octavinylsilsesquioxane by Ruthenium-Catalyzed
Silylative Coupling versus Cross-Metathesis


Y. Itami, B. Marciniec,* and M. Kubicki[a]


Introduction


Polyhedral silsesquioxanes (POSS/Tn) of the general formula
(RSiO3/2)n, as well as spherosilicates (especially silyl-substi-
tuted ones), (R3SiO)8Si8O20 (Q8


M), have attracted wide-
spread attention as precursors and components of a variety
of inorganic/organic hybrid materials such as POSS poly-
mers, POSS cross-linking polymers, liquid crystals, dendrim-
ers, and others.[1] Generally, silsesquioxanes and spherosili-
cates may best be described as an interface between inor-
ganic silicates and carbosilanes composed of a rigid silicate
core and chemically useful peripheral organic functionali-
ties.


The structure of cubic octahedral silsesquioxanes
(RSiO1,5)8 resembles the skeletal frameworks found in crys-
talline forms of silica, particularly in zeolites, and these com-
pounds can be treated as though they were built of the
smallest silica particle possible.[2] They are also of great in-
terest because of their nanoscale inorganic core (Si8O12: 0.5±
0.7 nm) and highly symmetric and dimensional octafunction-
ality, which make these compounds ideal for use in the con-
struction of inorganic/organic hybrid nanomaterials.


Although numerous functionalized octasilsesquioxanes
have been synthesized, (mainly by hydrosilylation process-


es), few alkenyl-substituted silsesquioxanes have been re-
ported so far. There is the platinum-catalyzed hydrosilyla-
tion of H8T8 with phenylacetylene[3] for the synthesis of
monostyryl H7T8, the hydrosilylation of H8T8 and H8Q8M
with propargyl methacrylate,[4] and finally the cross-metathe-
sis of Vi8T8 and Vi8Q8M8 with various olefins.[5] In the latter,
reported by Feher et al. , Schrock×s molybdenum catalyst
[Mo(=CHCMe2Ph){NC6H3-2,6-(iPr)2}{OCMe(CF3)2}2] is
used in an effective and regioselective process. In all reac-
tions except that with styrene, a complex mixture of stereo-
isomers has been obtained.[5] The same authors have also
used Grubbs× catalyst [RuCl2(=CHPh)(PCy3)2] for two reac-
tions with olefins that have functional groups (4-penten-1-ol
and 5-bromopent-1-ene), but the conversions were quite low.


In the last 15 last years we have developed a new type of
transition-metal-catalyzed reaction of vinyl-substituted orga-
nosilicon monomers and polymers with a variety of olefins,
called silylative coupling, ™trans-silylation∫, or ™silyl group
transfer∫, which has become a useful alternative reaction for
the functionalization of the vinyl±silicon group to give novel
and well-known silicon-containing olefins (for a review see
reference [6]). This reaction occurs by cleavage of the =


C�H bond of the olefin and the C�Si bond of vinylsilanes,
contrasting with cross-metathesis, which starts with the same
substrates and ends mostly with the same products but pro-
ceeds by cleavage of the C=C bonds (Scheme 1).


Various transition-metal complexes (i.e. Ru,[7] Rh,[8] Ir,[9]


Co[10]), having M�H or M�Si bonds initially or generated in
situ, catalyze this process. The mechanism of catalysis
proved by Wakatsuki et al.[7a] and corrected by us[7b,c] pro-
ceeds by insertion of vinylsilane and b-silyl transfer to the


[a] Dr. Y. Itami, Prof. B. Marciniec, Dr. M. Kubicki
Faculty of Chemistry, Adam Mickiewicz University
Grunwaldzka 6, 60±780 Poznan (Poland)
Fax: (+48)61-829-1508
E-mail : marcinb@main.amu.edu.pl


Supporting information for this article is available on the WWW
under http://www.chemeurj.org or from the author.


Abstract: Functionalization of octavi-
nylsilsesquioxane (Vi8T8, 1) by two re-
actions catalyzed by ruthenium com-
plexes is reported: a silylative coupling
reaction catalyzed by [RuHCl(CO)(P-
Cy3)2] (I) and cross-metathesis cata-
lyzed by first- (II) and second-genera-
tion (III) Grubbs× catalysts. The two re-
actions of 1 with styrene take place
highly regio- and stereoselectively (the


X-ray structure of the product 2 has
also been obtained); the cross-metathe-
sis of 1-hexene and allyltrimethylsilane
occurs quite effectively, whereas the si-
lylative coupling with these compounds


gives a mixture of isomers. Functionali-
zation of 1 with heteroatom-substituted
vinyl derivatives (Si, O, N) by silylative
coupling reaction has been found to be
highly efficient, but cross-metathesis
appears to be the more effective
method for the synthesis of S-substitut-
ed vinyl-silsesquioxane.


Keywords: metathesis ¥ ruthenium ¥
silsesquioxanes ¥ silylative
coupling ¥ vinylsilanes
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metal center with elimination of ethylene to generate M�Si
species, followed by insertion of olefin and b-H transfer to
the metal with elimination of substituted vinylsilane
(Scheme 2).


A notable peculiarity of this reaction is the silylation of
vinyl alkyl ethers with vinylsilanes[11] to give b-alkoxy-substi-
tuted vinylsilanes, which are difficult to synthesize by other
transition-metal-catalyzed reactions. A functionalization of
vinyl-substituted cyclosiloxane
and cyclosilazane,[12] as well as
novel starburst compounds
based on highly stereo- and re-
gioselective reaction of tris(di-
methylvinylsilyl)benzene with
p-substituted styrenes to give a
new core for dendritic com-
pounds,[13] are recent examples
of this new synthetic route cat-
alyzed by ruthenium com-
plexes.


We have also reported the
first significant cross-metathe-
sis of vinyl-substituted (vinyl-
trialkoxy)- and (vinyltrisiloxy)-
silanes catalyzed by a rutheni-
um carbene complex (Grubbs×
catalyst) with various olefins,


such as styrene,[14] terminal alkenes,[15] p-substituted styr-
enes,[15] allyl ethers,[16] allyl esters,[17] and allylsilanes.[15] How-
ever, the alkyl-substituted vinylsilanes appear to be quite in-
active in ruthenium-catalyzed cross-metathesis.[14,18, 19] Even
one alkyl group on the silicon atom interrupts the catalytic
cycle by b-silyl elimination of intermediate b-silyl-ruthenacy-
clobutane to give allylsilane and Ru0 species (Scheme 3).[18]


Herein we report the effective functionalization of octavi-
nylsilsesquioxane (Vi8T8, 1) by employing both types of re-
actions catalyzed by ruthenium carbene complexes–silyla-
tive coupling and cross-metathesis–on a wide range of sub-
stituted silsesquioxanes with diverse b-substituted vinyl (es-
pecially b-heteroatom-substituted) groups (Scheme 4). The
efficiencies of these two reactions have been compared.


Results and Discussion


Compound 1 was first functionalized with styrene to obtain
the styryl-substituted silsesquioxane 2 (see Table 1;
[RuHCl(CO)(PCy3)2] (I) and [RuCl2(=CHPh)(PCy3)2] (II)).
The silylative coupling reaction occurred quite efficiently.
The cross-metathesis also occurred readily, because the sub-
stituent environment of the silicon atoms of 1 involves three


Scheme 1. Bond cleavage in the silylative coupling of olefins and vinylsi-
lanes.


Scheme 2. Mechanism for transition-metal-catalyzed silylative coupling of
olefins and vinyl silanes.


Scheme 3. Mechanism for ruthenium-catalyzed cross-metathesis, includ-
ing deactivation of the catalyst by b-silyl elimination from ruthenacyclo-
butane.


Scheme 4. Combined reaction schemes for silylative coupling and cross metathesis.
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alkoxy or siloxy groups, which is a crucial prerequisite for
the ruthenium-catalyzed cross-metathesis of vinyl-trisubsti-
tuted silane.[14] It is noteworthy that both processes offer
quantitative conversion with rather low catalytic loading
(0.5 mol% per vinyl silyl group), whereas 3 mol% of the ex-
pensive Mo carbene catalyst was employed in the Feher re-
action (Table 1).[5]


Both the silylative coupling reaction and cross-metathesis
occurred with high regio- and stereoselectivity, giving exclu-
sively the trans product. The product was isolated in high
yield in both cases, and its structure was characterized by X-
ray crystallography (Figure 1).


It has been established that vinylpyridines (2-vinylpyri-
dine and 4-vinylpyridine) are unfavorable for functionaliza-
tion in both silylative coupling reactions and cross-metathe-
sis, since no reaction occurs, regardless of the catalyst used;
even the second-generation Grubbs× catalyst [(H2IMes)-


RuCl2(=CHPh)(PCy3)] (III, H2IMes = 1,3-dimesityl-4,5-di-
hydroimizadol-2-ylidene) showed no catalytic activity. This
seems to be due to the high tendency of pyridine to coordi-
nate to transition metals, which yields pyridine-coordinated
catalytically inactive species.[20]


When aliphatic a-alkene (1-hexene) was used as the
counter-substrate, the course of these two reactions was dif-
ferent (Table 2). The cross-metathesis of 1 occurred fairly
well, although the reactivity of 1-hexene was less than that
in the reaction with styrene, owing to the homo-metathesis
of 1-hexene. A small amount of the cis isomeric fragment
was also formed, but the stereoselectivity (trans/cis = 94:6)
was higher than the selectivity in the Mo-catalyzed cross-
metathesis of 1 with 1-pentene (85:16).[5] Meanwhile, the si-
lylative coupling reaction proceeded with low conversion,
and a complex mixture of products, consisting of not only


trans and cis stereoisomers of the 1-hexenylsilyl components
but also 2-hexenylsilyl components, was formed. A plausible
mechanism for the formation of the complex mixture is pro-
posed in Scheme 5.


A key step in the formation of isomeric components is
the b-H transfer in the intermediate 4, which should be
formed in the course of the silylative coupling reaction as a
result of the insertion of 1-hexene into the Ru�Si bond of
the ruthenium±silsesquioxane species. The b-H transfer in 4
can give four isomeric components, since there are four dif-
ferent H atoms in the b-position relative to the Ru atom of
4, two in the a-position relative to Si and the other two in
the g-position. The b-H transfer of H(a) gives a (trans and
cis)-1-hexenylsilyl moiety, while transfer of H(g) leads to a
2-hexenylsilyl group.


No reaction of 1 occurs with 3,3-dimethylbutene, owing to
the bulky substituents at the vinyl group. Similarly, cross-
metathesis with its silicon analogue, trimethylvinylsilane, has
also been found to be ineffective. In contrast the silylative
coupling reaction with trimethylvinylsilane proceeded in the
presence of the Ru�H complex I (Table 3).


Table 2. Functionalization of 1 with 1-hexene.


Catalyst mol%[a] Temperature Conversion[b] Yield Selectivity
[%] [%] (trans/cis)[b]


I 0.5 80 8C 39
2 >99 74 complex


mixture
II 1 RT 72


2 >99 72 94/6


[a] mol% per vinyl silyl group. [b] Calculated by 1H NMR spectroscopy.


Table 1. Functionalization of 1 with styrene.


Catalyst mol%[a] Temperature Conversion[b] Yield Selectivity
[%] [%] (trans/cis)[b]


I 0.5 80 8C >99 92 >99% trans
II 0.5 RT >99 96 >99% trans


[a] mol% per vinyl silyl group. [b] Calculated by 1H NMR spectroscopy.


Figure 1. Structure of 2 (thermal-ellipsoid representation[32] of non-disor-
dered molecule A, ellipsoids are drawn at 50% probability level; for
clarity only O and Si atoms from asymmetric part are labeled, hydrogen
atoms are shown as spheres with arbitrary radii). Selected bond lengths
[ä] and angles [8] for non-disordered molecule: <Si�O> 1.621(3),
<Si�C> 1.828(2), <C=C> 1.331(5), <Car�Car> 1.384(7); <O-Si-O>


108.9(6), <Si-O-Si> 147.6(17), O-Si-C 110.0(19).
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As determined from 1H NMR
experiments, product 5 (Fig-
ure 2a) is a mixture of two iso-
meric components, one of which
is assumed to be trans on the
basis of the approximate coupling
constant (J�19 Hz). The 1H
NMR signal assigned to the
second isomeric component in the
spectrum does not come from the
cis isomer, which would have
been coupled (J�14 Hz). DEPT
analysis of the 13C NMR spectrum
(see Supporting Information),
shows a signal for a =CH2 carbon
atom, thus providing direct evi-
dence for the presence of a gem
isomeric component, which is a
characteristic feature of silylative
homocoupling reactions.[7b,8a,21]


The reaction may proceed by
two different pathways
(Scheme 6): 1) by the insertion of


trimethylvinylsilane into the
silyl-ruthenium species based
on silsesquioxane, or 2) by the
insertion of Vi8T8 into the tri-
methylsilyl ruthenium species
formed in the reaction of
ruthenium hydride I with tri-
methylvinylsilane. Both path-
ways give the same key inter-
mediates, bis(silyl)ethylruthe-
nium species (1,2- and 2,2-),
and the gem isomeric compo-
nent, which derives from b-H
migration in the 2,2-bis(silyl)-
ethylruthenium species.


Functionalization of 1 with
allyltrimethylsilane displays a
combination of characteristics
of the reaction with aliphatic


olefins (1-hexene) and that with trimethylvinylsilane
(Table 4). Similar to the reaction with 1-hexene, cross-meta-
thesis proceeded fairly well to give the product 6 in satisfac-
tory yield. Notably, the cross-metathesis occurred with high
stereoselectivity, giving exclusively trans-3-trimethylsilyl-1-
propenyl-substituted silsesquioxane (see 1H NMR spectrum
in Figure 2c). This contrasts with both the reaction with 1-
hexene, which produces a small number of cis-isomeric com-
ponents, and with the Mo-catalyzed functionalization with
allyltrimethoxysilane,[5] which gives a mixture of isomers
(88:12) under higher catalyst loading (5 mol%). We also de-
termined the structure of 6 by X-ray crystallography
(Figure 3).


In contrast to the cross-metathesis, the silylative coupling
reaction with allyltrimethylsilane gave a mixture of isomeric


Scheme 5. Proposed mechanism for the silylative coupling of 1 with 1-hexene. The multiple possible products
resulting from b-H transfer in 4 are highlighted.


Table 3. Functionalization of 1 with vinyltrimethylsilane.


Catalyst mol%[a] Temperature Conversion[b] Yield Selectivity
[%] [%] (trans/gem)[b]


I 0.5 80 8C 57
2 >99 95 76/24


II 0.5 RT trace
2


[a] mol% per vinyl silyl group. [b] Calculated by 1H NMR spectroscopy.


Figure 2. 1H NMR spectra of a) 5, b) 6 (silylative coupling), and c) 6 (cross-metathesis).
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components, which was much more complex than that ob-
tained in the reaction with 1-hexene. Comparison of the 1H
NMR spectra of the mixture (Figure 2b) with that of the
regio- and stereochemically pure analogue 6 prepared by
cross-metathesis (Figure 2c), and with 5 (Figure 2a), suggests


the incorporation of trimethyl-
silylvinyl silicon fragments in-
stead of trimethylsilylpropenyl
silicon fragments. A possible
mechanism for a side reaction,
comprising silylation of 1 by
trimethylsilylruthenium species
generated in the reaction of I
with allyltrimethylsilane to
eliminate propene, is shown in
Scheme 7. This additional side
reaction gives silylvinyl-substi-
tuted fragments instead of si-
lylpropenyl fragments, which
are formed in the silylation
with allyltrimethylsilane.


The ESI-MS plot for the
complex mixture (Figure 4)
provides direct evidence for
the existence of the silylvinyl
fragments, showing peaks
([M+K]+) for the partially
(mono-, bis-, tris-, and tetrakis-)
silylvinyl-substituted silses-
quioxanes.


While vinyl-substituted
hetero-(O, N, Si) organic ole-
fins readily undergo silylative


coupling, the corresponding allyl derivatives successfully un-
dergo cross-metathesis with vinylsilanes.[11,16] Therefore, the
functionalization of vinyl-substituted silsesquioxane 1 with
various heteroatom-substituted vinyls by means of silylative
coupling seems a promising synthetic method for the prepa-
ration of silsesquioxanes with b-heteroatom-substituted
vinyl functionalities.


Initially, functionalizations of 1 with O-substituted vinyls
(vinyl ethers and esters) were performed (Table 5). The re-
sults of the experiments were identical to the functionaliza-
tion of trivinylcyclotrisiloxane with vinyl ethers,[13] that is, ef-
fective silylative coupling reactions in the presence of Ru�H
catalyst I, no cross-metathesis (Table 5, entries 2, 5, 9) even
in the presence of the second-generation Grubbs× catalyst
III (Table 5, entry 6), and catalytic activity of the Ru±car-
bene complex II in silylative coupling by thermal transfor-
mation of Fischer carbene species into Ru�H species
(Table 5, entries 3, 7, 10). Unfortunately, in all of the reac-
tions, the product is actually a complex mixture of stereoiso-
meric components. In contrast to the reactions with vinyl
ethers, functionalization of 1 with vinyl ester (vinyl acetate)
does not proceed effectively (Table 5, entries 11±13).


As an example of N-functionalization of 1, the silylative
coupling reaction with 1-vinyl-2-pyrrolidinone proceeded in
the presence of I (Table 6). In contrast to the cross-metathe-
sis with vinyl ethers, no reaction of N-vinylpyrrolidinone
with 1 was observed in the presence of ruthenium±carbene
complexes II and III, even at a higher reaction tempera-
tures.


It has been reported that Ru±carbene complexes react
with this olefin to give an N-Fischer-type complex, which is


Scheme 6. Possible reaction routes for the silylative coupling of 1 with trimethylvinylsilane, catalyzed by I.


Table 4. Functionalization of 1 with allyltrimethylsilane.


Catalyst mol%[a] Temperature Conversion[b] Yield Selectivity
[%] [%] (trans/cis)[b]


I 2 80 8C 97 69 complex mixture
II 1 RT 78


2 >99 69 >99% trans


[a] mol% per vinyl silyl group. [b] Calculated by 1H NMR spectroscopy.


Figure 3. Structure of 6 (thermal-ellipsoid representation,[32] ellipsoids are
drawn at 50% probability level; for clarity only O and Si atoms from
asymmetric part are labeled, hydrogen atoms are shown as spheres with
arbitrary radii). Selected bond lengths [ä] and angles [8]: Si�O 1.624(2),
<Si(cage)�C> 1.835(4), <Si�C(methyl)> 1.862(17), <C=C>


1.326(8); <O-Si-O> 108.9(6), <O-Si-C> 110.2(12), Si1-O1-Si2
142.43(16), Si2-O2-Si3 153.90(18), Si3-O3-Si4 143.24(16), Si1-O4-Si4
154.60(17), Si4-O5-Si2i 149.02(16), Si1-O6-Si3i 149.34(16).
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catalytically inactive in metathesis (Scheme 8).[22] This inac-
tivity follows from the contribution of species b’, in which
the intramolecular coordination of the carbonyl group re-
duces the catalytic activity by blocking approach of the ole-
fins towards the coordination sphere. The lack of conversion
at a higher reaction temperature suggests that the N-Fisch-
er-type complexes (a, b, b’) are stable and thus inactive at
higher temperature, or decompose without generation of
Ru�H species.


It had been assumed that the reaction of 1 with vinyl sul-
fide would occur in the same manner as the reaction with


vinyl ethers or vinyl pyrrolidinone, exhibiting active silyla-
tive coupling and inactive cross-metathesis. However, the re-
verse was the case (Table 7). Contrary to expectation, the si-
lylative coupling of 1 with tert-butyl vinyl sulfide gave no
conversion of Vi8T8. The NMR spectrum of a mixture of
complex I and three equivalents of tert-butyl vinyl sulfide
showed the generation of ethylene (singlet at d=5.2 ppm).
This implies the occurrence of b-sulfide transfer with elimi-
nation of ethylene leading to the formation of the rutheni-
um sulfide species [Ru�StBu] (IV), which appears to be cat-
alytically inactive towards the silylative coupling reaction


Scheme 7. Silylative coupling reaction of 1 with allyltrimethylsilane. Possible side reaction leads to silyl-vinyl-substituted fragments.


Figure 4. ESI-MS plots of 6. a) Cross-metathesis, b) silylative coupling reaction.
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(Scheme 9a). Analogous formation of ruthenium sulfide
Ru�StBu species has been reported in a reaction of
[RuHCl(CO)(PPh3)3] with allyl alkyl sulfides involving the
elimination of propene (Scheme 9b).[23]


Ozawa et al. have recently reported the ring-opening
cross-metathesis of norbornene derivatives with vinyl sul-
fides catalyzed by S-Fischer-carbene complexes
(Scheme 10).[24] Their results suggest that vinyl sulfides (and
consequently S-Fischer-carbene complexes) are reactive in
cross-metathesis.


Nevertheless, Grubbs’ catalyst II, which immediately
transforms into S-Fischer-carbene complex V in the course
of the reaction, proved completely inert in the reaction be-
tween 1 and tert-butyl vinyl sulfide, even at elevated temper-
atures (40 and 80 8C). This result implies a negative aptitude
of vinylsilane for these reactions; however, the second-gen-
eration Grubbs’ catalyst III, reacted to give the b-(tert-bu-
tylthio)vinyl-substituted product 11.


Conclusion


Functionalization of octavinyl-
silsesquioxane Vi8T8 (1) by
ruthenium±carbene catalyst I
in a cross-metathesis with ali-
phatic a-olefins (1-hexene and
allyltrimethylsilane) and sty-
rene occurs quite efficiently,


Table 5. Functionalization of 1 with vinyl ethers.


Entry OR Catalyst mol%[a] Temperature Yield [%] trans/cis[b]


1 OnBu [Ru�H] I 0.5 80 8C >99[c] (86)[d] 57/43
2 OnBu [Ru=C] II 1 RT trace
3 OnBu [Ru=C] II 1 80 8C 70[c] 55/45
4 OtBu [Ru�H] I 0.5 80 8C >99[c] (91)[d] 79/21
5 OtBu [Ru=C] II 1 RT trace
6 OtBu [Ru=C] III 1 50 8C trace
7 OtBu [Ru=C] II 1 80 8C 72[c] 68/32
8 OSiMe3 [Ru�H] I 0.5 80 8C >99[c] (81)[d] 45/55
9 OSiMe3 [Ru=C] II 1 RT trace
10 OSiMe3 [Ru=C] II 1 80 8C 61[c] 37/63
11 OAc [Ru�H] I 0.5 80 8C trace
12 OAc [Ru=C] II 1 RT trace
13 OAc [Ru=C] II 1 80 8C trace


[a] mol% to vinyl silyl group. [b] Calculated by 1H NMR spectroscopy. [c] Yield determined from NMR spectra. [d] Yield of isolated product.


Table 6. Functionalization of 1 with 1-vinyl-2- pyrrolidinone.


Catalyst mol%[a] Temperature Conversion[b] Yield Selectivity
[%] [%] (trans/cis)[b]


I 0.5 80 8C 36
4 >95 69 >95/5


II 2 RT trace
II 2 80 8C trace
II 2 60 8C trace


[a] mol% to vinyl silyl group. [b] Calculated by 1H NMR spectroscopy.


Scheme 8. Proposed mechanism for the formation of the inactive N-Fischer-type complex in the attempted
cross-metathesis reaction of 1 with N-vinylpyrrolidinone.


Table 7. Functionalization of 1 with tert-butyl vinyl sulfide.


Catalyst mol%[a] Temperature Yield Selectivity
[%] (trans/cis)[b]


I 2 80 8C trace
II 2 RT 40 8C trace


80 8C
III 2 60 8C 56


4 60 8C 95 (91)[c] 97/3


[a] mol% to vinyl silyl group. [b] Calculated by 1H NMR spectroscopy.
[c] Yield of isolated product.
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and is superior to Mo-catalyzed functionalization, owing to
the higher cost of the Mo catalyst, lower catalyst loading for
I, and higher stereoselectivity of I.


Functionalization of 1 with styrene by silylative coupling
is also highly efficient, although in the reaction with aliphat-
ic a-olefins (1-hexene and allyltrimethylsilane) it gives a
complex mixture of isomeric components.


Functionalization of vinyl-substituted silsesquioxane 1
with various heteroatom -substituted (Si, O, N) vinyls by
employing the silylative coupling reaction has been found to
be efficient for preparing silsesquioxanes with b-heteroa-
tom-substituted vinyl functionalities. In contrast, cross-meta-
thesis has emerged as an efficient method for the synthesis
of S-substituted vinyl silsesquioxanes.


Experimental Section


General methods : 1H, 13C, and 29Si NMR spectra were recorded on a
Varian XL 300 MHz spectrometer in CDCl3 or C6D6 solution. Chemical
shifts are reported in d (ppm) with reference to the residual protio sol-
vent (CHCl3 or C6H6) peak for 1H and 13C NMR spectra, and to TMS
(Me4Si) for 29Si NMR spectra. ESI-MS spectra were recorded on an LCQ
mass spectrometer (Finnigan). Samples for the ESI-MS analyses were
prepared as a solution in THF/MeOH = 10:1 and potassium iodide (KI)
was added for effective ionization. Elemental analyses were performed
on a Vario EL III instrument (Elementar GmbH). Thin-layer chromatog-
raphy (TLC) was performed on plates coated with 250-mm thick silica
gel (Aldrich), and column chromatography was performed with silica gel
60 (70±230 mesh; Fluka). In some cases, silica gel was deactivated with
hexamethyldisilazane prior to use.


Styrene, 1-hexene, allyltrimethylsilane, vinyltrimethylsilane, vinylpiry-
dines, vinylalkylethers, vinylpyrolidinone, and tert-butyl vinyl sulfide were
purchased from Aldrich. [RuCl2(=CHPh)(PCy3)2] (II) and [(H2IMes)-
RuCl2(=CHPh)(PCy3)] (III, H2IMes = 1,3-dimesityl-4,5-dihydroimiza-
dol-2-ylidene) were purchased from Strem Chemicals. [RuHCl(CO)-
(PCy3)2] (I) was prepared according to a literature procedure.[25] Diethyl
ether (Et2O) and tetrahydrofuran (THF) were dried, fllowing distillation
over sodium/benzophenone. Similarly, benzene and toluene were distilled


over sodium hydride and 1,2-dichloroethane over calcium hydride under
argon. Dichloromethane was dried and neutralized by passing through an
Al2O3 column, and degassed (deoxidized) under vacuum while frozen in
liquid nitrogen. All of the liquid substrates were dried and degassed by
bulb-to-bulb distillation over 4 ä molecular sieves unless otherwise
stated. All of the reactions were performed under an argon atmosphere.
Octavinylsilsesquioxane, Vi8T8 (1) (1,3,5,7,9,11,13,15-octavinylpentacy-
clo[9.5.1.13,9.15,15.17,13]octasiloxane), was prepared according to the litera-
ture procedure.[26]


Catalytic tests : In the typical procedure an oven-dried flask equipped
with a condenser and a magnetic stirrer was charged with octavinylsilses-
quioxane (1) and olefin in a 1:24 or 1:12 ratio. The reaction was carried
out in a 0.1m solution of catalyst I in toluene (silylative coupling) heated
to 80 8C for 18 h, or in CH2Cl2 for catalysts II and III (cross-metathesis)
at room temperature under a slow argon flow.


General procedure for synthesis of functionalized silsesquioxanes 2±11:
In a typical silylative coupling reaction, octavinylsilsesquioxane (1) and
olefin were added to a solution of the catalyst [RuHCl(CO)(PCy3)2] (I)
in toluene, and the mixture was heated at 80 8C for 18 h. In the cross-
metathesis process the substrates were added to [RuCl2(=CHPh)(PCy3)2]
(II) or [(H2IMes)RuCl2(=CHPh)(PCy3)] (III) in CH2Cl2 and the mixture
was stirred at room temperature for 18 h. After the disappearance of the
signal assigned to vinylsilyl was confirmed by 1H NMR spectroscopy, the
volatiles were evaporated and the residue was subjected to short column
chromatography (silica gel, hexane). The volatiles were evaporated and
the residue dried in vacuo to afford the product.


Octa(b-styryl)silsesquioxane (2): From silylative coupling: white powder,
92% yield. From cross-metathesis : 96% yield. 1H NMR (CDCl3): d =


6.34 (d, J = 19.2 Hz, 8H; =CH-Si), 7.31±7.39 (m, 24H; Ph), 7.40 (d, J =


19.2 Hz, 8H; =CH-Ph), 7.51 ppm (dd, J = 1.4, 8.0 Hz, 16H; Ph); 13C
NMR (CDCl3): d = 117.44 (SiCH=CHPh), 126.97 (o-Ph), 128.60 (p-Ph),
128.94 (m-Ph), 137.42 (ipso-Ph), 149.25 ppm (PhCH=CHSi); 29Si NMR
(CDCl3): d = �78.35 ppm; ESI-MS: m/z : 1280.5 [M+K]+ ; elemental
analysis calcd (%) for C64H56O12Si8: C 61.90, H 4.55; found: C 61.88, H
4.60.


Octa(hex-1-enyl)silsesquioxane (3): From silylative coupling: colorless
oil, 74% yield. 1H NMR (CDCl3): d = 0.80±0.95 (m, 24H), 1.18±1.49 (m,
26.3H), 1.51±1.68 (m, 8.9H), 1.71±1.75 (m, 0.6H), 1.79±1.88 (m, 1.0H),
1.90±2.05 (m, 8.2H), 2.10±2.15 (m, 5.7H), 5.32±5.48 (m, 13.2H), 6.35±6.51
(brd, 2.7H), 6.55 ppm (br, 0.9H). From cross-metathesis, 72% yield. 1H
NMR (CDCl3): d = 0.92 (t, J = 7.1 Hz, 24H; CH3�CH2), 1.28±1.47 (m,
32H; CH3CH2CH2CH2), 2.13±2.19 (m, 0.91î16H; CH2�CH= (trans)),
2.21±2.31 (m, 0.09î16H; CH2�CH= (cis)), 5.35 (d, J = 14.3 Hz, 0.09î
8H; =CH�Si (cis)), 5.46 (d, J = 18.7 Hz, 0.91î8H; =CH�Si (trans)),
6.46 ppm (dt, J = 6.6, 18.7 Hz; 8H,=CH�CH2);


13C NMR (CDCl3): d =


13.89 (CH3), 22.20 (CH3CH2CH2CH2CH= (trans)), 22.28
(CH3CH2CH2CH2CH= (cis)), 30.38 (CH2CH2CH2CH= (cis)), 31.50
(CH2CH2CH2CH= (trans)), 33.15 (CH2CH= (cis)), 36.00 (CH2CH=


(trans)), 119.47 (SiCH=CHCH2), 153.16 (CH2CH=CHSi (trans)),
153.94 ppm (CH2CH=CHSi (cis)); 29Si NMR (CDCl3): d = �79.10; ESI-
MS: m/z : 1121.00 [M+K]+ ; elemental analysis calcd (%) for
C48H88O12Si8: C 53.29, H 8.20; found: C 52.98, H 8.59.


Octakis(2-trimethylsilylvinyl)silsesquioxane (5): From silylative coupling:
white powder, 95% yield. M. p. 320 8C (decomp); 1H NMR (CDCl3): d
= 0.05, 0.06, 0.07, 0.08, 0.09, 0.10 (s, 72H), 6.27±6.39 (m(d), J = 22.4 Hz,
(0.76+0.24)î8H = 8H; =CH-SiMe3+H2C= (trans-H from SiMe3


group)), 6.60±6.62 (m(d), 0.24î8H; H2C= (cis-H from SiMe3 group)),
6.96±7.05 ppm (m, J = 22.4 Hz, 0.76î8H; =CH-SiO3);


13C NMR
(CDCl3): d = �1.98, �1.94, �1.03 (Me3Si), 138.27, 138.37, 138.43, 138.56
(=CHSiMe3), 144.61 (=CH2), 145.28 (=CSi2), 157.32, 157.36, 157.43,
157.49, 157.56 (=CHSiO3); DEPT (13C): CH3 carbon �1.98, �1.94, �1.03
(Me3Si); CH2 carbon 144.61 (=CH2); CH carbon 138.27, 138.37, 138.43,
138.56, 157.32, 157.36, 157.43, 157.49, 157.56 ppm (=CH-Si); 29Si NMR
(CDCl3) : d = �82.45, �82.18, �81.89 (O3Si�C=CH2), �78.13, �77.81
(O3Si-CH=CHSi), �6.28 (Me3Si�CH=CHSi), �3.43, �3.32, �3.19 ppm
(Me3Si�C=CH2); ESI-MS: m/z : 1250.1 [M+K]+ ; elemental analysis calcd
(%) for C40H88O12Si16 : C 39.69, H 7.33; found: C 39.43, H 7.54.


Octakis(3-trimethylsilyl-1-propenyl)silsesquioxane (6): From silylative
coupling: white powder, 69% yield. M. p. 204±206 8C; 1H NMR (CDCl3):
d = �0.02, 0.00, 0.02, 0.06, 0.07, 0.08 (s, 72H, Me3Si), 1.65 (br, 0.56î


Scheme 9. b-Sulfide transfer a) in the reaction of I with tert-butyl vinyl
sulfide, and b) in the reaction of [RuHCl(CO)(PPh3)3] with allyl alkyl sul-
fides.


Scheme 10. Transformation of catalyst II by vinyl sulfides.
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16H; CH2(SiMe3)�CH= (trans)), 1.66±1.84 (brm, 0.05î16H; CH2(Si-
Me3)�CH= (cis); CH2(SiO3)-CH=), 5.16±5.18 (br, 0.05î8H; (O3Si)HC=
CH�CH2 (cis)), 5.22 (brd, J = 18.7 Hz, 0.56î8H; (O3Si)HC=CH�CH2


(trans)), 5.57 (brd, J = 18.7 Hz, 0.05î8H; (Me3Si)HC=CH�CH2


(trans)), 6.21±6.28 (brm, 0.29î8H; Me3SiCH=CHSiO3), 6.25±6.50 (brm),
0.66î8H; (CH2)HC=CHSiO3 + H2C=CSi2 (trans-H from SiMe3)), 6.59
(br, 0.10î8H; H2C=CSi2 (cis-H from SiMe3), 6.91±7.06 ppm (d(m, br), J
= 22.4 Hz, 0.29î8H; O3SiCH=CHSiMe3); ESI-MS: m/z : 1362.1
[M+K]+ , 1347.5 [M�CH2+K]+ , 1333.6 [M�2CH2+K]+ , 1319
[M�3CH2+K]+ . From cross-metathesis : yield 89%. 1H NMR (CDCl3): d
= 0.89 (brm, J = 6.8 Hz, 24H), 0.00 (s, 72H), 1.64 (d, J = 8.0 Hz, 16H;
CH2�CH=), 5.23 (d, J = 18.4 Hz, 8H; =CH�Si), 6.40 ppm (dt, J = 8.0,
18.4 Hz, 8H; =CH�CH2);


13C NMR (CDCl3): d = �1.97 (Me3Si), 28.36
(Me3SiCH2CH=), 118.37 (SiCH=CHCH2), 149.29 ppm (CH2CH=CHSi);
29Si NMR (CDCl3): d = �79.86 (SiO3), 0.81 ppm (SiMe3); ESI-MS: m/z :
1361.9 [M+K]+ ; elemental analysis calcd (%) for C48H104O12Si16 : C 43.59,
H 7.93; found C 43.71, H 8.12.


Octakis(2-n-butoxyvinyl)silsesquioxane (7): From silylative coupling: col-
orless oil. Yield 86%. 1H NMR (CDCl3): d = 0.87±0.94 (m, 24H,
CH3�CH2), 1.37±1.42 (m, 16H, CH2�CH3), 1.53±1.64 (m, 16H,
CH2�CH2O), 3.68±3.73 (m, 0.43î16H, CH2�OCH=(cis)), 3.77 (t, 0.57î
16H, CH2�OCH=(trans)), 4.05 (dd, J = 2.2, 8.5 Hz, 0.43î8H,=CH�O-
(cis)), 4.31 (d, J = 14.8 Hz, 0.57î8H,=CH�O(trans)), 6.59±6.63 (m,
0.43î8H,=CH�Si(cis)), 6.76±6.81 ppm (m, 0.57î8H,=CH�Si(trans));
13C NMR (CDCl3): d = 13.71 (CH3), 18.86 (CH2CH3(cis)), 19.13
(CH2CH3(trans)), 30.94 (CH2CH2O(trans)), 31.74 (CH2CH2O(cis)), 67.47,
67.63, 67.82 (CH2-O(trans)), 72.11, 72.24, 72.29, 72.35 (CH2-O(cis)),
86.52, 86.84, 86.97 (=CH�Si(trans)), 90.80, 91.07, 91.26 (=CH�Si(cis)),
160.59, 160.66, 160.75 (=CH�O(trans)), 161.59, 161.33, 161.45, 161.62,
161.76, 161.92 ppm (=CH�O(cis)); 29Si NMR (CDCl3): d = �79.22,
�79.10, �78.88 (Si�CH = (cis)), �74.67 (Si�CH = (trans)); ESI-MS:
1249.1 ([M+K]+); elemental analysis calcd (%) for C48H88O20Si8: C
47.65, H 7.33; found: C 47.28, H 7.54.


Octakis(2-tert-butoxyvinyl)silsesquioxane (8): From silylative coupling:
white powder, 91% yield. M.p. 135±1347 8C; 1H NMR (CDCl3): d = 1.24
(s, 0.18î72H; tert-Bu�OCH= (cis)), 1.27 (s, 0.82î72H; tert-Bu�OCH=


(trans)), 4.16±4.21 (m, 0.18î8H; =CH�Si (cis)), 4.50 (d, J = 14.2 Hz,
0.82î8H; =CH�Si (trans)), 6.80 (d, J = 14.2 Hz, 0.82î8H; =CH�O
(trans)), 6.77±6.83 ppm (m, 0.18î8H; =CH�O (cis)); 13C NMR (CDCl3):
d = 27.93, 27.97, 28.24, 28.27 ((CH3)3COCH= (trans)), 29.69
((CH3)3COCH= (cis)), 76.77, 76.87 ((CH3)3C), 90.14, 90.30, 90.35, 90.45,
90.71 (=CH�Si (trans)), 93.30, 93.42 (=CH�Si (cis)), 155.41, 155.53,
155.57, 155.67 (=CH�O (trans)), 156.04, 156.21, 156.39 ppm (=CH�O
(cis)); 29Si NMR (CDCl3): d = �75.76, �76.94, �76.01 ppm; ESI-MS: m/
z : 1249.3 [M+K]+ ; elemental analysis calcd (%) for C48H88O20Si8: C
47.65, H 7.33; found: C 47.43, H 7.56.


Octakis(2-trimethylsiloxyvinyl)octasilsesquioxane (9): From silylative
coupling: pale yellow gum, 81% yield. 1H NMR (CDCl3): d = 0.15, 0.16,
0.17, 0.18, 0.19, 0.20 (s, 72H; SiMe3), 4.26±4.32 (m, 0.55î8H; =CH�Si
(cis)), 4.50 (d, J = 14.1 Hz, 0.45î8H; =CH�Si (trans)), 6.69 (d, J =


14.1 Hz, 0.45î8H; =CH�O (trans)), 6.77±6.83 ppm (m, 0.55î8H;
=CH�O (cis)); 13C NMR (C6D6): d = 1.35 (SiMe3), 95.42±97.17 (=CH�Si
(cis)), 97.95±99.54 (=CH�Si (trans)), 154.35±156.12 ppm (=CH-O); 29Si
NMR (C6D6): d = �80.35, �80.14, �79.47, �75.80, 20.03, 20.16, 20.23, 20.35,
20.49, 20.87, 21.17 ppm; ESI-MS: m/z : 1377.54 [M+K]+ ; elemental analy-
sis calcd (%) for C40H88O20Si16: C 35.89, H 6.63; found C 35.43, H 6.88.


Octakis(2-pyrrolidin-2-onyl-vinyl)octasilsesquioxane (10): From silylative
coupling. 1H NMR (CDCl3): d = 2.12 (q, J = 8.6 Hz, 16H; NCH2CH2),
2.50 (t, J = 8.6 Hz, 16H; COCH2), 3.52 (t, J = 8.6 Hz, 16H; NCH2),
4.50 (d, J = 14.2 Hz, 8H; =CH�Si), 7.48 ppm (d, J = 14.2 Hz, 8H;
=CH�N); ESI-MS: m/z : 1336.4 [M+K]+ ; elemental analysis calcd (%)
for C48H64N8O20Si8: C 44.42, H 4.97; found C 44.53, H 5.09.


Octakis(2-tert-butylsulfanylvinyl)silsesquioxane (11): From cross-meta-
thesis : white powder, 91% yield. M.p. 122±124 8C; 1H NMR (CDCl3):
d = 1.38 (s, 72H; tert-Bu), 5.64 (d, J = 18.4 Hz, 8H; =CH�Si), 7.16 ppm
(d, J = 18.4 Hz, 8H; =CH�S); 13C NMR (CDCl3): d = 31.21 (CH3),
44.29 (C(CH3)3), 115.49 (=CH�Si), 145.19 ppm (=CH�S); 29Si NMR
(CDCl3): d = �80.10 ppm; ESI-MS: m/z : 1377.4 [M+K]+ ; elemental
analysis calcd (%) for C48H88O12S8Si8: C 43.07, H 6.63; found: C 45.81, H
6.96.


Crystal structure determinations : Diffraction data were collected by the
w-scan technique up to 2q = 548, on a KUMA-KM4CCD diffractome-
ter[27] with graphite-monochromated MoKa radiation (l = 0.71073 ä).
The temperature (90(1) K for 2 and 100(1) K for 6) was controlled by an
Oxford Instruments cryosystem cooling device. The data were corrected
for Lorentz-polarization effects[28] as well as for absorption by using the
SORTAV program.[29] The structures were solved with SHELXS97[30] and
refined with the full-matrix least-squares procedure on F2 by
SHELXL97.[31] All non-hydrogen atoms were refined anisotropically, hy-
drogen atoms were located at the calculated positions and refined as a
riding model with isotropic thermal parameters fixed at 1.2 times the Ueq


values of appropriate carrier atoms (1.3 for methyl groups). For 6 one of
the symmetry-independent molecules was disordered: two vinyl frag-
ments were refined in two alternative positions with the site occupation
factors set at 0.67 and 0.33. All disordered atoms were also refined with
anisotropic thermal displacement parameters. Further crystal data are
given in Table 8.


Perspective views of compounds 2 and 6 are shown in Figures 1 and 3, re-
spectively. Both molecules have exact Ci symmetry and occupy special
positions in the space group P1≈ (the centre of symmetry). In the case of 2
the asymmetric part of the unit cell contains two halves of symmetry-in-
dependent molecules that lie on different centers of symmetry. Bond
lengths and angles are within the expected ranges, and do not show sig-
nificant differences between the chemically equivalent bonds and angles
(see Figure captions). The only exception is the asymmetry of the Si-O-Si
angles in compound 6. The values of these angles can be divided into
three pairs: O1 and O3 (mean value of Si-O-Si angle 142.8(4)8), O5 and
O6 (149.2(1)8, and O2 and O4 (154.3(3)8). This asymmetry can be related
to the differences in the orientation of the side chains with respect to the
Si-O-Si fragments, as can be visualized by the values of improper torsion


Table 8. Crystal data and details of data collections and structure refine-
ments for compunds 2 and 6.


Compound 2 6


chemical formula C64H56O12Si8 C48H104O12Si16
Mr 1241.81 1322.75
crystal habit colorless block colorless block
crystal size [mm] 0.3î0.2î0.2 0.4î0.35î0.35
crystal system triclinic triclinic
space group P1≈ P1≈


a [ä] 11.8521(8) 11.6865(12)
b [ä] 13.2751(8) 11.7984(15)
c [ä] 21.8301(11) 16.596(2)
a [8] 96.063(4) 99.795(10)
b [8] 98.916(5) 104.786(10)
g [8] 111.381(6) 111.188(11)
V [ä3] 3110.2(3) 1973.7(5)
Z 2 1
1calcd [gcm�3] 1.326 1.113
F(000) 1296 712
T [8C] �183 �173
m(MoKa) [mm�1] 0.234 0.302
transmission 0.94, 0.92 0.93, 0.91
no. of reflections measured 22623 19189
no. of unique reflections 10797 8480
Rint 0.025 0.045
R[a] (F>4s(F)) 0.0504 0.0697
wR2[b] (F2, all refl.) 0.1083 0.1646
no. of reflections used 10797 8480
no. of parameters 865 343
no. of restraints 0 36
S[c] 1.03 1.22
max D1 [eä�3] 1.11; �1.67 1.00; �0.69


[a] R(F)=�kFo j� jFck /� jFo j . [b] wR(F2)= [S{w(F2
0�F2


c)
2}/S{w(F2


0)
2}]1/2 ;


w�1 = s2(F2
0) + (aP)2 + bP, where P = (F2


0 + 2F2
c)/3 and a and b are


parameters chosen to obtain the best reflections statistics. [c] S =


[�{w(F2
0-F


2
c)


2/(n�p)]1/2, where n is the number of data and p is the
number of parameters.


Chem. Eur. J. 2004, 10, 1239 ± 1248 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1247


Functionalization of Octavinylsilsesquioxane 1239 ± 1248



www.chemeurj.org





angles O�Si¥¥¥C�Si. For example, the O3�Si4¥¥¥C43�Si44 angle is
175.8(3)8, O6�Si1¥¥¥C13�Si14 is �102.4(2)8, and O2�Si2¥¥¥C23�Si24 is
�13.7(3)8. Therefore, the largest steric strain would be observed on O2,
the medium one at O6, and the smallest on O3, which is consistent with
the determined values of the Si-O-Si angles.


CCDC-215894 and CCDC-215895 contain the supplementary crystallo-
graphic data. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223 336033; or deposit@ccdc.cam.ac.uk).
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More Arrows in the Quiver: New Pathways and Old Problems with Heavy
Alkaline Earth Metal Diphenylmethanides


Jacob S. Alexander and Karin Ruhlandt-Senge*[a]


Introduction


The chemistry of s-bonded organometallic compounds of
the heavy alkaline earth metals calcium, strontium, and
barium has been the subject of considerable recent atten-
tion.[1] This is a result of the wide range of applications for
these previously ignored compounds, and what was a scarce-
ly investigated field even a decade ago is now being ap-
proached with significant interest. The number of well-char-
acterized compounds is increasing steadily; a particular suc-
cess has been the stabilization of these metal centers using
cyclopentadienyl ligands.[2,3] In contrast, s-bonded com-
pounds remain scarce, owing largely to the synthetic difficul-
ties encountered, most notably their high reactivity and
sparse solubility in common aprotic solvents. Because of
these challenges, we are interested in broadening the avail-
able synthetic pathways to these compounds.


Several possible synthetic techniques are available for the
preparation of alkaline earth organometallics. Examples in-
clude direct metallation, salt elimination, and transamina-
tion. Direct metallation necessitates highly active and pure
alkaline earth metals [Eq. (1)], in which R=alkyl, aryl;
act=activated; and M=Ca, Sr, Ba.


2HRþMact ! MR2 þH2 ð1Þ


Activation methods include the distillation of the
metals,[4] the reduction of metal iodides with alkali metals,[5]


or by dissolving the metals in anhydrous, deoxygenated
liquid ammonia.[6] The difficulty in employing direct metal-
lation is not just limited to the activation of the metal; very
often the reaction products are insoluble without careful
choice of a co-solvent or donor system, and the use of a ster-
ically demanding ligand system. While this route has not yet
led to structurally authenticated organometallic species, it
has been employed with some success.[7,8]


By far the most commonly employed route in the prepa-
ration of alkaline earth organometallics is salt elimination.
Usually the potassium salt of the desired ligand is utilized in
conjunction with an alkaline earth metal iodide to afford the
desired product [Eq. (2)], in which R=alkyl, aryl; M=Ca,
Sr, Ba; A=Na, K.


MI2 þ 2AR ! MR2 þ 2AI ð2Þ


This method, while powerful, has the drawback that the
final product may be potentially contaminated with alkali
metal halides. This can be minimized with careful choice of
solvent, alkali metal, and halide, but the separation of prod-
ucts and consequent purity remains a concern. In addition,
the preparation of most potassium salts involves the use of
™superbase∫ chemistry, which employs an nBuLi/KOtBu
mixture that may leave residual lithium alkoxide to interfere
with later reactions.[9] Also, the high reactivity of the potassi-
um salts limits the solvent choice, since ether cleavage
chemistry is a frequent occurrence.


Transamination chemistry has also been employed suc-
cessfully. The ready availability of the alkaline earth metal
amides M(N(SiMe3)2)2 [M=Ca, Sr, Ba],[10±12] their solubility
in a host of different solvent systems, and the easy removal
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Abstract: Progress in the field of s-bonded alkaline earth organometallics has
been handicapped by numerous complications, such as high reactivity, low solubili-
ty, and the limited availability of suitable starting materials. Here we present two
synthetic methods, hydrocarbon elimination and desilylation, as alternative routes
into this chemistry. A novel barium diphenylmethanide was prepared using these
routes delineating that both methods provide a powerful, versatile synthetic access
route to an extended library of organometallic alkaline earth derivatives.


¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/chem.200305362 Chem. Eur. J. 2004, 10, 1274 ± 12801274


FULL PAPER







of HN(SiMe3)2 make this an attractive route [Eq. (3)], in
which R=alkyl, aryl and M=Ca, Sr, Ba.[13]


M½NðSiMe3Þ2�2 þ 2HR ! MR2 þ 2HNðSiMe3Þ2 ð3Þ


A limiting factor in this reaction is the pKa range of the
hydrocarbon sources: only those with a higher acidity than
HN(SiMe3)2 can be used. Highly acidic substrates, however,
induce a competing side reaction involving protonation of
the liberated secondary amine under formation of the si-
lylated hydrocarbon and primary amine [Eq. (4)], in which
R=alkyl, aryl.


HNðSiMe3Þ2 þHR ! Me3SiRþ 2H2NSiMe3 ð4Þ


This side reaction may be suppressed by careful and
dilute addition of the acid.[14] An additional complication
stems from the basic properties of the amide starting materi-
al that may promote ether cleavage. This may be avoided by
using low-temperature conditions. Finally, the relatively low
pKa for the amines is close to those of many ligand systems
currently under investigation. The resulting slow metallation
rate may allow for the formation of undesired side prod-
ucts.[1,15]


With a vested interest in broadening the number of syn-
thetic strategies available to the alkaline earth metal chem-
ist, we endeavored to make available alternative methodolo-
gies for the clean, facile preparation of organometallic com-
plexes of calcium, strontium, and barium. Here we present
two powerful entries into this field of chemistry, namely an
arene elimination route with strontium and barium dibenzyl
derivatives, and a desilylation pathway based on recent suc-
cess with related alkali metal systems. An examination of
the strengths and shortcomings of these new synthetic
routes is included. We present four new alkaline earth metal
diphenylmethanides resulting from these reactions and ex-
plore their structural characteristics.


Results


Synthetic aspects : The development of a facile synthesis of
dibenzylbarium by Harder and co-workers provides a potent
reagent for the metallation of an array of acidic ligands[16]


[Eq. (5)].


M½NðSiMe3Þ2�2 þ 2LiC7H7ðtmedaÞ
Et2O


M¼Ba;Sr
����!½MðC7H7Þ2� þ 2Li½NðSiMe3Þ2�ðtmedaÞ


ð5Þ


Although dibenzylbarium may also be prepared through
treatment of alkoxides with benzyllithium,[16] the method
shown in Equation (5) is preferred due to the formation of
the highly soluble lithium amide, which is more easily sepa-
rated from the dibenzyl target compound than lithium alk-
oxide. This straightforward preparation cleanly affords
strontium and barium dibenzyl derivatives. Although the
original reference reports that no single product is isolable
for the strontium and calcium congeners,[16] we had no diffi-


cultly in preparing clean dibenzyl strontium. While the ho-
moleptic, unsubstituted calcium system still eludes isolation,
there are several examples of fully characterized substituted
dibenzyl systems that show great promise and flexibility, and
it is likely these could be applied in similar reaction
schemes.[17±19]


While previous work regarding dibenzyl alkaline earth
metal compounds was concerned with their function as poly-
merization initiators,[16,18±21] this class of compounds is ideally
suited to be starting materials for the preparation of a varie-
ty of organometallic strontium and barium compounds. Due
to the high basicity of the starting material (pKa(to-
luene)ffi43), a wide array of ligand systems can be easily
metallated. The resulting large pKa differences between tol-
uene and the proton source should drive the reaction and
help prevent undesirable side reactions. However, care must
be taken in selecting reaction conditions, as ether scission
side reactions are commonly observed.[22,23] The drawback of
this reaction route includes the lack of flexibility in solvent
choice, as the dibenzyl reagents are only soluble in THF, a
solvent well known to suffer from ether cleavage reactions
with strongly basic anions. Because of this, careful monitor-
ing of the reaction conditions is necessary.


Previous work applying hydrocarbon elimination afforded
the clean, high-yield preparation of triphenylmethanides
[M(CPh3)2([18]crown-6)(hmpa)2] (HMPA=Hexamethyl-
phosphoramide) and acetylides [M(CC-4tBuC6H4)2([18]-
crown-6)] [M=Sr, Ba],[15,22] prompting us to extend these
studies towards the less acidic diphenylmethanide system.


Treatment of two equivalents of diphenylmethane with di-
benzylbarium in THF at 0 8C under addition of a complexing
crown ether led to the contact ion pair [Ba(CH-
Ph2)2([18]crown-6)] [1; Eq. (6)], a rare example of a com-
pound displaying a s-type bond between the metal and
ligand.


½BaðC7H7Þ2� þ 2H2CPh2
THF; ½18�crown-6


HMPA; 0 oC
��������!½BaðCHPh2Þð½18�crown-6Þ� þ 2C7H8


ð6Þ


This desirable result was unexpected for several reasons.
First, the existence of such a contact structure, while pro-
posed earlier, was deemed too reactive in the case of the
trityl anion to exist in close proximity to the crown ether;
ether cleavage chemistry resulting in vinyl ethers was re-
ported in all instances.[22] While no contact structure exists
for the heavy alkaline earth metal trityl systems, the lower
steric demand and higher negative charge on the a-carbon
atom of the diphenylmethanide ligand as compared to the
trityl is responsible for the different ion association. Also
noteworthy was the fact that crystals suitable for X-ray dif-
fraction studies could be obtained only after recrystallization
from hot THF. No indication of ether cleavage chemistry
under the formation of enolate was observed.


If this reaction is carried out in the presence of HMPA
and crown ether, separated cations and anions are observed
([Ba(hmpa)6][CHPh2]2 2). The barium cation is stabilized by
the presence of six HMPA molecules, and no crown ether
coordination is observed due to the presence of the strong
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donor HMPA. This type of charge separation utilizing either
HMPA or crown ether/HMPA combinations is well estab-
lished for cations of this type and complexes containing the
[M(hmpa)6]


2+ or [M(hmpa)2([18]crown-6)]2+ (M=Sr, Ba)
ions have been observed.[22,24±26] While no satisfactory refine-
ment of the X-ray crystal structure was possible due to re-
peatedly poor crystal quality, a preliminary crystallographic
analysis in conjunction with 1H and 13C spectroscopic data
leaves no doubt as to the overall geometry and composition
of the complex (Figure 1).


Recent results on alkali metal diphenylmethanides sug-
gested a synthetic pathway which might avoid the strongly
basic conditions that exist in the hydrocarbon elimination
reaction.[15] Reactions between heavy alkali metal tert-butox-
ides and trimethylsilyl-substituted diphenylmethane led to
the elimination of silyl ether and concomitant formation of
alkali diphenylmethanide in the presence of coordinating
donors [Eq. (7)].[15]


MOtBuþHCPh2SiMe3
hexane; crown ether


M¼K; Rb; Cs
����������!½MCHPh2ðcrownÞ� þ SiMe3-OtBu


ð7Þ


This scheme was derived from the previously reported
preparation of potassium silanides or phosphides, which are
available by treatment of trimethylsilyl-substituted silanes
and phosphines with potassium tert-butoxide.[27,28] This sug-
gests that similar chemistry might be possible for the alka-
line earth metals, thus providing access to a milder, more se-
lective method towards the alkaline earth metal target com-
pounds.


Utilizing this reaction scheme initially did not lead to the
desired products; it was not until the addition of nBuLi that
the reaction proceeded smoothly [Eq. (8)].


BaðOtBuÞ2 þ 2HCPh2SiMe3
THF; ½18�crown-6


nBuLi; 25 oC
��������!


½BaðCHPh2Þ2ð½18�crown-6Þ� þ 2SiMe3-OtBu
ð8Þ


The exact role of the lithium reagent remains uncertain,
but two different reaction mechanisms can be discussed.


The first is desilylation, which would afford the target com-
pounds 1 and 2 in conjunction with silyl ether, as identified
in the 1H NMR analysis of the reaction products. However,
this scheme does not explain the necessary presence of
nBuLi. In addition, the formation of lithium tert-butoxide,
which was also identified in the 1H NMR spectra of the re-
action products cannot be rationalized. A second pathway,
transmetallation, would involve the formation of dibutylba-
rium or the heteroleptic butylbarium tert-butoxide from the
reaction of barium tert-butoxide with nBuLi. The butylbari-
um would then react with the silylated diphenylmethane
under formation of the silylated dibenzyl organometallic
and butane. This reaction scheme would explain the forma-
tion of lithium tert-butoxide, but would not allow for the for-
mation of compounds 1 and 2 and the silyl ether.


Current work in the laboratory is focused on these mecha-
nistic questions and an exploration of the general utility of
this synthetic route towards other primary or secondary al-
kaline earth organometallics.


Attempts to synthesize the strontium analogue to the con-
tact barium structure 1 by the hydrocarbon elimination
route did not yield a crystalline product, and concentration
of the mother liquor to approximately 5 mL led to an ether
cleavage product by attack of the THF solvent, even at the
storage temperature of 	20 8C. The dimeric heteroleptic
enolate [{Sr([18]crown-6)(OC2H3)}2][CHPh2]2 (3) is obtained
reproducibly in reasonable yield [Eq. (9)].


SrðC7H7Þ2 þ 2H2CPh2
THF; ½18�crown-6


	20 oC
��������!½fSrð½18�crown-6ÞðOC2H3Þg2�½CHPh2�2


ð9Þ


While the reaction of barium tert-butoxide with the si-
lylated diphenylmethane and butyllithium afforded com-
pound 1 in good yield and purity, the same reaction affords
the ether-cleaved product 4 if the reaction solution is con-
centrated significantly to initialize crystallization, yielding
the barium enolate [{Ba([18]crown-6)(OC2H3)(thf)}2]
[CHPh2]2 (4) [Eq. (10)].


BaðOtBuÞ2 þ 2HCPh2SiMe3
THF; ½18�crown-6


nBuLi; 25 oC
��������!


½fBað½18�crown-6ÞðOC2H3ÞðthfÞg2�½CHPh2�2
ð10Þ


Despite different starting materials, the fact that both
ether-cleavage products adopt the same structure might sug-
gest that a common intermediate species is responsible for
the attack on the solvent. It is believed that in the hydrocar-
bon elimination route, a fast reaction between the dibenzyl
reagent and the ligand takes place, followed by the slower
ether cleavage initiated by the diphenylmethanide anion. In
the desilylation strategy, the first reaction most likely entails
the removal of the trimethylsilyl moiety, then over time and
under more concentrated conditions attack by the diphenyl-
methanide occurs in a manner similar to the previous exam-
ple 3.


Structural aspects : The crystal structures for these com-
pounds display a common motif based on conformational
disorder in the diphenylmethanide anion. In this ™50/50
flip∫ disorder, the anion adopts two separate orientations


Figure 1. Schematic representation of compound 2.
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that may or may not involve a center of symmetry
(Figure 2).


This disorder is manifest particularly in charge-separated
structures. Generally, the disorder was modeled by treating
each orientation of the anion (one with the methylene


pointing ™up∫ and one ™down∫) as a whole, and allowing the
respective occupancy of each orientation to refine freely.
These were typically centered very close to 50/50, with the
largest outliers preferring one orientation in the crystal with
a 60/40 ratio. While similar in appearance, the two orienta-
tions are not exactly identical. However, they follow the
same trends with only minor deviations, and only one orien-
tation is listed in the tables.


In compound 1, shown in Figure 3 and Table 1, the cation
takes up a slightly distorted pseudo-octahedral geometry
with the crown ether occupying the equatorial plane with an
average Ba	O length of 2.778(2) ä. The two diphenyl li-
gands, located in the axial positions exhibit Ba	C lengths of


3.096(3) ä and 3.065(3) ä and a slightly bent C1-Ba-C14
unit with an angle of 174.69(10)8.


A close contact between the metal center and one of the
rings exists at C21 of 3.389(3) ä. While rather long, evi-
dence for this interaction is provided by the elongated aro-
matic C	C bond lengths around the contact area. The anion
geometry is slightly different than in the separated lithium
diphenylmethanide reported by Power and co-workers. In
compound 1 the two phenyl rings exhibit slightly different
geometry. Ligand 1 does not exhibit p-interactions with the
metal center; in this ligand the environment around the ipso
carbon is nearly planar and the rings are twisted away from
the plane defined by the ipso hydrogen, central carbon, and
two carbon atoms of the phenyl ring by about 58. In the sep-
arated [Li([12]crown-4)2][HCPh2] the phenyl rings are copla-
nar.[29] This difference in geometry might be explained by
the metal±ligand contact, which introduces additional steric
strain on the anion, preventing a perfectly planar geometry
with coplanar phenyl substituents. The second ligand exhib-
its an additional close contact to the metal, resulting in sig-
nificantly different geometry. The C15 ring exhibits a ring
twist of more than 108 ; in contrast, ring C21 displaying the
metal-p contact, is almost coplanar with a twist of only 18.
Overall, the anion geometry is determined by steric repul-
sion between the phenyl moieties, resulting in a widening of
the phenyl-C-phenyl angles to 127.9(4)8 and 129.2(4)8. This
is slightly less than seen in the alkali congeners which gener-
ally observe an angle of approximately 1328.[15]


It is instructive to observe that compound 1 compares
well with a related ™open metallocene∫ [Ba(2-pyridylphenyl-
methane)(triglyme)(thf)].[30] In this compound, the lower
steric demands of the donors afford an asymmetric bonding
scheme, which allows the ligands to take up a more involved
bonding orientation; both ligands exhibit Ba	C contacts in
an h5 fashion with bond lengths ranging from 2.9±3.3 ä.
Here, however, the larger crown ether ring pushes the li-
gands to a more symmetric orientation, preventing addition-
al p interactions.


Interestingly, the structure of the anion does not agree
well with those of the related alkali diphenylmethanides. In
these compounds, the anion geometry is mostly independent
of the cation, regardless of whether contact molecules or
separated ions are observed.[15]


Compound 1 is a rare example of a compound with a
Ba	C s-bond. Only one other example exhibiting a non-
bridging Ba	C (sp3) contact has been communicated,
namely [Ba{(Me3Si)2(MeOMe2Si)C}2(MeOCH2CH2OMe)].[31]


Barium±carbon separations in the alkyl complex (3.036(2)
and 3.049(2) ä) compare favorably with those in compound
1 (3.096(3) ä). The slightly longer bond in 1 might be ex-
plained by the higher metal coordination number.


Compound 3, shown in Figure 4 and Table 2, crystallizes
as a doubly enolate-bridged strontium diphenylmethanide
dimer. The structure adopts a very irregular geometry with
each metal center adopting a coordination number of nine.


The crown ether macrocycles are quite folded as a result
of the proximity of the metal centers (3.746(7) ä), and form
a snug envelope coordination with metal±oxygen distances
exhibiting little variation at 2.654±2.680(4) ä. There is some


Figure 2. Representation of the anion disorder.


Figure 3. Crystal structure of 1. Non-carbon atoms shown as thermal el-
lipsoids at 30% probability. Hydrogen atoms have been removed for
clarity.


Table 1. Selected bond lengths [ä] and angles [8] of 1.


Ba1	O4 2.750(2) Ba1	C1 3.096(3)
Ba1	O1 2.763(3) Ba1	C21 3.389(3)
Ba1	O2 2.764(2)
Ba1	O5 2.790(3) C14-Ba1-C1 174.69(10)
Ba1	O3 2.797(2) C8-C1-C2 129.7(4)
Ba1	O6 2.802(3) C21-C14-C15 129.2(4)
Ba1	C14 3.065(3)
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disorder in the crown rings; this was modeled by restraining
bond lengths to appropriate distances. The folding of the
two crown ethers opens the inner face of the dimer to allow
for the bridging enolate moieties. A crystallographic center
of symmetry located between the metal centers imposes re-
strictions that necessitate a symmetric structure. The enolate
oxygens neatly bridge the cations with Sr1	O7 and Sr1	O7a
lengths of 2.399(3) and 2.395(3) ä. The angle through the
bridging oxo groups Sr1-O7-Sr1a is 102.78(10)8. No appa-
rent metal interaction with the alkene carbons is indicated,
nor is any metal±metal interaction likely. One noncoordinat-
ing THF molecule is present in the structure as a solvent of
crystallization. The O-M-O angle is much larger than in the
barium congener, with an angle of 77.22(10)8. The enolate
C	C bond length is unexceptional at 1.422(9) ä. The diphe-
nylmethanide anion is similar to those seen earlier, and ex-
hibits the ™50/50 flip∫ disorder.[15]


Compound 4, seen in Figure 5 and Tables 3 and 4, consists
of a doubly enolate-bridged barium diphenylmethanide
dimer.


Two closely related independent molecules are present in
the asymmetric unit, with each metal center adopting a co-
ordination number of 11, which includes additional contacts
to the enolate p-system. This is not surprising considering
the known propensity of larger alkaline earth metals for in-
creased acceptance of p-type coordination. The metal ions
lie considerably above the plane of the crown macrocycles
with metal±oxygen distances of 2.803(4)±2.938(4) ä. The
two crown ethers are tipped towards each other on one face
to allow for insertion of the enolate moieties. The large size
of barium allows for additional THF coordination, and
M	O(THF) lengths of 2.848(3) and 2.882(3) ä are ob-
served. The enolates are more symmetrically bound between
the two metal centers than in the related crown-ether-de-
rived vinyl ether complexes.[22] The enolate oxygen atoms
bridge the two metal centers with Ba	O lengths between
2.665(3) and 2.716(3) ä. The angles through the bridging
oxo groups are Ba1-O7-Ba2 108.06(10)8 and Ba1-O9-Ba2
109.17(11)8. There are close contacts between the metal cen-
ters and one of the two enolate groups, with possible p-in-
teractions with lengths of Ba1	C13 and Ba1	C14 of
3.166(5) and 3.342(5) ä, respectively, and similar distances
from Ba2 to those atoms of 3.195(5) and 3.426(5) ä, respec-


Figure 4. Crystal structure of 3. Non-carbon atoms shown as thermal el-
lipsoids at 30% probability. Hydrogen atoms have been removed for
clarity.


Figure 5. Crystal structure of 4. Non-carbon atoms shown as thermal el-
lipsoids at 30% probability. Hydrogen atoms have been removed for
clarity.


Table 3. Selected bond lengths [ä] and angles [8] of 4.


Ba1	O9 2.655(3) Ba2	O13 2.856(3)
Ba1	O7 2.716(3) Ba2	O12 2.872(3)
Ba1	O6 2.803(4) Ba2	O10 2.897(3)
Ba1	O3 2.844(3) Ba2	O11 2.921(3)
Ba1	O2 2.851(3) C15	C16 1.287(10)
Ba1	O5 2.857(3) C73	C74 1.453(9)
Ba1	O8 2.882(3) C73	C80 1.462(9)
Ba1	O1 2.908(3) C86	C87 1.458(9)
Ba1	O4 2.938(4) C87	C92 1.372(11)
Ba1	C13 3.166(5)
Ba1	C14 3.342(5) O9-Ba1-O7 71.00(9)
C13	C14 1.345(7) Ba2-O7-Ba1 108.06(10)
C13	Ba2 3.195(5) Ba1-O9-Ba2 109.17(11)
C14	Ba2 3.426(5) O7-Ba2-O9 71.12(9)
Ba2	O15 2.821(3) C74-C73-C80 132.8(6)
Ba2	O16 2.848(3) C93-C86-C87 135.2(7)
Ba2	O14 2.855(3)


Table 2. Selected bond lengths [ä] and angles [8] of 3.


Sr1	O7a 2.395(3) Sr1	O6 2.680(5)
Sr1	O7 2.399(3) Sr1	O3 2.701(3)
Sr1	O1 2.654(4) C1	C2 1.395(5)
Sr1	O2 2.667(3)
Sr1	O5 2.669(7) O7a-Sr1-O7 77.22(10)
Sr1	O4 2.674(6) Sr1a-O7-Sr1 102.78(10)


Table 4. Crystal data for compounds 1, 3, and 4.


1 3 4


formula BaC46H62O8 Sr2C51H82O16 Ba2C62H91O16


Mr 880.3 1126.37 1366.52
crystal size [mm] 0.40 î 0.30 î 0.05 0.20 î 0.20 î 0.15 0.20 î 0.20 î 0.20
space group P212121 P1≈ Pn
a [ä] 13.4969(7) 9.8673(5) 11.3423(8)
b [ä] 15.3439(8) 13.5007(7) 20.0218(14)
c [ä] 20.129(1) 13.7253(7) 28.0425(19)
a [8] 90 68.3230(10) 90
b [8] 90 76.4370(10) 92.0820(10)
g [8] 90 82.6140(10) 90
V [ä3] 4168.6(4) 1649.95(15) 6364.1(8)
Z 4 1 8
m [mm	1] 1.005 1.67 1.294
2q range [8] 3.5±56.58 3.5±56.58 3.5±50
unique reflections 10 011 7536 22 390
R1 [F>4s(F)] 0.0412 0.0628 0.0356
wR2 (all data) 0.0806 0.1879 0.0813
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tively. The other enolate group shows no such interaction.
The angle described though the metal centers between the
two bridging oxo groups is quite narrow, with values of
71.00(9)8 (O7-Ba1-O9) and 71.12(9)8 (O7-Ba2-O9). The
enolate C	C bond lengths are somewhat shorter than typi-
cal (1.287(10 ä), though the moiety showing metal coordi-
nation is noticeably longer at 1.345(7) ä. This interaction
has only a slight effect on the enolate geometry, with O-C-C
angles of 126.65(9)8 for the p-interaction moiety and
129.12(9)8 for the uncoordinated. Each diphenylmethanide
anion is similar to those observed typically, exhibiting the
™50/50 flip∫ disorder model.[15]


When comparing the two enolate structures 3 and 4, it is
immediately apparent that they comprise an excellent exam-
ple of cation-directed geometry. The smaller strontium
cation has its coordination sphere comfortably filled by the
folded crown ether and bridging oxo groups, and no further
interactions are necessary. The larger barium congener, with
its higher tendency towards p-bonding requires considerably
more ligand and donor interactions to sterically saturate the
cation. As a result, compound 3 does not display the addi-
tional enolate coordination exhibited by 4, nor is any solvent
interaction necessary to fill the metal sphere. The clear
steric differences between the two compounds, including the
smooth change in metal±oxygen separations, O-M-O bite
angles, and bridging enol M-O-M angles are all related to
the differences in cation radius between strontium and
barium.


Conclusion


Two synthetic routes, hydrocarbon elimination and desilyla-
tion, were utilized to prepare two novel barium diphenylme-
thanides, one a contact molecule, the other displaying sepa-
rated ions. The contact molecule provides a rare example of
barium (sp3)-s bound to an organic ligand. While both
routes provided the target compounds in good yield and
purity, the frequent occurrence of ether cleavage reactions,
as evidenced through the isolation of two different enolate
derivatives, indicates that the high reactivity of the target
compounds will remain a challenge. While the mechanism
of the desilylation pathway is still under scrutiny, it appears
that this synthetic route will allow access to a larger group
of primary and secondary alkali and alkaline earth organo-
metallics.


Experimental Section


All reactions were performed with vigorous exclusion of water and
oxygen. The compounds Ba(C7H7)2, Sr(C7H7)2, and HCPh2SiMe3 were
prepared by literature methods.[16, 32] All other reagents and solvents were
purified by standard procedures. Due to the highly reactive nature of al-
kaline earth organometallics, elemental analysis, and IR spectra could
not be obtained. This is a well-known problem in alkaline earth chemis-
try.[1] 1H and 13C NMR spectra were recorded on a Bruker DPX
300 MHz spectrometer. The crystals were mounted on the diffractometer
as described previously.[33] The data were collected using a Bruker
SMART system, complete with three-circle goniometer and CCD detec-


tor as described earlier.[34] The crystal structures were solved using direct
or Patterson methods and were refined by full-matrix least-squares re-
finement on F2.[35] All non-hydrogen atoms were refined anisotropically.
CCDC-215610, CCDC-215611, and CCDC-215612 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.cam.uk).


[Ba(HCPh2)2([18]crown-6)] (1a): Solutions of Ba(C7H7)2 (0.43 g,
1.0 mmol) and [18]crown-6 (0.4 g, 1.54 mmol) in THF (15 mL) were pre-
pared. The benzylbarium solution was subsequently cooled to 0 8C and
diphenylmethane (0.4 mL, 2.2 mmol) was added dropwise. Then the
crown ether solution was added dropwise and the resulting reaction mix-
ture was stirred at 0 8C for 2 h, during which time a yellow precipitate
slowly developed. The solution was allowed to warm to room tempera-
ture, then heated gently to redissolve the precipitate. The resulting dark
brown solution was then stored at 	20 8C. Yellow-orange crystals formed
overnight. M.p. 138±141 8C; yield: 0.64 g, (72.7 %).


[Ba(HCPh2)2([18]crown-6)] (1b): Solutions of Ba(OtBu)2 (0.56 g,
2.0 mmol), SiMe3HCPh2 (0.5 g, 4.0 mmol), and [18]crown-6 (0.52 g,
2 mmol) in THF (10 mL) were prepared. The acid and crown ether solu-
tions were added to the barium mixture, followed by nBuLi (2.6 mL,
4.17 mmol) giving a deep orange, slightly turbid solution. This solution
was stirred at 25 8C for 4 h, warmed gently to dissolve all solids, filtered,
and the volume reduced to approximately 10 mL prior to slow cooling to
	20 8C. Yellow crystals formed over 24 h. M.p. 138±141 8C; yield: 0.64 g,
(72.7 %).


[Ba(HCPh2)2([18]crown-6)] (1a,b): 1H NMR (25 8C, [D8]THF): d=1.65
(t; THF) 3.49 (t; [18]crown-6 and THF), 4.20 (s; HCPh2), 5.66±7.05 (m;
phenyl); 13C NMR (25 8C, [D8]THF): d=42.02 (CHPh2), 71.26
([18]crown-6), 125.94, 126.31, 128.30, 128.70, 129.05 129.27 (phenyl); crys-
tal data for 1 are given in Table 4.


[Ba(hmpa)6][CHPh2]2 (2): Solutions of Ba(C7H7)2 (0.40 g, 1.0 mmol) and
HMPA (1.05 mL, 6.0 mmol) in THF (15 mL) were prepared. The benzyl-
barium solution was subsequently cooled to 	78 8C and diphenylmethane
(0.35 mL, 2.0 mmol) added dropwise. The HMPA was also added drop-
wise, and the solution was stirred at 	78 8C for 3 h, during which time a
deep orange precipitate slowly developed. The solution was allowed to
warm to room temperature, and then was heated gently to redissolve the
precipitate. The resulting dark reddish-brown solution was then stored at
	20 8C. Yellow-orange crystals formed overnight. M.p. 135±138 8C; yield:
0.60 g, (38.7 %); 1H NMR (25 8C, [D8]THF): d=1.78 (t; THF), 2.58 (m;
HMPA), 3.59 (t; THF), 4.25 (s; HCPh2), 5.66 (m; phenyl), 6.50 (m;
phenyl), 7.19 (m; phenyl); 13C NMR (300 MHz, 25 8C, [D8]THF): d=


26.55 (HMPA), 37.27 (CHPh2), 107.75, 117.94, 129.27, 147.27 (phenyl).


[{Sr([18]crown-6)(OC2H3)}2][HCPh2]2 (3): Solutions of Sr(C7H7)2 (0.28 g,
1.0 mmol), and [18]crown-6 (0.24 g, 1.0 mmol) in THF (15 mL) were pre-
pared. The benzylstrontium solution was subsequently cooled to 	78 8C
and diphenylmethane (0.35 mL, 2.0 mmol) was added dropwise. The re-
sulting solution was stirred at 	78 8C for 3 h, after which the crown ether
solution was slowly added. The reaction mixture was then allowed to
warm to 25 8C, and was stirred for a further hour at this temperature.
The solution was then filtered and the volume concentrated to approxi-
mately 5 mL. Yellow-orange crystals formed overnight: M.p. 130±135 8C;
yield: 0.20 g, (17.8 %); 1H NMR (25 8C, [D8]THF): d=3.47 (s; [18]crown-
6), 3.95 (s; HCPh2), 4.8 (d; enolate), 7.02±7.14 (m; phenyl), 7.35 (dd; eno-
late); 13C NMR (25 8C, [D8]THF): d=46.48 (CHPh2), 71.26 (crown),
125.41, 128.31, 129.27, 143.51 (phenyl), 126.31 (enolate), 141.55 (enolate);
crystal data for 3 are given in Table 4.


[{Ba([18]crown-6)(OC2H3)(thf)}2][HCPh2]2 (4): Solutions of Ba6(OtBu)12


(0.95 g, 0.5 mmol), HCPh2SiMe3 (1.5 g, 6 mmol), and [18]crown-6 (1.5 g,
6.0 mmol) in THF (15 mL) were prepared. nBuLi (3.4 mL, 5.44 mmol)
was added to the acid solution yielding a deep orange-red color. The
acid/lithium solution was added to the alkoxide suspension, causing an in-
stant dissolution of all solids. The crown ether solution was added, and
the mixture allowed to stir at 25 8C for 1 h. The resulting solution was
then filtered, the volume concentrated to approximately 5 mL, and the
resulting oily solution stored at 	20 8C. Yellow-orange crystals formed
overnight. M.p. 120±122 8C; yield: 1.12 g, (30.5 %); 1H NMR (25 8C,
[D8]THF): d=1.73 (m; THF), 3.47 (m; [18]crown-6), 3.59 (m; THF), 3.95
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(s; HCPh2), 4.70 (d; enolate), 5.52 (m; phenyl), 6.45 (m; phenyl), 7.15
(m; phenyl), 7.42 (dd; enolate); 13C NMR (25 8C, [D8]THF): d=42.76
(CHPh2), 71.73 (crown), 126.86, 129.26, 129.82, 142.25 (phenyl); enolate
peaks could not be located in the 13C NMR due to solubility issues; crys-
tal data for 4 are given in Table 4.


Note added in proof : A recent publication reports on the preparation of
dibenzylcalcium and its use in hydrocarbon elimination chemistry.[36]
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Synthesis and Supramolecular Association of Immobilized NCN-Pincer
Platinum(ii) Complexes on Hyperbranched Polyglycerol Supports


Salah-Eddine Stiriba,*[a, d] Martijn Q. Slagt,[b] Holger Kautz,[c]


Robertus J. M. Klein Gebbink,[b] Ralf Thomann,[c] Holger Frey,*[d] and
Gerard van Koten*[b]


Introduction


Immobilization of functional molecules on dendritic scaf-
folds in either a covalent or non-covalent fashion, and the
control of their supramolecular architectures have been a
subject of intense research in the last decade.[1] This is im-
portant to tailor the properties of the supramolecular mate-


rial. Supramolecular association based on dendritic architec-
ture can be useful to provide nanoscale dimensions. The in-
vestigation and elucidation of the shape of dendritic build-
ing blocks in both solution and in bulk is a crucial prerequi-
site to control their design, and to then fine-tune their
properties. In this context, the application of transition-
metal complexes in dendrimer chemistry as building blocks
or functional moieties has attracted specific interest.[2] Both
dendrimers and hyperbranched polymers functionalized
with catalytically active transition-metal complexes are
promising scaffolds with respect to catalyst recovery.[3] To
this end, it is essential to analyse the possible macro-archi-
tecture that results from aggregation of the dendritic blocks
bearing transition-metal complexes. In addition, dendrimers
and hyperbranched macromolecules are interesting for the
design of new materials with intriguing optical or electro-
chemical properties, and for diagnostic applications in medi-
cine.[4] Since dendrimers have to be prepared in tedious mul-
tistep syntheses, which is a limiting parameter for most
(large scale) applications, hyperbranched polymers offer a
promising alternative.[5] These hyperbranched polymers are
obtained in one-pot syntheses from branched ABm-type
monomers, which results in a randomly branched globular
polymeric structure with a broad molecular-weight distribu-
tion.[5a±e] Important recent progress in this field has been
made with the development of slow monomer-addition strat-
egies, which results in pseudo chain-growth and thus con-
trolled molecular weights of the polymers, which is deter-
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Abstract: Pertosylation of hyper-
branched polyglycerol (Mn=2000;
Mw/Mn=1.3) followed by partial dis-
placement of the tosyl groups with car-
boxylic acid functionalized NCN-pincer
platinum(ii) complexes [PtI-2,6-
(NMe2CH2)2C6H2-4-COOH], resulted
in covalent attachment of the NCN-
pincer complexes to the polyglycerol.
These functionalized hyperbranched
macromolecules have been character-


ized by 1H, 13C, and 195Pt NMR, UV-
visible, and IR spectroscopy. The pres-
ence of Pt and I atoms renders them


directly visible by transmission electron
microscopy (TEM) without staining
procedures, which offers images of as-
sociated hyperbranched macromole-
cules. TEM micrographs show disk-
shaped structures with a small size-dis-
tribution (15±20 nm), and characteristic
core-shell ring structures. The thickness
of the corona observed in TEM could
be correlated with the substitution
degree with pincer platinum moieties.


Keywords: aggregation ¥
hyperbranched polymer ¥
immobilization ¥ platinum
complexes ¥ supramolecular
chemistry ¥ transmission electron
microscopy
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mined by the monomer to initiator ratio. In this regard,
anionic ring-opening multibranching polymerization
(ROMBP) of glycidol results in a well-defined hyper-
branched polyglycerol, which can be tailored in terms of
core functionality and molecular weight.[6] The narrow poly-
dispersity of these materials (1.3<Mw/Mn<1.5), and the
flexibility of the chemically inert polyether structure, allows
further specific functionalization.[7] To date, there are only
few reports on the attachment of catalytically active transi-
tion-metal complexes to hyperbranched polymers.[1c] In pre-
vious work, an approach to hyperbranched polycarbosilanes
functionalized with aryldiamine palladium(ii) complexes has
been established by our group.[8] The soluble macromolecu-
lar multisite catalyst obtained was as catalytically active as
its carbosilane dendrimer analogue, and was suitable for
continuous membrane applications.
Apart from being catalytically active compounds or


sensor materials, organometallic NCN-pincer complexes
(NCN-pincer=2,6-bis[(dimethylamino)methyl]phenyl
anion) are attractive building blocks, since they can be pre-
pared with various para-substituents as anchoring moieties
for immobilization purposes.[9,10] Covalent introduction of
these transition-metal complexes is also of interest in view
of visualization and imaging of dendritic polymers by trans-
mission electron microscopy (TEM). The electron-rich
metal ions in the polymer structure create enhanced contrast
and should permit direct visual-
ization of isolated polymer mol-
ecules or supramolecular struc-
tures.[11]


To date, only few molecular
images of dendritic macromole-
cules have been published, be-
cause their size range (2±10 nm
for dendrimers) and noncon-
trasting organic composition
renders resolution by TEM to
be very difficult. Moreover, the
application of staining techni-
ques to such small structures is
not trivial.[12] Here, we report a
synthetic approach, in two steps
for NCN-pincer platinum(ii)-
substituted polyglycerols ob-
tained by nucleophilic displace-
ment of a tosylated polyglycerol
by the potassium carboxylate of
a platinated NCN-pincer pre-
cursor, in order to prepare
platinated hyperbranched cata-
lysts. The platinated hyper-
branched polyglycerols have
been directly visualized by
TEM, and compared to shape-
persistent multi NCN-pincer
platinum complexes with re-
spect to size and structure.


Results


Synthesis : Tosylation of the hydroxyl groups of PG25 (1)
(Mn=2000; Mw/Mn=1.3) was carried out by using two
equivalents of para-tosyl chloride for each hydroxyl group
at 80 8C, which resulted in the pertosylated polyglycerol
P(G25Tos1) (2) (Scheme 1).[13] This compound was further
purified by dialysis in chloroform. The purity and molecular
weight were confirmed by 1H and 13C{1H} NMR, IR, UV-
visible spectroscopy, and elemental analysis. The tosylated
material was completely and homogenously soluble in
apolar solvents, in contrast to the hydrophilic starting mate-
rial.
Grafting of the NCN-pincer platinum(ii) complexes was


achieved by nucleophilic displacement of the tosylate
groups by carboxylated NCN-platinum(ii) complexes. The
platinated NCN-pincer carboxylic acid (4)[10] was deproto-
nated for this purpose by treatment with potassium tert-but-
oxide (tBuOK) in THF. The potassium carboxylate 5 imme-
diately precipitated from the solution (Scheme 2). Based on
the number of tosylate groups per polyglycerol, which is ap-
proximately equal to its DPn (degree of polymerization)
(n=25), we treated 2 with an excess of 5 in DMF at 80 8C
(Scheme 1).
Irrespective of the excess of 5 (10±100%) employed in


the substitution reactions, only 50% of the available tosylate


Scheme 1. Synthesis of the pertosylated hyperbranched polyglycerol 2 followed by partial substitution of tosyl
groups with NCN-pincer platinum(ii) carboxylates to afford 3.
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groups could be replaced by the organometallic carboxylate,
which afforded the modified hyperbranched polymer 3
(Scheme 1). Organometallic polymer 3 is constructed from
25 monomer units, with 50% of its hydroxyl groups substi-
tuted by NCN-pincer platinum iodide units, and 50% re-
maining tosyl groups. Thus, each modified polyglycerol mol-
ecule contains on average 12.5 platinum sites and 12.5 tosy-
late groups. Unreacted compound 5 was removed from 3 by
repeated liquid±liquid extractions with water, and subse-
quent dialysis, MWCO (molecular weight cut off) =1000 D,
by using chloroform. Finally,
separation by preparative SEC
(size exclusion chromatogra-
phy) equipped with a UV-visi-
ble detector was performed in
order to study the fractions of
different molecular weight with
respect to their degree of NCN-
pincer platinum substitution,
and supramolecular-structure
formation. The corresponding
SEC diagram with the fractions
sampled is shown in Figure 1.
Apparently, both aqueous ex-
tractions, and dialysis of the
crude coupling product were
not sufficient enough to com-
pletely remove unreacted 5.


The immobilized platinum (ii) iodide complexes could be
converted in their cationic aqua complexes by dehalogena-
tion upon treatment with AgBF4. The activity of dehaloge-
nated 3[14] in the double Michael addition of two equivalents
of methyl vinylketone to ethyl cyanoacetate as a model re-
action has been tested. The observed reaction-rate for mac-
romolecule 3 (191î10�3 h�1) was relative to that of a nonim-
mobilized pincer-complex [Pt(OH2)NCN]


+BF4
� (280î


10�3 h�1). Separation of products and catalyst 3 after full
conversion was achieved conveniently by dialysis against
neat dichloromethane. The catalytic material (7.3 mg,
0.65 mmol) was recovered in near quantitative yields (92%).


TEM characterization : TEM images of the platinum(ii), that
contained macromolecule 5 were obtained by depositing a
dilute solution on carbon-coated electron microscopy grids,
followed by evaporation of the solvent. The presence of the
platinum and iodine atoms in the hyperbranched materials
renders them directly visible by TEM, and leads to the pos-
sibility to study their aggregation behavior and supramolec-
ular structures in more detail. Figure 2 represents the TEM


image obtained for a sample of 5 prior to fractionation, and
shows the presence of particles in the size range of 10±
25 nm.
In order to obtain a more detailed insight, fractions ob-


tained from preparative SEC were employed in the TEM
studies.[15] Figure 3a and b show the noncontrasted images of
two typical fractions (fraction II and fraction IV) of the Pt-
loaded hyperbranched polymers. For these, and all other
samples studied, a remarkable narrow size distribution of
the nanostructures was observed.
For comparison we also studied the earlier reported[16]


rigid dodeca-platinated NCN-pincer complex 6 as depicted.
This complex has a calculated diameter of 3.2 nm (from
MM2 calculations) and is a monodisperse compound, in
contrast to the hyperbranched polymers that possess quite
narrow, yet non-negligible molecular-weight distributions. A
TEM-image of 6, together with the corresponding histogram
is shown in Figure 4.


Scheme 2. Synthesis of the potassium carboxylate NCN-pincer platinum
complex 5.


Figure 1. Preparative SEC traces of the separation and fractionation of 3.


Figure 2. a) TEM image of 3 before SEC fractionation and b) histogram of the particle size distribution.
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Discussion


Synthesis : Hyperbranched polyglycerols possess terminal
and internal hydroxyl groups, which can be functionalized
through several routes.[7] Esterification with acyl chlorides in
a mixture of pyridine/toluene affords partially esterified poly-
glycerols that have been demonstrated to form compact
™nanocapsule∫ structures in apolar media.[7a, e,1h] This direct
substitution route turned out to be impractical for the intro-
duction of the pincer complexes, since the corresponding
acyl chloride of 4 was prepared in low yields, and had to be
reacted with polyglycerol under harsh reaction conditions.
We therefore turned to an alternative strategy, that is, the


preparation of an activated poly-
glycerol derivative with easily dis-
placeable tosyl groups. Full tosyla-
tion was confirmed both by NMR
spectroscopy, and the disappear-
ance of the OH-band in the IR
spectra. Surprisingly, substitution
of the tosylate groups on 2 with 5
did not result in the formation of a
fully platinated polyglycerol poly-
mer. No evidence was found for
preferential substitution of either
primary or secondary tosylate
groups of the tosylated hyper-
branched polyglycerols. We tenta-
tively explain the incomplete sub-
stitution by excessive steric crowd-
ing of the bulky pincer system,


which disabled complete substitution.


1H-, and 195Pt NMR spectroscopy, and UV-visible analysis :
1H NMR spectra of 3 clearly show partial replacement of
the tosylate groups by NCN-pincer platinum groups. While
the intensity of the signals originating from the tosylate
groups, located at 7.78, 7.36 (ArH) and 2.45 ppm (CH3) de-
creased, new signals appeared at 7.56 (ArH), 4.07 (CH2N),


and 3.19 ppm (NMe2), which is
typical of platinated NCN-
pincer complexes. The degree
of substitution was determined
to be 50% by the relative in-
tensity ratios of these signals.
The 3JPt�H couplings of 4 with
the NMe2 (28.8 Hz) and CH2N
(39.0 Hz) protons in the 1H
NMR spectra were not fully
resolved in spectra of 3, due to
broadening of the signals
caused by the immobilization
on a polymeric support. 195Pt
NMR spectroscopy clearly
showed the presence of one
discrete platinum(ii) site, which
originated from the immobi-
lized NCN-pincer complexes
as a single resonance at


�1914 ppm. For comparison, carboxylic acid 4 showed a sin-
glet located at �1899 ppm in the 195Pt NMR spectrum. UV-
visible spectroscopic analysis of tosylated polyglycerol 2 in
chloroform showed an absorption band at 262 nm (e�
105m�1). In the spectra (UV/Vis) of 3 an additional band
shows up at 324 nm (e�105m�1), which originates from the
NCN-pincer platinum moieties covalently linked to the poly-
mer. For comparison, the NCN-pincer platinum carboxylate
4 exhibits an absorption band located at 326 nm (e�
104m�1). Furthermore, in the spectra (UV/Vis) of 2 and the
polyplatinated polymer 3, the shoulder of an additional ab-
sorption band with its maximum located below 225 nm was
visible.


Figure 3. a) TEM image of fraction II after SEC separation and b) TEM image of fraction IV after SEC
separation.


Figure 4. a) TEM image of the dodecaplatinum(ii) pincer 6 and b) histogram of particle size distribution.
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TEM characterization : In contrast to dendrimers, molecular
images of hyperbranched macromolecules have not yet been
reported. The introduction of heavy atoms (Pt, I) on the
polyglycerol backbone permits imaging of molecular or de-
fined supramolecular structures of the materials by TEM
without staining procedures. The platinum(ii) atoms are co-
valently bonded to the aryl carbon atom in the stabilizing
coordination environment of the NCN-pincer ligand. This in
turn is covalently linked to the polyglycerol structure, there-
by ensuring that the metal is attached to the hyperbranched
polyglycerol support and cannot leach from the material
without cleavage of the ester bond.
In the TEM image of 3 (Figure 2), prior to fractionation


by SEC, the functionalized hyperbranched polymers appear
as dark spots in the range of 10±25 nm. Since the size of
single hyperbranched macromolecules is expected to be in
the range of 5±10 nm based on the molecular modeling of
their three dimensional structures, by considering surface in-
teraction and consequent flattening of the structures, these
metal-rich particles are due to the association of the macro-
molecules, not unimolecular species. SEC revealed that the
sample still contained unreacted 5, which is expected to be
accommodated in the polyglycerol core of the hyper-
branched polymeric aggregates, which resulted in the ob-
served problems when attempting to remove this material
by dialysis, and repeated washing with aqueous solution.
The TEM-images of the SEC fractions II and IV (Figure 3a
and b) show particles of rather narrow polydispersity. In
many cases, an unusual core-shell-type substructure with
lighter cores and darker corona is observed. In view of the
smaller size of single hyperbranched macromolecules, we in-
terpret the core-shell structures as collapsed micellar aggre-
gates of the functionalized hyperbranched polymers. The ob-
served core-shell separated structure can be attributed to
differences in polarity between the polyglycerol backbone
and the NCN-pincer platinum(ii) moieties mainly located in
the periphery. In the less contrasting core of the structures
only the polyether scaffold is present, while in the dark
corona of the core-shell assemblies the NCN-pincer plati-
num(ii) complexes dominate. An intuitive two-dimensional
projection that can account for the observed core-shell-sepa-
rated structure is given in Scheme 3.
An additional feature shown in Figure 3a and b is an in-


crease in the size of the dark corona for the higher molecu-
lar-weight fractions. The TEM image of fraction II (Fig-
ure 3a) shows dense coronas, while for the lower molecular-


weight fraction IV (Figure 3b) less contrasted coronas are
observed. The molecular weight of the functionalized poly-
glycerol (molecular weight of 2 amounts to 5800 D) is highly
dependent on the substitution degree with relatively heavy
NCN-pincer complexes (molecular weight of 5 equals
557.3). The thickness of the corona can thus be correlated
with the degree of polyglycerol substitution. With an in-
crease in the degree of substitution, the size of the NCN-
pincer platinum(ii) rich corona increases. We tentatively
conclude that the unusual aggregation of 3 is a consequence
of the flexible polar structural core of the hyperbranched
polyglycerols. In order to rationalize the behavior of NCN-
pincer platinum species in TEM studies, a previously descri-
bed NCN-pincer Pt-loaded dendrimer loaded scaffold 6 was
also investigated. The TEM image of 6 (Figure 4a) shows
this dodeca-platinated NCN-pincer species as roughly spher-
ical dark spots, which in certain cases assemble to irregular-
shaped aggregates. This irregular aggregation is most likely
to be attributed to the TEM sample preparation. The parti-
cle size of the individual black dots, as can be deduced from
the histogram (Figure 4b), is in the range of 5±10 nm. As
shown in Figure 4, no core-shell-type supramolecular organi-
zation similar to 3 is observed. Both TEM studies clearly
show that the attached NCN-pincer platinum species can be
applied conveniently for the imaging of small (dendritic)
molecules and their supramolecular structures by TEM,
without the need for staining procedures. The broad range
of available para-substituted NCN-pincer complexes[10]


makes their (covalent) attachment to virtually any (organic)
scaffold feasible, which allows electron microscopic studies
to be performed.


Conclusion


The activation of hyperbranched polyglycerols through tosy-
lation was found to be an efficient method to produce suit-
able starting materials for further functionalization. The nu-
cleophilic displacement of the tosyl groups by NCN-pincer
platinum(ii) carboxylate (5) gives access to a new polyorgano-
metallic polyglycerol polymer 3 with discrete platinum(ii)
sites. The presence of the covalently bound heavy platinum
and iodine atoms in this polyorganometallic material, al-
lowed visualization of organized supramolecular structures
by TEM without the need to use staining techniques; which
shows core-shell type aggregates. To the best of our knowl-


Scheme 3. Two-dimensional projection model for the core-shell micelle structure of aggregation for 3.
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edge, this is the first time that transition-metal complexes
have been linked to a hyperbranched polyether backbone,
and TEM has been applied to study the size and shape of
such species.


Experimental Section


All reactions were performed under an inert argon atmosphere. Polygly-
cerol 1 (DPn=25, Mn=2000, Mn/Mw=1.3) was prepared as reported pre-
viously,[6a] by using trimethylolpropane (TMP) as an initiator. NCN-
pincer platinum complex 4[10] and the dodecaplatinum(ii) pincer dendrim-
er 6[16] were prepared according to literature procedures. Pyridine was
distilled from KOH, toluene, and DMF was distilled from calcium hy-
dride; all other solvents were used without further purification. p-Tosyl
chloride and tert-butoxide potassium were purchased from Aldrich. Ben-
zoylated cellulose tubing for dialysis (MWCO=1000 D) was obtained
from Sigma.
1H NMR and 13C{1H} NMR spectra were obtained from solutions in
CDCl3 on a Bruker ARX 300 spectrometer operating at 300 and
75.4 MHz, respectively. 159Pt{1H} NMR spectra were measured by using a
Varian Inova 300 from solutions in CDCl3. IR spectra were recorded on
a Bruker Vector 22 spectrophotometer, by using thin polymer films on
KBr disks. UV/Vis spectra were obtained by using a Perkin±Elmer
Lambda 2 spectrophotometer. Preparative GPC (gel permeation chroma-
tography) was carried out on an MZ-Gel Sdplus column (250î40 mm)
by means of THF (p.a.) as eluent. The separation of the samples was
monitored by using a variable wavelength monitor at 320 nm with a flow
of 5 mLmin�1.


TEM measurements : TEM analyses were carried out on a LEO 912
Omega apparatus by using an acceleration voltage of 120 kV. Samples
were prepared by applying a drop of the THF solvated organometallic
macromolecule 3 to a carbon-coated grid, followed by drying the sample
in air. Samples were generally not stained.


Tosylated polyglycerol 2 : p-Toluene sulfonic acid chloride (25.7 g,
135 mmol) in pyridine (150 mL) at 50 8C was added dropwise to a solu-
tion of dried hyperbranched polyglycerol (DPn=25) 1 (5 g, 67.5 mmol of
OH groups) in pyridine (100 mL). The resulting mixture was stirred at
80 8C for 3 h. After cooling to room temperature chloroform (200 mL)
was added, and the solution was poured onto a mixture of ice and HCl
solution (100 mL of 10n). The organic layer was separated, washed three
times with water, and dried over Na2SO4. The product was transferred to
benzoylated cellulose tubing for dialysis in chloroform overnight. Chloro-
form was removed under vacuum pressure, and the product was dried
under vacuum, yielding a yellowish oil (70%). 1H NMR (300 MHz,
CDCl3): d=1.19 (t, 3H; CH3, initiator TMP), 2.32 (s, 3H; CH3, tosylate),
2.34 (s, 3H; CH3, tosylate), 3.37±3.95 (m, br, polyether scaffold), 3.97±
4.04 (q, 2H; CH2, initiator TEM), 4.45±4.58 (brm, polyether scaffold),
7.23±7.26 (m, 4H; tosylate), 7.64±7.70 ppm (m, 4H, tosylate); 13C{1H}
NMR (75.4 MHz, CDCl3): d=14.5 (CH3, TEM), 21.5 (CH3, tosylate),
66.7, 67.1, 67.26, 68.0, 68.7, 69.7, 71.4, 77.2, 77.4, 127.6, 128.5, 129.8, 132.0,
132.5, 132.8, 132.9, 133.1, 133.6, 139.2, 143.4, 144.5, 144.8, 145.1 ppm; IR
(KBr): u=1595 (C�H aromatic), 1494 (C�H aromatic), 1453 (C�H sat),
1420±1330 (S=O), 1200±1145 (S=O), 1170 cm�1 (C�O). UV/Vis (CHCl3):
lmax (e)=334 nm; elemental analysis calcd (%) C 52.38, H 5.71, S 13.98;
found: C 52.33, H 5.15, S 12.85.


Synthesis of pincer complex 5 : A stoichiometric amount of KOtBu
(0.10 g, 0.90 mmol) in THF (20 mL) was added at once to a solution of 4
(0.50 g, 0.90 mmol) in THF (50 mL). A solid precipitated immediately
upon addition. The product was isolated by centrifugation, and washed
twice with THF (15 mL) to afford 5 as an off-white solid. The solid was
used directly in the substitution reactions with tosylated polyglycerols.


Synthesis of polyorganometallic polyglycerols 3 : Compound 5 (1.1±
2.0 equivalents per DPn) was added at once to a solution of tosylated poly-
glycerol (0.2±0.5 g) in DMF (20 mL). The solution was heated at 80 8C
for 16 h, followed by removal of all volatiles in vacuum. The brownish
residue was redissolved in dichloromethane and washed twice with
NaOH (1m) and brine. The solution was dried over MgSO4, concentrated
to 5 mL, filtered over Celite, and dialyzed against neat dichloromethane


(250 mL) to afford a brownish solid. The product was then dissolved in
THF and purified with preparative GPC by using THF as an eluent. A
yellow fraction was first isolated which corresponded to compound 3
with 50% tosylated and 50% substituted with 5 (50%). The second frac-
tion was discarded, since it corresponded to the free-platinum pincer
complex 5.


Compound 3 : Mn=10541; 1H NMR (300 MHz, CDCl3) d=2.41 (3H;
CH3 tosylate), 3.19 (12H; NMe2 pincer), 4.07 (4H; CH2N pincer), 5.4±3.0
(m, PG), 7.32 (2H; ArH tosylate), 7.56 (2H; ArH pincer), 7.77 ppm
(2H; ArH tosylate); 13C{1H} NMR (75.4 MHz, CDCl3) d=130.2, 155.0,
144.1, 127.9, 125.2, 120.1, 77.3, 81±78, 74±68, 55.1, 42.7 ppm; 159Pt{1H}
NMR (64.4 MHz, CDCl3) d=�1914; IR (KBr): u=1720 (C=O), 1420±
1330 cm�1 (S=O); UV/Vis (CHCl3): lmax (e)=262, 324 nm.


Conditions for double Michael addition : Ethyl cyanoacetate (1.6 mmol)
was added at once to a solution of methyl vinyl ketone (4.8 mmol),
EtiPr2N0 (16 mmol), and catalyst (1 mol%) based on its [Pt] content
(12.5 sites for 3) in 5 mL CH2Cl2. The mixture was stirred at room tem-
perature, and 100 mL aliquots for 1H NMR spectroscopy analysis were
taken in the course of the reaction. Full conversion of 3 was recovered
from the product mixture by dialysis against neat dichloromethane
(250 mL) for 48 h. The catalytic materials and products were recovered
separately in near quantitative yields (92%).
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AlIII Ion Complexes of Saccharic Acid and Mucic Acid:
A Solution and Solid-State Study


Andrea Lakatos,[a] Roberta Bertani,*[b] Tamas Kiss,*[a, c] Alfonso Venzo,[d]


Maurizio Casarin,[e] Franco Benetollo,[f] Paolo Ganis,[d] and Donata Favretto[d]


Introduction


The coordination chemistry of AlIII ions with naturally-oc-
curring ligands has broadened rapidly in recent years, be-
cause of its environmental and medical applications. Interest


in the solution speciation of these systems is also increasing
as such information could provide a basis for a better under-
standing of the distribution, transport, and toxicity of AlIII


ions both in the environment and in humans.[1] The involve-
ment of AlIII ions in Alzheimer×s disease is still a controver-
sial issue.[2]


AlIII, as a typical hard-metal ion, prefers the coordination
of oxygen donors, especially negatively-charged ones, such
as carboxylates, phenolates, alcoholates, and phosphates.[3]


(Poly)hydroxy(poly)carboxylates, including citric acid,[4,5]


tartaric acid,[6,7] gluconic acid[8] and sugar carboxylates,[8±10]


are strong AlIII ion binders that are able to prevent the hy-
drolysis of the metal ion under physiological conditions. AlIII


ions have a strong tendency to promote deprotonation of
weakly acidic alcoholic OH groups in hydroxycarboxylic
acids,[3] even in the acidic pH range. Indeed, this is how AlIII


ions form stable complexes with this ligand group. Polyden-
tate coordination of such ligands results in the formation of
oligonuclear complexes in which alcoholate and carboxylate
oxygen atoms can behave as bridging donors. For example,
under thermodynamic equilibrium conditions citrate forms
trinuclear complexes over a wide pH range.[5] Tartaric acid
(ta), which is a C4 aldaric acid, has been found to form pre-
dominantly dinuclear complexes in various protonation
states ([Al2(taHn)2] n=0 to �2) in the pH range 3.5±7.[6] In
the fully deprotonated complex [Al2(taH�2)2]


2�, the metal
ions are bridged by two quadridentate (4�) ligands in a 4î
(COO� ,O�) binding mode, but the O� moieties undergo
gradual protonation. The binding mode of the dimeric spe-
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Abstract: The AlIII-binding abilities of
two aldaric acids, d-saccharic acid and
mucic acid (the neutral form is denoted
as H2L), were studied in solution by
means of pH potentiometric, 1H and
13C NMR, and ESI-MS techniques. The
most probable conformations and iso-
meric binding modes of the complexes
formed in solution were determined by
density functional theory (DFT) calcu-
lations. A solid d-saccharic acid com-


plex K2[{Al(LH�2)(H2O)}2]¥H2O was
isolated and crystallographically char-
acterised. The two alcoholic hydroxy
groups a to the terminal COO� groups
were found to take part in the coordi-


nation, but in different ways. One of
them coordinates in a bridging mode.
Detailed ESI-MS and NMR studies
proved that the complex retains its
structure in solution. However, de-
pending on the ligand and the pH, such
complexes may exist in two isomeric
forms. DFT calculations on the ion
[{Al(LH�2)(H2O)}2]


2� revealed that
several orbitals participate in stabiliz-
ing the dimeric arrangement.


Keywords: aluminum ¥ carbohy-
drates ¥ coordination modes ¥
Density functional calculations ¥
structure elucidation
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cies has been confirmed by multinuclear NMR studies.[6] In-
terestingly, the mononuclear tris complex [Al(taH�2)3]


9� has
also been detected by NMR spectroscopy in the basic pH
range, but was not observed by pH potentiometry. The note-
worthy stability and symmetry of this complex has been as-
cribed to the formation of successive hydrogen bonds
through the remaining protonated hydroxy groups of each
ligand molecule.[6]


The complexation of C6 aldaric acids with AlIII ions has
received relatively little attention. In an early potentiometric
work[8] only the occurrence of mononuclear complexes was


considered for the AlIII/glucaric (d-saccharic) acid (see Fig-
ure 1a) system. More recently, Venema et al.[9] detected sim-
ilar predominant dimeric complexes to those discussed
above in the mixed metal-ion system AlIII±glucarate±CaII. In
this complex the negatively charged carboxylate and alco-
holate O-donors participate in the binding, and some of the
alcoholates behave as bridging donors between the AlIII and
CaII centres. To the best of our knowledge, metal complexa-
tion reactions of galactaric (mucic) acid (see Figure 1b), an-
other C6 aldaric acid isomer, have not been reported so far.


The aim of the present work was to clarify the solution
speciation and structure of complexes formed in the AlIII/
saccharic and AlIII/mucic acid systems through the use of pH
potentiometry, multinuclear NMR spectroscopy and ESI-
MS spectrometry. Moreover, as it was isolated in the solid
state, the X-ray structure of K2[Al2(C6H6O8)2(H2O)2]¥H2O
was determined. Finally, further insight was obtained into
the charge distribution and metal±ligand interactions of
[Al2(C6H6O8)2(H2O)2]


2� by running density functional quan-
tum mechanical calculations. The present detailed studies
may provide general information on the versatile binding
properties of the alcoholic OH/O� group in sugar deriva-
tives through the formation of mononuclear and dinuclear
complexes that involve coordination isomers.


Results and Discussion


Potentiometric results : Potentiometric titrations of the li-
gands indicate the existence of overlapping stepwise depro-
tonations of two acidic protons from the two carboxylic
groups of each ligand. The protonation constants are listed
in Table 1. If the rather large differences in the experimental
conditions (the ionic strength and the type of electrolyte
used) are taken into account, these values are in fairly good


agreement with those reported in the literature: 3.96 and
3.18 at 25 8C and 0.1m KNO3,


[11] and 4.1 and 3.14 at 25 8C
and 1.0m KNO3


[8] for saccharic acid; and 3.63 and 3.08 at
25 8C and 1.0m NaNO3


[12] for mucic acid.
The AlIII±ligand titration data were evaluated on the basis


of literature results. As mentioned above, Motekaitis and
Martell[8] assumed a very simple complexation model for the
AlIII/saccharic acid system. They proposed a mononuclear
1:1 species of [AlLH�1] and [Al(LH�2)]


� . When this assump-
tion was used in our calculations, a rather poor fit was ob-
tained between the experimental and the calculated titration
curves in both systems. In a potentiometric investigation of
the AlIII-binding capabilities of tartaric acid (a ligand with
similar coordination possibilities to those of saccharic and
mucic acid), Marklund and ÷hman[7] demonstrated the for-
mation of dinuclear complexes. When their speciation
model was adopted to our systems, the fitting parameter im-
proved by one order of magnitude in comparison with the
mononuclear model. The sharp increase in the titration
curve at around pH 6 indicates that a species with stoichi-
ometry [AlLH�2]n is predominantly formed. Formation of
2:2 AlIII±ligand complexes has also been demonstrated in an
aqueous solution of AlIII ions, CaII ions, and saccharic acid.
Here the dimeric AlIII/saccharic acid complex binds one or
two CaII ions.[9] These results and observations suggest that a
model that includes dinuclear complexes could give the cor-
rect speciation for these systems. The best fit between the
experimental and the calculated titration curves was ob-
tained when the species and stability constants listed in
Table 1 were used. The species distributions for the com-
plexes formed in the two systems as a function of pH are de-
picted in Figures 2 and 3. The most characteristic species in
both systems is the dimeric complex [Al2L2H�4]


2� ; this is
formed in the slightly acidic and neutral pH range. In the
AlIII/mucic acid system under more acidic conditions
(pH 3.8), in which Al3+ is a dominant species, the protonat-
ed species [Al2L2H�3]


2� also exists in a rather small amount.
On the other hand, there is a well defined equilibrium be-
tween the AlIII ion and saccharic acid in the same pH range;
this results in the formation of [Al2L2H�4]


2�, as evidenced by
NMR spectroscopy. Decomposition of the dimer
[Al2L2H�4]


2� occurs in basic solutions to furnish the mono-


Figure 1. Open chain forms of the ligands in which the carbon atoms are
numbered: a) d-saccharic acid and b) mucic acid.


Table 1. Stability constants for proton [logK] and AlIII ion complexes
[logb] of saccharic acid and mucic acid at 25 8C and I=0.2m (KCl).


logK/logb
Species Saccharic acid Mucic acid


K([HL]�) 3.93(2) 3.91(2)
K([H2L]) 3.07(2) 3.06(3)


[AlLH]2+ 6.24(10) 6.01(10)
[AlL]+ 3.45(5) 3.36(7)
[AlLH�3]


2� �11.05(2) �11.20(2)
[Al2L2H�2] 4.97(3) 3.14(12)
[Al2L2H�3]


� 2.11(2) 0.02(8)
[Al2L2H�4]


2� �1.94(2) �3.42(2)


fitting [Dcm3][a] 0.0102 0.00670
no. of points 363 282


[a] The average difference between the experimental and the calculated
titration curves expressed in the volume of the titrant.
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nuclear complex [AlLH�3]
2� ; this is most probably a mixed


hydroxo species. Accordingly, further investigations were
primarily focused on characterisation of the predominating
dimeric complex [Al2L2H�4]


2�.


NMR spectroscopic studies


AlIII/saccharic acid : The
1H NMR spectrum of saccharic
acid at pH 5.5 exhibits four
multiplets: two doublets for
H2 and H5, and two doublet of
doublets for the H3 and H4
methine protons. The accurate
assignment of the signals is
based on the results of Van
Duin et al.,[13] who used [2-
2H]saccharic acid. The chemi-
cal shift values and coupling
constants measured at pH 5.5
are listed in Table 2.


The six carbon resonances
for the ligand were assigned by
two- dimensional H�C correla-
tion measurements (see
Table 2). Both the 1H and
13C NMR signals display con-


siderable upfield shifts as pH increases. This is due to depro-
tonation of the carboxylic acid functions.


The 1H and 13C NMR spectra recorded between pH 5.5
and 7.5 of a sample that contains AlIII ions and saccharic
acid (0.08m) in a molar ratio of 1:1 indicates the presence of
a single species (denoted B); this is in close agreement with
the potentiometric data (cf. Figures 2 and 4d). However,


Figure 2. Species distribution curves as a function of pH in the AlIII/sac-
charic acid system at a ratio of 1:1, cAl=0.002m.


Figure 3. Species distribution curves as a function of pH in the AlIII/
mucic acid system at a ratio of 1:1, cAl=0.002m.


Table 2. Characteristic NMR parameters in aqueous solution at 25 8C for free saccharic and mucic acid and
their complex [Al2L2H�4]


2�.


Sample 1H chemical shifts [ppm] J(H,H) [Hz]
H2 H3 H4 H5 3J(2,3)


3J(3,4)
3J(4,5)


4J(2,4)


saccharic acid pH 5.5
free ligand 4.159 4.081 3.948 4.137 3.05 4.64 4.65 ±
[Al2L2H�4]


2� 4.222 4.112 3.977 4.543 3.67 4.65 0.98 ±


mucic acid pH 5.6
free ligand 4.265 3.957 3.957 4.265 0.11 0.66 0.11 ±
[Al2L2H�4]


2� (A) 4.034 3.838 4.171 4.438 4.14 2.53 1.09 0.73
[Al2L2H�4]


2� (B) 4.039 3.893 4.248 4.419 4.15 2.45 0.98 0.76


13C chemical shifts [ppm]
C1 C2 C3 C4 C5 C6


saccharic acid pH 5.5
free ligand 182.99 78.08 76.04 78.09 77.92 182.85
[Al2L2H�4]


2� 186.53 77.34 77.71 79.53 74.63 185.35


mucic acid pH 5.6
free ligand 183.84 75.72 76.00 76.00 75.72 183.84
[Al2L2H�4]


2� (A) 187.42 77.27 80.95 79.96 77.10 184.50
[Al2L2H�4]


2� (B) 188.41 77.36 80.69 79.22 77.17 184.80


Figure 4. 1H NMR spectra obtained for the AlIII/saccharic acid system at
a ratio of 1:1 and at pH values of: a) 2.5, b) 3.0, c) 4.0, d) 5.5, e) 6.1 and
f) 7.5. A and B represent the two isomers observed for species
[Al2L2H�n], while M represents species [AlLH�3] (see text).
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NMR spectroscopy does not provide direct evidence for the
nuclearity of the complex. Other techniques such as ESI-MS
and X-ray crystallography (vide infra) were used to unam-
biguously prove the formation of the dimeric species
[Al2L2H�4]


2� in this pH range.
In the 1H NMR spectrum only four signals are observed.


Clearly, this indicates that the two mononuclear moieties
are magnetically equivalent. The shapes of the signals differ
significantly from those observed for free saccharic acid at
the same pH. In particular, there are large differences in the
3J(H,H) coupling constants. On the basis of the Karplus equa-
tion,[14] the geometric arrangement of saccharic acid must be
modified substantially upon coordination with the AlIII ion.
The very low 3J(H,H) value between H4 and H5 (see Table 2)
indicates a dihedral angle close to 90o; this suggests that the
binding mode of the molecule is rather rigid. The same dihe-
dral angle can be seen between the protons attached to C4
and C5 in the crystal structure of [Al2L2H�4]


2� (vide infra).
Thus, the signal at 4.543 ppm was attributed to H5 and
serves as the starting point for assignment of the signals
made by means of two-dimensional measurements. (The
1H±13C heterocorrelated spectrum recorded at pH 5.5 is de-
picted in Figure S1 in the Supporting Information.) The
NMR parameters for species B are listed in Table 2. The
considerable downfield shift of the H2 (Dd=0.063 ppm) and
H5 (Dd=0.406 ppm) signals relative to those for the free
ligand (see Table 2) suggests that apart from the two carbox-


ylates (the 13C resonances of which are also shifted down-
field considerably upon complexation), the 2- and 5-hydroxy
groups may also be involved in the coordination of the AlIII


ion. A binding mode similar to that proposed by Venema
et al.[5] for a 2:2 AlIII ion complex of tartaric acid can also be
expected in this system.


When the pH is lowered from 5.5 to 2.5, the intensities of
the resonances ascribed to the dimeric complex [Al2L2H�4]


2�


decrease and a new set of signals with a similar arrangement
and multiplicity appear at higher d values (see Figure 4).
The 1H±13C heterocorrelated NMR spectrum for the 1:1
AlIII/saccharic acid system at pH 3 is given in Figure S2 in
the Supporting Information. Moreover, a considerable


downfield shift of both sets of signals, A and B (see
Figure 4), is observed with decreasing pH. This means that
both A and B are the weighted average resonances of the
complexes, and that they experience a fast proton exchange.
Thus, taking into account the potentiometric results, the set
of signals for B, which exist in a wider pH range (pH 2±6),
may be attributed to the dimeric complex [Al2L2H�4]


2� and
its protonated forms [Al2L2H�3]


� and [Al2L2H�2] . These last
complexes have structures similar to that of [Al2L2H�4]


2�,
but one or more of the coordinated hydroxy groups are pro-
tonated. Assignment of the signals for A is not so unambig-
uous. There are two possibilities: 1) there is a monomer±
dimer equilibrium and the new signals are those of the mo-
nomeric complexes or 2) a different coordination isomer of
the protonated dimers is formed, one which is not favoured
for some reason in the case of [Al2L2H�4]


2�. As regards the
first explanation, neither potentiometry nor ESI-MS (vide
infra) support the formation of monomeric complexes at
such a metal-ion concentration. Thus, we suggest that in a
manner similar to that found in the AlIII/tartaric acid
system, mainly dimeric species are formed and they exist as
two coordination isomers. The shapes of the multiplets of
the two isomers are similar; this suggests that the saccharic
moieties have a similar geometric arrangement.


At pH>7.5, when OH� starts to displace the complexed
ligand from the coordination sphere of the metal ion, not
only can the signals for [Al2L2H�4]


2� and the free ligand be
observed, but new resonances (M) can also be detected in
the 1H NMR spectra (Figure 4f). Our potentiometric results
suggest that these signals may be due to the mononuclear
species [AlLH�3]


2�, which is most likely a mixed hydroxo
complex with a (COO� ,O� ,O� ,OH�) binding mode. Bis or
tris complexes could not be detected either by potentiome-
try or by NMR spectroscopy, even at a ten-fold excess of
ligand.


AlIII/mucic acid : The NMR spectra of mucic acid are simpler
than those of saccharic acid, because of the symmetric struc-
ture of the ligand. Only two second-order triplets are pres-
ent in the 1H NMR spectrum recorded at pH 5.6. The signal
at 4.265 ppm was attributed to H2 and H5, because hetero-
nuclear correlations to the adjacent carbonyl carbons could
be detected only for these nuclei in the HMBC measure-
ments. The complete assignment of the 1H and 13C parame-
ters is listed in Table 2. On the basis of the Karplus equa-
tion,[14] the very small 3J(H,H) values observed suggest a mo-
lecular geometry in which the dihedral angles between the
hydrogens are close to 908.


Upon addition of AlIII ions to a 0.07m solution of the
ligand in a ratio of 1:1.1 at pH 5.6, two sets of four signals
are observed in both the 1H and 13C NMR spectra. They
have similar shapes and an internal integration ratio of
65:35. A small quantity (ca. 6%) of free ligand is also ob-
served. The ratio of the two species does not change appre-
ciably in the pH range 4.5±7.5 (Figure 5). The shapes of the
signals are quite different from those observed for the free
ligand; this suggests that, as in the case of saccharic acid,
substantial conformational changes are induced upon metal-
ion coordination. As evidenced from the COSY, NOESY


Table 3. Crystal data and experimental details for the X-ray diffraction
study for compound K2[{Al(C6H6O8)(H2O)}2]¥H2O.


formula C12H22O19K2Al2
Mr 602.45
crystal system orthorhombic
space group C2221


Z 4
a [ä] 10.723(3)
b [ä] 13.664(3)
c [ä] 13.186(3)
V [ä3] 1932.0(8)
1calcd [gcm�3] 2.071
m [cm�1] 6.89
T [8C] 23
R 0.059[a]


Rw 0.150[b]


[a] R=skFo j� jFck /s jFo j . [b] Refinement on F2 wR2= {s[(F2
o�F2


c)
2]/


s[w(F2
o)


2]}
1=2 .
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and heterocorrelated 1H±13C measurements (see Figure S3
in the Supporting Information), the scalar and dipolar con-
nections allowed species A and B to be unambiguously dis-
tinguished. The absence of exchange peaks in phase with
the diagonal in the phase-sensitive NOESY spectrum indi-
cates that chemical exchange between these species, if any,
must be extremely slow.[15] A complete list of the 1H and
13C NMR resonances is reported in Table 2. The 1H NMR
signals for the most abundant species at 4.419 and
4.039 ppm were assigned to H5 and H2 because they are
connected with the carbonyl carbons at d 184.80 and
188.41 ppm, respectively. As the two ends of mucic acid are
magnetically equivalent, the NMR signals for the complexes
were numbered arbitrarily. To facilitate comparisons with
the spectra for the saccharic acid complexes, the doublet at
4.478 ppm with a coupling constant of 3J(H,H)=0.98 Hz was
denoted as H5. Such a low value for 3J(H,H) again suggests a
dihedral angle close to 908 for these species. Similar features
are observed for the signals of the less abundant species.
These spectra are peculiar in that in the 1H-COSY spectrum
(Figure 6), a 4J(H,H) coupling constant is observed between
H2 and H4 for both isomers. Therefore, in contrast with
what was found for the AlIII/saccharic acid system, mucic
acid seems to coordinate to the AlIII ion to afford two iso-
mers of the dimeric species [Al2L2H�4]


2�. Since four reso-
nances of similar shape have been detected in the 1H NMR
spectrum for both isomers, we argue that the ligands are co-
ordinated to the metal ions in a similar manner. However,
the two ends of each ligand are bound differently, therefore


the magnetic equivalence of the nuclei observed in free
mucic acid is destroyed.


At lower pH values, as in the case of saccharic acid, the
two signal groups are shifted downfield, because of fast
proton-exchange reactions between the differently protonat-
ed dimeric species. However, their relative intensities
remain practically unchanged. Below pH 3, apart from the
signals that arise from the free ligand and the dimeric com-
plexes, resonances attributable to mononuclear complexes
are also detected.


At pH>7.5, new resonances (M) that belong to species
such as [AlLH�3]


2� are observed (see Figure 5f). Again, the
shapes of the signals in the NMR spectra indicate that the
two ends of each ligand are bound differently (one is proba-
bly bound, while the other one is not). The proposed bind-
ing mode is (COO� ,O� ,O� ,OH�).


ESI-MS results : ESI-MS measurements were carried out to
prove the presence of dimeric species. The spectrum
(Figure 7) recorded for a solution that contains 3î10�4


m


AlIII ions and saccharic acid at pH 6.2 shows the presence of
five species. Four of them were assigned as follows:
[Al2L2H�4]


2� at m/z 233 as well as its protonated and metal-
lated forms [Al2L2H�3]


� at m/z 467, [NaAl2L2H�4]
� at m/z


489 and [KAl2L2H�4]
� at m/z 505. The isotope pattern for


the species at m/z 233 presented in the inset zoom scan in
Figure 7 was characteristic of a doubly-charged ion, and thus
proved the dimeric character of the complex. MS/MS ex-
periments confirmed that the fifth signal at m/z 449 is the
result of the [Al2L2H�3]


� complex undergoing fragmentation
(loss of H2O) in the ESI source. The presence of a signal at
m/z 467 raises the question of whether the species
[Al2L2H�3]


� actually exists in the original solution or wheth-
er it is solely a product of the ESI process. Both potentiome-
try and NMR spectroscopy indicate the presence of a single
species at pH 6, namely [Al2L2H�4]


2� (vide supra). More-
over, articles that deal with the description of inorganic


Figure 5. 1H NMR spectra obtained for the AlIII/mucic acid system at a
ratio of 1:1 and at pH values of: a) 2.6, b) 3.5, c) 4.5, d) 5.6, e) 6.4 and
f) 8.0. A and B represent the two isomers observed for species
[Al2L2H�n], while M represents [AlLH�3] (see text).


Figure 6. 1H-COSY spectrum recorded at pH 5.6 for a solution that con-
tains AlIII ions and mucic acid in a 1:1.1 ratio. The spectrum shows the
4JH,H coupling between H2 and H4.
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complex formation in aqueous solutions by the use of ESI-
MS show that protonation and/or metallation of negatively
charged complex ions can occur when they enter the gas
phase.[16] Thus, we suggest that [Al2L2H�3]


� , as well as
[NaAl2L2H�4]


� and [KAl2L2H�4]
2� are formed during the


ESI measurements.(Figure 7)
In the spectrum recorded at pH 3.5, only the signals for


[Al2L2H�3]
� at m/z 467 and [KAl2L2H�4]


2� at m/z 505 can be
observed. There is no evidence for the formation of mono-
meric complexes at lower m/z values. This means that the
NMR spectrum pattern at pH 3.5 discussed above can only
be explained by the existence of two different coordination
isomers.


It is noteworthy that the ESI-MS spectrum recorded for a
solution that contains 3î10�4


m AlIII ions and mucic acid at
pH 6.0 also reveals the presence of only one ionic species. A
base peak at m/z 467 corresponds to the protonated dimeric
complex [Al2L2H�3]


� .
From these experiments, ESI-MS unambiguously shows


that dimeric complexes are formed preferentially, even in
solutions ten times more dilute than the solutions used for
the potentiometric measurements.


The X-ray structure of K2[{Al(C6H6O8)(H2O)}2]¥H2O (1):
Prismatic white crystals of 1, which crystallised in the acen-
tric space group C2221, were obtained from aqueous solu-
tion. The absolute configuration of the crystals was deter-
mined through refinement methods. The molecular structure
of the [{Al(C6H6O8)(H2O)}2]


2� ion along with the atom num-
bering is shown in Figure 8. The most relevant geometrical
parameters are reported in Table S1 in the Supporting Infor-
mation.


The structure in Figure 8
corresponds to the chemical
formula of a dimerised AlIII


carboxyalcoholate. The depro-
tonated OH groups chelated to
the AlIII ion are in the a and a’
(2 and 5) positions in the com-
plexed carbohydrate acid, and
the optically active saccharic
acid has the d configuration
(see Figure 1). The structure
reported in Figure 8 is congru-
ent with that given in Figure 1.


The molecular parameters
indicate a distorted octahedral
geometry around the AlIII ion.
The Al�O distances fall in the
range 1.90�0.03 ä. The excep-
tion is the Al�O6 distance
which is 1.794(2) ä, and is
probably due to ring-closure
constraints. The carbonyl and
carboxyl oxygen atoms of the
carboxylate groups are distinct-
ly differentiated (C1�O8
1.240(6), C1�O7 1.273(6),
C6�O2 1.293(5) and C6�O1


1.293(5) ä). All the other geometrical parameters seem to
have usual values. The torsion and bond angles are those
imposed by the closure requirements of the seven- and five-
membered rings present in the molecule.


Dimerisation of the two complexed Al units is quite a
common feature for AlIII aqua-hydroxo ions.[17] In this case
it is achieved through alcoholate oxygen bridges. Each Al
atom is coordinated to two alcoholate (O6, O3) and one car-
boxylate (O7) group of the same molecular unit, to one al-
coholate (O3’) and one carboxylate (O1’) group of the di-
merised molecular unit, and to one water molecule (O9).
Figure 9 schematically outlines the coordination mode in
[{Al(C6H6O8)(H2O)}2]


2�.


Figure 7. ESI-MS spectra for the AlIII/d-saccharic acid 1:1 ratio system at pH 6.2 (cAlIII=cligand=0.3 mm).


Figure 8. Perspective view of the anion [Al(C6H6O8)(H2O)]2
2� in which


the atom labelling in Figure 1 is shown.
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The dimerised molecule is expected to be quite structural-
ly stable. As usually occurs for aqua-hydroxides such as
[Al(H2O)5OH]2+ and other similar ions, a high equilibrium
constant may be presumed for the dimerisation reaction
2 [Al(C6H6O8)(H2O)]�Ð[{Al(C6H6O8)(H2O)}2]


2�.[18] More-
over, in spite of the short intramolecular repulsive contact
distances between the atoms in the apical positions (O7PO7’
3.01(5), O9PO9’ 3.352(5) ä), strongly stabilizing hydrogen
bonds (O4�H40PO7’ and O4’�H40’PO7 1.98 ä) and addi-
tional weaker hydrogen-bond interactions[19] (O4�H40PO7
and O4’�H40’PO7’ 2.80 ä) arise in the formed dimers. All
of these interactions certainly favour dimerisation. For the
hydrogen-bond lengths see Table S2 in the Supporting Infor-
mation.


A projection of the packing mode of this ionic structure,
as viewed down the b axis, is shown in Figure S4 in the Sup-
porting Information (see also Figure 10).


The dimeric unit is centred on a twofold z axis. Both K+


ions are located in special positions (K1 at x, 1=2,
1=2; K2 at


1=2, y,
3=4). The K1 cation lies at distances that range between


2.65±2.94 ä from seven oxygen atoms, including the water


molecule of crystallisation, while K2 is surrounded by six
oxygen atoms at distances in the range 2.78±2.92 ä. This
roughly approximates a distorted capped trigonal prismatic
and distorted trigonal prismatic coordination geometry, re-
spectively[20] (see Table S2 and Figure S5 in the Supporting
Information).


The hydration water molecule is at the non-coordinative
distance of 3.36 ä from K2. An intricately thick network of
intermolecular OHPO and CHPO hydrogen bonds (some
are reported in Table S2) cooperate to provide further lat-
tice stability.


Theoretical calculations : For a better understanding of the
origin of the structural stability of the dimerised molecule,
DFT calculations were performed on the molecular ion
[Al2(C6H6O8)2(H2O)2]


2�. Figure 11 displays the partial densi-


ty of states (PDOS) of the bridged O3(Om) atoms (contribu-
tions of symmetry a and b are also included), together with
the (Al�Om) crystal orbital population (COOP). Analysis of
the Om PDOS indicates that: 1) molecular orbitals (MOs)
that are mainly localised on the Om 2p atomic orbitals
(AOs) cover an energy range of about 9 eV (from �9.5 to
�0.5 eV); and 2) they all lie well below the energy of the
highest occupied MOs.[21] Moreover, despite several orbitals
participating in the Al�Om interaction (17a, 18a, 22b, 32b,
33a, and 36a MOs), the strongest contributions to the


Figure 9. Schematic coordination mode of the complex anion
[Al(C6H6O8)(H2O)]2


2�.


Figure 10. The actual coordination sphere around the K+ ions (K1 and
K2 in a and b, respectively) is reported and compared with the corre-
sponding regular geometry (in a’ and b’, respectively).


Figure 11. Top: PDOS of the m-O atoms which have contributions of a
and b symmetry (c=Om, a= (Om)


a, b= (Om)
b). Bottom: COOP


between Al and m-O atoms in which bonding (antibonding) states are
represented by positive (negative) peaks. The vertical bar indicates the
energy of the highest occupied MO (HOMO). c= (Al-Om)


t, a= (Al-
Om)


a, b= (Al-Om)
b.
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Al�Om interaction are provided by the 32b, 33a, and 36a
levels (see the corresponding COOP curves in Figure 11).
Interestingly, the 32b and 33a MOs account for an in-plane
s interaction that involves, in the former case, both the Al
3s and Al 3p AOs, while in the latter case it is limited to
the 3p AOs (see Figure S5 in the Supporting Information).
On the other hand, the 36a MO orbital accounts for an out-
of-plane p interaction which is delocalised over the four-
membered ring (Figure S6 in the Supporting Information).


Conclusions


The joint application of solution speciation, spectroscopic
and solid-state X-ray diffraction methods, as well as theoret-
ical calculations revealed that the terminal aldaric acid car-
boxylate groups behave as efficient anchors; they first bind
the hard AlIII metal ion, and then promote deprotonation
and subsequent coordination of the weakly acidic alcoholic
OH groups of these sugar derivatives.


At the beginning of complex formation (pH<3), the li-
gands coordinate in a monodentate way to form lactate-like
(COO� ,OH)-coordinated mononuclear complexes [AlLH]2+


, in which a protonated carboxylic group exists at the other
end of the molecule. The metal-ion-induced deprotonation
of the alcoholic OH functions at pH 3 may only occur in di-
nuclear complexes, as in the case of the structurally similar
tartaric acid complexes.[6,7,9] Interestingly, even when the
conformations of the molecules are identical, the two ends
behave differently. This also applied in the case of mucic
acid. The crystallographic structure of complex 1 reveals
that the C5�O� group behaves as a bridging donor that co-
ordinates to both AlIII centres and forms a (5+7)-membered
joint chelate ring system. On the other hand, the C2�O�


donor binds to only one of the AlIII centres in a lactate-like
(COO� ,O�) chelating mode. The octahedral AlIII centres
are arranged in a cis or parallel way, whereby the water mol-
ecules coordinate to the sixth coordination site on the same
side of the complexes (see Figure 8). The ESI-MS and NMR
studies confirm that complex 1 retains this dinuclear struc-
ture in solution. The rather rigid binding mode prevents co-
ordination of the alcoholic functions in the b position, but
this may occur in the mononuclear complexes of aldonic
acids.[10] The presence of the cyclic�Al�O�Al�O� core (see
Figure 8) seems to be a peculiarity of the complexes for
both saccharic acid and mucic acid. DFT calculations pro-
vide a rationale for the stability of this core in the former
case, and it appears reasonable that mucic acid has a more
flexible conformation. Apart from the binding mode in
which a cis or parallel arrangement of the two coordinated
water molecules (B form) occurs, mucic acid can also adopt
another isomeric binding mode in solution. Here the two
water molecules occupy antiparallel trans positions (A
form). Formation of this last isomer in the [Al2L2H�4]


2�


complex is not possible with saccharic acid for steric reasons.
As the pH decreases the complex is protonated (logK
values 2.85±4.05, see Table 1), and this protonation should
occur on one of the alcoholate functions. The topmost line
occupied MOs are mainly localised on O2 and O6; this


strongly suggests that the protonation reaction involves
these two oxygens. The protonation of O2 should not affect
the structure of the molecular ion. However, formation of
an OH bond with O6 would certainly weaken the O6�Al
bond and make that end of the molecule more flexible for
both saccharic and mucic acid. As a result, they should be
able to adopt both conformations (A and B forms). This in-
ternal rearrangement of the isomers is slow on the 1H and
13C NMR timescales. Therefore, separate proton and carbon
signals may be observed for each of the isomers (see Fig-
ures 4 and 5, and Figure S3 in the Supporting Information).
It should be noted that the �Al�O�Al�O� core is retained
during these stepwise deprotonations and seems to only be
disrupted at pH<3.


The OH� competition for the AlIII ion increases at basic
pH, and destroys the stable cyclic arrangement. As a result,
a mononuclear complex [AlLH�3]


2� with a
(COO� ,O� ,O� ,OH�) coordination is initially formed (see
Figure 2 and 3), but ultimately the ligand molecule is com-
pletely displaced from the coordination sphere of the metal
ion by OH� to give the very stable hydroxo species
[Al(OH)4]


� .
This study has revealed that sugar derivatives which con-


tain negatively charged O-donor moieties in close proximity
to the alcoholic functions may be efficient and strong bind-
ers of metal ions in biological systems and may, therefore,
play important roles in the transport, metabolism, and even
biological functions of both carbohydrates and metal ions.
The different sugar carboxylate conformations may finely
tune their metal-binding abilities. In particular, the two alda-
ric acids investigated tended to form coordination isomers
rather differently because of the differences in the rigidity
of the stable�Al�O�Al�O� core.


Experimental Section


Reagents : d-Saccharic acid potassium salt and mucic acid of the highest
analytical purity (Sigma products) were used without further purification.
Stock solutions of the ligands had a basic pH to avoid lactonisation, and
were prepared freshly every day. The exact concentrations of the ligand
solutions were determined by potentiometric titration by using the Gran
method.[22] The AlIII ion stock solution was prepared from recrystallised
AlCl3¥6H2O, and its metal-ion concentration was determined gravimetri-
cally from its oxinate. The stock solution contained 0.1m HCl to prevent
hydrolysis of the metal ion.


Potentiometric measurements : The stability constants for the proton and
AlIII ion ligand complexes were determined by pH potentiometric titra-
tions of 25 mL samples. The ligand concentration was 0.004m (with a
metal-ion/ligand ratio of 0:4, 1:4, 2:4, or 4:4), 0.002m (with a metal-ion/
ligand ratio of 0:2 or 1:2), and 0.001m (with a metal-ion/ligand ratio of
0:1, 1:1, or 0.5:1). The more dilute concentrations contained the mucic
acid system because of its lower solubility. The pH range studied was 2±
10. The titrations were performed with a 0.2m carbonate-free KOH solu-
tion of known concentration under a purified argon atmosphere. The
ionic strength of all solutions was adjusted to 0.2m KCl and the samples
were thermostatted at 25.0�0.1 8C. Duplicate titrations were performed.
The reproducibility of the titrations was within 0.005 of a pH unit. Titra-
tion points obtained when a pH equilibrium was not attained within
5 min were omitted from the evaluation. The pH was measured with a
Radiometer PHM 84 instrument with a CMAWL Russel combined glass
electrode; this was calibrated for hydrogen-ion concentration according
to Irving et al.[23] The concentration stability constants bpqr= [MpLqHr]/
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[M]p[L]q[H]r were calculated with the aid of the computer program PSE-
QUAD.[24] The stability constants used for the hydroxo species of the
AlIII ion were taken from reference [25] and corrected to I=0.2m by
using the Davies equation (�5.49 for [AlH�1]


2+ , �13.54 for [Al3H�4]
5+ ,


�108.62 for [Al13H�32]
7+ and �23.40 for [AlH�4]


�).


Preparation of K2[{Al(C6H6O8)(H2O)}2]¥H2O (1): A mixture of
AlCl3¥6H2O (0.241 g, 1 mmol) and d-saccharic acid potassium salt
(0.252 g, 1.02 mmol) was dissolved in distilled water (10 mL). The pH of
the solution was adjusted with KOH to about 6.2. Addition of absolute
ethanol (ca. 30 mL) yielded a microcrystalline powder. This was isolated
by filtration and dried under vacuum at 30 8C for 12 h; yield: 0.16 g
(55.17%). Crystals suitable for X-ray diffraction studies were obtained
by dissolving the microcrystalline powder (0.107 g) in water (1.5 mL),
adding ethanol, and leaving this solution to stand at room temperature.
FTIR (KBr): ñCOO=1646 cm�1; elemental analysis calcd (%) for K2[Al-
(C6H6O8)(H2O)]2¥H2O: C 24.08, H 3.01; found: C 22.86, H 2.79.


NMR spectroscopy: 1H NMR (400.13 MHz), 13C NMR (100.61 MHz) and
two-dimensional spectra (100.61 MHz) were recorded at 25 8C on a
Bruker Avance DRX-400 spectrometer equipped with a VSP-400 reverse
detector broad-band probe and a Bruker VST-100 temperature control-
ler. The pH dependent spectra were measured at 25 8C on a Bruker AC-
200 instrument. Chemical shifts were referenced to the signal of DSS
(DSS=2,2-dimethyl-2-silapentane-5-sulfonate) as an internal standard.
The samples were prepared in D2O and the pH was adjusted with con-
centrated NaOD and DCl by using the relationship pH=pD+0.4. The
concentrations of the solutions were 0.004±0.08m with respect to the AlIII


ion and the metal-ion/ligand ratio was 1:1 or 1:3.


Presaturation of the H2O signal was performed when necessary. Suitable
integral values for the proton spectra were obtained with a prescan delay
of 10 s. The proton resonances were assigned by means of standard chem-
ical shift correlations, as well as COSY, TOCSY, and NOESY experi-
ments. The 13C NMR resonances were assigned through 2D-heterocorre-
lated COSY experiments (HMQC with the bird sequence[26] and quadra-
ture along F1 was achieved by using the TPPI (TPPI= time-proportional
phase incrementation) method[27] for the hydrogen-bonded carbon atoms
and HMBC[28] for the quaternary ones). For atom labelling see Figure 1,
as well as Table 2.


ESI-MS measurements : The mass spectrometry measurements were re-
corded on an LCQ (ThermoFinnigan) mass spectrometer equipped with
an electrospray ion source. MS and multiple mass spectrometry (MSn) ex-
periments were performed in the negative ion mode by direct infusion of
an aqueous solution of the analyte at a flow rate of 5 mLmin�1.[29] Colli-
sional experiments on preselected ion species were performed by applica-
tion of a supplementary rf (rf= radio frequency) voltage in the range
0±5 V with helium as a target gas.


The samples were prepared in distilled water. The concentration of the
solutions was 3î10�4


m with respect to the AlIII ion at a metal-ion/ligand
ratio of 1:1. The pH of the solutions was set at 3.5 or 6.2 with concentrat-
ed NaOH.


X-ray structure determination : A single prismatic (colourless) crystal
with dimensions 0.32î0.30î0.24 mm was lodged in a Lindemann glass
capillary and centered on a four-circle Philips PW1100 (Febo System) dif-
fractometer with graphite-monochromated MoKa radiation (l=
0.71073 ä). The orientation matrix and cell dimensions were determined
by least-squares refinement of the angular positions of 30 reflections.
Data were collected at room temperature. Three standard reflections
were monitored for every 200 reflections. There were no significant fluc-
tuations of intensities other than those expected from Poisson statistics.
The intensity data were corrected for Lorentz polarisation effects and for
absorption as described by North et al.[30]


The structure was solved by direct methods.[31] Refinement was carried
out by full-matrix least-squares. The function minimised was Sw(F2


o�F2
c)


2


with the weighting scheme w=1/[s2(F2
o)+ (0.1090P)2+3.82P] where P=


max(F2
o+2F2


c)/3. All non-hydrogen atoms were refined with anisotropic
thermal parameters. The H atoms, except those of the non-coordinated
water molecule, were located and refined isotropically. The conventional
R=0.059 was based on F values of 1304 reflections that had F2


o�2s(Fo)
2


and S=1.14 (wR on F2=0.150). The absolute configuration determina-
tion was based on calculations by Flack.[32] Structure refinement was car-
ried out with SHELXL-97[33] with the scattering factors enclosed therein.


Drawings were produced using ORTEP II.[34] Crystallographic data are
listed in Table 3.


CCDC-208181 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(+44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).


Computational details : The calculations reported herein were carried out
in accordance with DFT with the ADF package[35] developed by Baer-
ends et al.[36] A triple-z Slater-type basis set was used for the Al atoms,
while a double-z basis was used for O, C, and H valence orbitals. The
inner-core shells [Al(1 s2 s2p), O(1s), and C(1s)] were treated according
to the frozen-core approximation. Non-local corrections to the LDA
(LDA= local density approximation) functional were self-consistently in-
cluded by adopting the Becke[37a] and Perdow[37b, c] functionals for the ex-
change and correlation parts, respectively. The atomic positions in [Al2-
(C6H6O8)2(H2O)2]


2� were determined by referring to X-ray crystal data
included here and idealised to the C2 symmetry (see Figure 8). Informa-
tion concerning the disposition and composition of energy levels over a
broad range of energies was obtained through total and partial density of
states (DOS and PDOS, respectively).[38] The bonding character of select-
ed molecular orbitals was assessed by means of COOP curves[38] and 2D
contour plots. Both PDOS and COOP curves were computed by weight-
ing one-electron energy levels with their basis orbital percentage and ap-
plying a Lorentzian broadening factor of 0.25 eV.
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Spin-Crossover Complexes


Vadim Ksenofontov,[a] Ana B. Gaspar,[a] Virginie Niel,[b] Sergey Reiman,[a]


Josÿ A. Real,*[b] and Philipp G¸tlich*[a]


Introduction


Current developments in advanced electronic and photonic
technologies require new functional materials exhibiting bi-
stable behaviour at molecular scale.[1±2] In fact, the design
and synthesis of molecules or molecular assemblies of mole-
cules for information processing is one of the most appeal-
ing aims of modern molecular chemistry. Whatever the final
goal, a fundamental underlying concept is that of bistability:
the ability of the molecular system to be in two different
electronic states at one and the same temperature. The re-


versible change between low-spin (LS) and high-spin (HS)
states driven by variation of temperature and/or pressure or
also by light irradiation, mainly observed in pseudo-octahe-
dral iron(ii) coordination complexes, is one of the best ex-
amples of molecular bistability.[3±5] At the molecular scale,
spin crossover (SCO) in the Fe(ii) compounds corresponds
to an intra-ionic transfer of two electrons between the t2g


and eg orbitals, [(t2g)
4(eg)


2]$[(t2g)
6(eg)


0], accompanied by a
spin flip. The 5T2g((t2g)


4(eg)
2) state is the ground state only


up to the critical value of the ligand-field strength of 10 Dq,
which is equal to the spin-pairing energy. Above this value
the 1A1g((t2g)


6(eg)
0) low-spin state is lower in the energy than


the high-spin state and thus becomes the ground spin
state.[3a] In the HS state, the antibonding eg orbitals are
doubly occupied, and consequently the Fe±ligand bonds are
larger than in the LS state by approximately 0.20 ä. This in-
crease of the molecule size when passing from the LS to the
HS state plays a crucial role in the cooperative mechanism
of the SCO giving rise to abrupt transitions and hysteresis at
macroscopic scale. For instance, the magnetic and optical
properties may switch sharply in a very small range of tem-
perature and/or pressure for cooperative transitions.[5±6] Due
to this particularity the spin-crossover phenomenon has
been considered one of the most interesting examples of
molecular switching. The condition to accomplish in order
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Abstract: A remarkable feature of the
spin-crossover process in several dinu-
clear iron(ii) compounds is a plateau in
the two-step transition curve. Up to
now, it has not been possible to analyse
the spin state of dinuclear pairs that
constitute such a plateau, due to the
relative high temperatures at which the
transition takes place in complexes in-
vestigated so far. We solved this prob-
lem by experimentally studying a novel
dinuclear spin-crossover compound
[{Fe(phdia)(NCS)2}2(phdia)] (phdia:
4,7-phenanthroline-5,6-diamine). We
report here on the synthesis and char-


acterisation of this system, which ex-
hibits a two-step spin transition at
Tc1=108 K and Tc2=80 K, displaying
2 K and 7 K wide thermal hysteresis
loops in the upper and the lower steps,
respectively. A plateau of approximate-
ly 20 K width centred at about 90 K,
which corresponds to the 50 % of the
spin conversion, separates the two tran-
sitions. The composition of the plateau


was identified in metastable state after
quenching to 4.2 K by means of Mˆss-
bauer spectroscopy in an external mag-
netic field. Such experiments revealed
that the plateau consists mainly of
[HS±LS] pairs (HS=high spin, LS=
low spin) and confirmed the hypothesis
that the spin conversion in dinuclear
entities proceeds through [LS±
LS]$[HS±LS]$[HS±HS] pairs. The re-
sults are discussed in terms of a ther-
modynamic model based on the regular
solution theory adapted for dinuclear
spin-crossover compounds.


Keywords: iron ¥ LIESST effect ¥
Mˆssbauer spectroscopy ¥ N
ligands ¥ spin crossover
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to observe the phenomenon of spin transition is that the
zero-point energy between the two states, DE0


HL=E0
HS�E0


LS,
has to be in the order of magnitude of the thermal energy,
kBT. If this the case, all molecules will be in the low-spin
state at very low temperatures or higher pressures whereas
at elevated temperatures or lower pressures, an entropy-
driven almost quantitative population of the high-spin state
will occur. In general, spin transition is a well-established
phenomenon and many examples of spin-crossover com-
plexes exhibiting abrupt spin transitions at room tempera-
ture, with broad thermal hysteresis as well as an associated
thermochromic effect (necessary conditions for display devi-
ces), have been reported. Among them the majority corre-
sponds to mononuclear systems in which the structural char-
acterisation has made possible to analyse qualitatively the
cooperative mechanism from a microscopic point of view.
Polymeric spin-crossover compounds represent a new ap-
proach to investigating new strong cooperative regimes. Cur-
rently, the reported examples concerning polymeric com-
pounds are greatly limited to a small number and there are
certain aspects regarding the conversion process of the spin
states in such kind of complexes that remain unsolved. In
this respect, an intriguing question is the nature of the pla-
teau present in the two-step transition curve observed in
bpym-bridged dinuclear iron(ii) systems (bpym=2,2’-bipyri-
midine). Dinuclear iron(ii) complexes of the type


[{Fe(L)(NCX)2}2(bpym)] (L : 2,2’-bipyrimidine, 2,2’-bithiazo-
line (bt), X: S, Se) (see Figure 1) were first investigated by
Real et al.,[7] but they have recently found revival after it
was pointed out that different physical phenomena such as
intramolecular exchange interaction and thermal SCO may
coexist. One should mention external pressure or light irra-
diation effects in this type of molecular assembly as well.[8,9]


The title compounds represent a first step in the research
line aimed at combining magnetic exchange and SCO phe-
nomena in a molecule or polymeric network, which could
afford new switching materials with considerable amplifica-
tion of the response signal.[10] However, it has not been pos-
sible to confirm through a microscopic physical method the
nature of the species that constitute such a plateau, due to
the relatively high temperatures at which the transition
takes place in [{Fe(bt)(NCX)2}2(bpym)] (X: S, Se). In this ar-
ticle, we report the synthesis and physical characterisation
of a new iron(ii) SCO complex displaying a two-step transi-
tion with 108 and 80 K as characteristic critical temperatures
Tc(1) and Tc(2), respectively. Due to these low temperatures
at which the transitions take place, as will be discussed in
the following, we were able to perform thermal trapping at
liquid helium temperature of the species present in the pla-
teau of the spin transition curve. Such experiments reveal
that the [HS±LS] pairs are the main species in the region of
the plateau and confirm the hypothesis formulated earlier[7b]


that the spin conversion in dinuclear entities proceeds via
[HS±HS]$[HS±LS]$[LS±LS] pairs.


Results and Discussion


Proposed structure for [{Fe(phdia)2(NCS)2}2(phdia)] (1):
Complex 1 precipitates as a greenish-brown microcrystalline
powder. All attempts to get single crystals suitable for X-ray
experiments failed. Analytical data, variable-temperature
magnetic susceptibility data and results from 57Fe Mˆssbauer
spectroscopy in applied magnetic field (reported below) are
consistent with the dinuclear nature of the compound. A
perspective view of the molecule is shown in Figure 2. Com-
plex 1 consists of centrosymmetric discrete dinuclear mole-
cules, in which two iron(ii) ions are bridged by a phdia
ligand in a bis-bidentate fashion, the coordination sphere
being completed by a peripheral phdia ligand and two NCS�


groups in cis configuration.


Figure 1. Top: Crystal structure of the molecule of [{Fe(bpym)(NCS)2}2-
(bpym)]. Bottom: Temperature dependence of cMT for [{Fe(bpym)-
(NCS)2}2(bpym)] (a), [{Fe(bpym)(NCSe)2}2(bpym)] (b), [{Fe(bt)(NCS)2}2-
(bpym)] (c) and [{Fe(bt)(NCSe)2}2(bpym)] (d). Figure 2. Proposed structure for [{Fe(phdia)(NCS)2}2(phdia)] (1).
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Magnetic properties : The thermal dependence of the prod-
uct cMT (cM being the molar susceptibility and T the temper-
ature) for 1 is displayed in Figure 3. The cMT value for 1 at


room temperature is 6.40 cm3 K mol�1, which is in the range
of values expected for a dinuclear FeII complex mainly in
the HS state. The amount of metal ions retained in the LS
state was found to be approximately 16 % at 300 K from
Mˆssbauer data (Figure 6a). It follows that the cMT value,


extrapolated to the pure HS species can be estimated to be
7.6 cm3 K mol�1. In the temperature range between 300 and
160 K cMT is practically temperature independent, then
below 130 K diminishes abruptly reaching a plateau centred
at around 3.62 cm3 K mol�1 in the temperature range 100±
80 K over which cMT varies smoothly. The cMT values in this
flat region correspond to about 50 % of the complete spin
transition (100 % HS ions at room temperature), around
36 % iron(ii) ions are actually involved in this first step


which has a characteristic temperature of Tc(1)fl=108 K.
Below T=85 K a steep drop of cMT centred at Tc(2)fl=
80 K is observed; this corresponds to a second transition
that is much more abrupt than the first one. Around 33 % of
the molecules are involved in the spin transition of the
second step. In the low-temperature region cMT=


1.07 cm3 K mol�1 reflects that 15 % of the iron(ii) ions
remain in the HS configuration (S=2) according to the
Mˆssbauer spectra. The warming mode reveals the occur-
rence of 2 and 7 K wide thermal hysteresis loops for the first
and the second steps, respectively. Despite the chemical dif-
ferences of the bridging and peripheral ligands, 1 and the
members of the bpym family share the same peculiarity,
that is, the S=2$S=0 spin conversion occurs in two
steps separated by an intermediate plateau. Further,
it should be noted that the spin conversion in 1 takes
place at temperatures unusually lower than those observed
for the compounds [{Fe(bpym)(NCSe)2}2(bpym)] and
[{Fe(bt)(NCX)2}2(bpym)] (X: S, Se; see Figure 1) and that
the plateau located between the steps is much more pro-
nounced in 1. These differences can be explained consider-
ing the different interplay between inter- and intramolecular
interactions with respect to the other members of the bpym
family.


Thermal quenching experiments–kinetics of the spin state
conversion : We have performed thermal quenching experi-
ments by cooling the sample rapidly (�100 K min�1) from
room temperature down to 5 K to study the kinetics of the
spin state conversion in 1. Figure 4 displays the magnetic be-


haviour of the quenched sample at increasing temperatures
(filled triangles). At 5 K, cMT is equal to 2.4 cm3 K mol�1.
This value represents apparently 30 % of trapped HS mole-
cules. A progressive increase of cMT was observed as the
sample was slowly warmed (0.5 K min�1). cMT attains a maxi-
mum value of 2.6 cm3 K mol�1 in temperature range of 30±
45 K. The thermal dependence of cMT in the temperature
region of 5±45 K corresponds, most probably, to the occur-


Figure 3. Thermal dependence of the magnetic susceptibility for 1.


Figure 4. cMT versus T plots for 1. The sample was cooled from 300 to
2 K at 2 Kmin�1 (&). Thermal quenching: the sample was cooled from
300 to 5 K at 100 K min�1 and then warmed slowly (see text, ~).


Figure 5. Time dependence at various temperatures of the normalised HS
fraction (nHS) generated by thermal quenching. Solid lines represents the
best fit to the experimental HS!LS relaxation curves at different tem-
peratures.
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rence of zero-field splitting in the S=2 ground state of the
trapped iron(ii) ions; however, a small additional contribu-
tion arising from the expected weak intramolecular antifer-
romagnetic coupling between the iron(ii) atoms quenched in
the HS state cannot be ruled out. Hence, the effective ther-
mal quenching at low temperature actually involves around
30 % of molecules in the HS states. In the temperatures
range of 52±60 K, cMT diminishes as a consequence of HS!
LS relaxation. For temperatures higher than 52 K, the mole-
cules absorb sufficient energy to overcome the energy barri-
er between the HS and LS potential wells. Consequently,
the normal regime and thermal quenching experiments su-
perimpose above 64 K. The kinetics of the HS!LS relaxa-
tion have been investigated in the temperature range of 25±
50 K. The decays curves of the quenched HS molar fraction
normalised to 1 at time zero (nHS) versus time at various
temperatures are presented in Figure 5. It should be pointed
out that the following considerations have been taken into
account for normalising the nHS values for 1: 1) the cMT
values measured after each trapping experiment remained
in the range 3.0±2.6 cm3 K mol�1 between 25 and 55 K at
time zero, and 2) under these conditions a maximum decay
of the HS population took place to approximately 14 % at
temperatures as high as 55 K. In the temperature region be-
tween 10±45 K the relaxation is very slow. The rate constant
kHL(T) follows simple exponential behaviour [Eq. (1)]:


nHS ¼ expð�kHLðTÞtÞ ð1Þ


For T>45 K, the decay shows a slight deviation from
simple exponential behaviour. The expression that describes
such a relaxation was extensively analysed by Avrami
[Eq. (2)]:[11]


nHS ¼ exp½ð�kHLðTÞtÞa	 ð2Þ


The Arrenhius plot, ln[kHL(T)] versus 1/T, for 1 according
to Equation (3), in which AHL is the preexponential factor


kHLðTÞ ¼ AHL expð�Ea=kBTÞ ð3Þ


and Ea the thermal activation energy of the process, matches
the theory of HS!LS relaxation proposed by Buhks
et al. ,[12] which predicts a temperature-independent rate
(tunnelling region) at low temperature and thermal activat-
ed relaxation process at higher temperatures. However, the
activation energy Ea of �496 cm�1 and in particular the pre-
exponential factor, AHL �345 s�1, obtained at temperatures
higher than 50 K clearly indicate that in this temperature
range tunnelling is still the dominant mechanism.


Quenching experiments and Mˆssbauer spectroscopy in a
magnetic field–nature of the plateau in the two-step transi-
tion curve: As discussed in a recent paper,[8] from the data
analysis of pressure experiments on bpym-bridge dinuclear
complexes it followed that the nature of the plateau is most
probably determined by the formation of [HS±LS] pairs.
The application of Mˆssbauer spectroscopy in an applied
magnetic field directly within the plateau region is not possi-
ble, because of the relatively high temperature region in


which the two-step transition takes place in the
[{Fe(bt)(NCS)2}2(bpym)] and [{Fe(bt)(NCSe)2}2(bpym)] de-
rivatives, Tc(1)=197 K, Tc(2)=163 K and Tc(1)=265 K,
Tc(2)=233 K, respectively. The reason is that the non-negli-
gible thermal population of the upper energetic levels S=4,


Figure 6. 57Fe Mˆssbauer spectra of 1 at a) room temperature, b) 100 K
after subsequent slow cooling (< 1 K min�1), c) 4.2 K after further slow
cooling, d) 4.2 K after rapid cooling from the plateau with a rate
100 Kmin�1 and e) 4.2 K in a magnetic field of 50 kOe after quenching
from the plateau. LS in [HS±LS] and [LS±LS] pairs (grey), HS in [HS±
LS] pairs (light grey).
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3, 2 and 1 in antiferromagnetically coupled [HS±HS] units
yields a similar expectation value of hSiffi2 for the antiferro-
magnetically coupled [HS±HS] pairs as well as for the [HS±
LS] pairs; consequently very similar values for the effective
local magnetic field Heff are obtained. Thermal trapping of
the species from the plateau region by quenching down to
temperature of liquid helium would be necessary in order to
apply the direct monitoring method as has been performed
in [{Fe(bpym)(NCSe)2}2(bpym)]. In this manner it has been
demonstrated recently that an unambiguous distinction of
different pairs at low temperatures is possible, if the Mˆss-
bauer measurements are carried out with the sample placed
in an external magnetic field.[9] The effective hyperfine field
Heff at iron nuclei of a paramagnetic non-conducting sample
in an external field Hext may be estimated from Equa-
tion (4):


Heff � Hext�½220�600ðg�2Þ	hSi ð4Þ


in which hSi is the expectation value of the atomic spin
moment and g the Landÿ splitting factor.[13±14] The difference
between the expectation values of S for the iron(ii) atom in
the LS and in the HS states in [HS±LS] and [HS±HS] pairs
enables us to distinguish unambiguously between the dinu-
clear units consisting of two possible spin states in an exter-
nal magnetic field. From the Equation (4) it follows that Heff


becomes similar for both species in the high temperature
region, and consequently the distinction between different
pairs is suppressed. However, attempts to thermally quench
from the relatively high temperatures at which the thermal
spin transitions in the [{Fe(bt)(NCS)2}2(bpym)] and
[{Fe(bt)(NCSe)2}2(bpym)] derivatives take place were unsuc-
cessful. However, this was possible with compound 1. The
peculiar two-step spin transition occurring at relatively low
temperatures has enabled us to elucidate the nature of the
species present in the plateau centred at Tpffi100 K. The
composition of the plateau could be identified in a metasta-
ble state after quenching from 100 K directly to the liquid
helium temperature. The Mˆssbauer spectra recorded in the
different experiments are displayed in Figure 6. The room-
temperature Mˆssbauer spectrum is dominated by an HS
doublet (outer two lines, light grey) with quadrupole split-
ting DEQ(HS)=2.62(1) mm s�1; however, an LS doublet
(inner two lines, dark grey) with quadrupole splitting
DEQ(LS)=0.5(1) mm s�1 and relative intensity of approxi-
mately 16 % is also present (Figure 6a). The spectrum re-
corded at 100 K after subsequent slow (<1 K min�1) cooling
reveals 46.0 % of HS and 54.0 % of LS species (Figure 6b).
The Mˆssbauer spectrum recorded at 4.2 K after further
slow cooling indicates 84.0 % of LS and 16 % of HS iron(ii)
species (Figure 6c). Rapid cooling with a rate of 100 K min�1


from 100 K to 4.2 K allowed the trapping of the species that
exists in the plateau in the metastable state. The Mˆssbauer
spectrum of the metastable state recorded at 4.2 K is very
similar to that recorded at 100 K with a slight increase of
the LS component up to 58 % (Figure 6d). The spectrum in
Figure 6d proves that the thermal quenching was performed
effectively. The application of a magnetic field of 50 kOe at


4.2 K revealed the nature of the metastable pairs that are
present in the plateau of 1. The Mˆssbauer spectrum con-
sists of two subspectra (Figure 6e). One of them, with an ef-
fective value of the hyperfine magnetic field of 50.0 kOe, is
the characteristic ™fingerprint∫ of LS species in [HS±LS]
and [LS±LS] pairs. The subspectrum with Heff=62 kOe cor-
responds to the FeII HS species in the [HS±LS] pairs. It fol-
lows from the area fractions of the subspectra intensities
that the ™quenched plateau∫ consists of 84 % [HS±LS] and
16 % [LS±LS] pairs. This result proves experimentally the
validity of the hypothesis formulated by Real et al.[7b] in
which the [HS±LS] pair was proposed as an intermediate
state in the spin-state transformation instead of a direct
[HS±HS]$[LS±LS] process. No [HS±HS] pairs have been
found in the metastable state at low temperatures. It is
therefore safe to conclude, that at T=100 K the plateau in
the transition curve of 1 involves mainly [HS±LS] species
(92 %) with the remainder corresponding to [LS±LS] pairs
arising from the residual LS fraction which is also detected
at 300 K.


Important information about the intramolecular interac-
tion in dinuclear units in 1 can be drawn from the study of
the LIESST effect at low temperature. The Mˆssbauer spec-
trum recorded at 4.2 K after slow cooling reveals 16.0 % of
HS and 84.0 % of LS species (Figure 7a). The spectrum re-
corded after irradiation of the sample for one hour at 4.2 K
with l=488 nm shows an increase of the intensity of the HS
doublet up to 25.0 % (Figure 7b). The spectrum recorded


Figure 7. 57Fe Mˆssbauer spectra of 1 at a) 4.2 K after slow cooling
(<1 Kmin�1) from room temperature, b) 4.2 K after irradiation, c) 4.2 K
after irradiation in magnetic field of 50 kOe. LS in [HS±LS] and [LS±LS]
pairs (grey), HS in [HS±LS] pairs (light grey).
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subsequently with the sample placed in a magnetic field re-
veals no [HS±HS] pairs; it consists of 50.0 % of [HS±LS]
and 50 % of [LS±LS] pairs (Figure 7c). This is further evi-
dence of the inherent stability of mixed [HS±LS] pairs in 1.


In the frame of the model mentioned above concerning
the two-step character of the spin transition in
[{Fe(bt)(NCS)2}2(bpym)], the enthalpy (H) of the [HS±HS]
pair does not correspond exactly to the average enthalpy of
the [HS±HS] and [LS±LS] pairs: HHS±LS¼6 [(HLS±LS+HHS±HS)/
2]. It is inferred from calculations, that the relation HHS±LS<


[(HLS±LS+HHS±HS)/2] is a necessary, but not a sufficient con-
dition for the occurrence of a two-step transition. A further
conclusion is that a certain degree of cooperativity stem-
ming from the lattice is required as well. In other words, the
two-step character of a transition arises from a synergy be-
tween the intramolecular interaction, which favours energet-
ically the [HS±LS] spin state, and the intermolecular interac-
tions, which favour the formation of domains constituted of
dinuclear entities with identical spin state. The intramolecu-
lar interaction is characterised by the parameter 1=W/DH,
in which DH is the enthalpy difference between [HS±HS]
and [LS±LS] spin states and W represents the energetic sta-
bilisation of the [HS±LS] pair relative to the enthalpy aver-
age of the [HS±HS] and [LS±LS] states (DH/2) (Figure 8).
The stronger the intramolecular interaction (more negative
1), the more probable is the formation of mixed pairs. In
this model, a parameter G accounts for the intermolecular
interactions. At 1=0 a two-step transition appears when


G=332 cm�1; for the plateau to exist at small intermolecular
interactions relatively big negative values of 1 are required.
For [{Fe(bt)(NCS)2}2(bpym)], a good agreement between
the experimental magnetic data and that calculated has
been obtained at G=215 cm�1 and 1=� 0.072. An impor-
tant result following from the magnetic susceptibility data fit
is that the plateau in [{Fe(bt)(NCS)2}2(bpym)] is formed
mainly by [HS±LS] pairs. The fraction of [HS±LS] pairs cal-
culated in the middle of the plateau at Tcffi180 K is approxi-
mately 70 %. From theoretical considerations it follows that
the plateau between the steps will be more pronounced with
more negative 1. This conclusion can be experimentally
proven by the analysis of the nature of metastable pairs ex-
cited by light irradiation from the [LS±LS] ground state.
LIESST experiments with the [{Fe(bt)(NCS)2}2(bpym)] com-
plex described in a recent papers,[10, 15] revealed the appear-
ance of [HS±HS] and [HS±LS] types of pairs after light exci-
tation of ground [LS±LS] states. This leads to the conclusion
that the parameter 1 is close to zero. This result is in fair
agreement with a value 1=�0.072 obtained from magnetic
experiments. On the other hand, LIESST experiments car-
ried out with 1 demonstrated the inherent stability of [HS±
LS] pairs, and, consequently, the definitive negative value of
the parameter 1. The fact that the intramolecular interaction
responsible for the stabilisation of mixed spin pairs in 1 pre-
vails over the interactions found in [{Fe(bt)(NCS)2}2(bpym)]
explains qualitatively the more pronounced plateau width in
the two-step transition curve in 1.


It should be pointed out that the first stepwise thermal
spin transition was observed in the mononuclear compound
[Fe(2-pic)3]Cl2¥EtOH (2-pic=2-picolylamine).[16] The origin
of the step in this system, as was later explained by Monte
Carlo simulation, arises from a competition between short-
and long-range interactions, favouring the formation of
[HS±LS] species.[17] In the case of dinuclear compounds we
have proved experimentally that the plateau of the two-step
transition is due to the formation of [HS±LS] pairs. A com-
bination of applied field Mˆssbauer spectroscopy with the
LIESST effect confirmed the inherent stability of the mixed
pairs. The synergistic effect between the intra- and intermo-
lecular interactions confers the energetic stabilisation on
this mixed spin state, gives rise to the plateau region of a
two-step transition curve and determines its width.


Conclusion


During the last twenty years after the realisation that spin-
transition complexes could be used as data storage and dis-
play devices, chemists in the field have pursued the follow-
ing challenge. This consists first in the design of bistable mo-
lecular compounds, then defining the physical property dis-
tinguishing the two states, and eventually optimising these
compounds in such a way that the bistability range is easy
accessible. In most cases, memory devices are expected to
work at room temperature, so 293 K (20 8C) should fall
within the bistablity range of the system.


Cooperativity is responsible for dramatic changes ob-
served in the magnetic and optical properties of spin-cross-


Figure 8. Representative scheme of the enthalpy of [HS±HS], [HS±LS]
and [LS±LS] pairs (a) and comparative magnetic behaviour of
[{Fe(bt)(NCS)2}2(bpym)] and 1 (b). The composition of the plateau
region in pairs percentage is indicated.


¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1291 ± 12981296


FULL PAPER J. A. Real, P. G¸tlich et al.



www.chemeurj.org





over complexes. It strongly depends on the effectiveness of
the intermolecular contacts in the crystal. The structural
characterisation of an important number of complexes dis-
playing different cooperative behaviours has been reported
recently. This has made the analysis of the cooperative
mechanism possible from a microscopic viewpoint and in
some cases qualitatively also to rationalise the character of
the ST through careful investigation of the intermolecular
interactions.[18] It has been pointed out that strong intermo-
lecular interactions result from the presence of an efficient
hydrogen-bonding network or p±p stacking between the
building blocks used to construct the spin-crossover entities.
Another strategy developed for exploring cooperativity has
been the approach of polymeric SCO system. The basic idea
of this approach is to link together active sites (in this case
FeII ions) by chemical bridges that help to propagate inter-
molecular interactions between them. Such a strategy has
led to the synthesis of one-, two- and three-dimensional
SCO compounds with a rich variety of chemical bridges.[19]


In contrast, examples of dinuclear SCO complexes are still
scarce, which is understandable considering the number of
bis-bichelating ligands available and the impossibility in
many cases to avoid the polymerisation of the iron(ii) cores.
The synthesis and physical characterisation of tri-, tetra- and
pentanuclear SCO based on triazole and substituted ligands
can be found in the literature.[20] Similar characteristics of
the spin transition are shown by the tetranuclear complexes
synthesised by Lehn and coworkers, in which 4,6-bis(2’,2™-
bipyrid-6’-yl)-2-phenyl-pyrimidine acts as bridging ligand.[21]


Dinuclear iron(ii) compounds of the type presented in this
article play an important role in bridging the features of in-
tramolecular magnetic interaction and thermal spin transi-
tion. The particular interest in exploring these systems has
been twofold. On the one hand, to gain a deeper insight
into the nature of the near-neighbour interactions within the
interplay between these properties and, on the other, the
hope to make use of this interplay to enhance the response
signal in eventual applications on the other. The former has
certainly brought about a surprising result in that the ther-
mal spin transition does not set in simultaneously in both
iron centres despite the fact that both have identical sur-
roundings and, therefore, identical ligand-field strengths in
the antiferromagnetically coupled state. The model dis-
cussed in the last section holds true, implying that the spin
transition to the [HS±LS] pairs as intermediate state rather
than directly to the [LS±LS] pair is favoured by the gain of
an extra free energy beyond the average free energy of
[(HLS±LS+HHS±HS)/2]. It is, however, also likely that the spin
transition in the first centre induces spontaneously some
change in the bonding properties and/or the geometric envi-
ronment of the neighbouring iron centre. As a consequence
of such changes the ligand-field strength weakens to such an
extent that thermal spin transition sets in at a lower temper-
ature than in the first centre. As a result one observes a
more or less pronounced plateau in the spin transition func-
tion gHS(T). Further experiments on other dinuclear SCO
systems are under way to explore this phenomenon in more
detail.


Experimental Section


Materials : All chemicals except for 4,7-phenanthroline-5,6-dione were of
reagent grade and obtained commercially without further purification.
4,7-Phenanthroline-5,6-dione was kindly supplied by Novartis laborato-
ries.


Synthesis of 4,7-phenanthroline-5,6-dioxime (phdiox): 4,7-Phenanthro-
line-5,6-dione (1 g, 4.762 mmol), H2NOH¥HCl (2 g, 0.028 mol) and etha-
nol (120 mL) were placed in a round-bottomed flask. The mixture was
heated at 90 8C over 12 h; the resulting solution was concentrated and
the solid was suspended in a solution of 0.2n HCl (160 mL) for 1 h. The
suspension was filtered and the solid washed with water, ethanol and di-
ethyl ether and dried under vacuum. Yield: 61.25 %; 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d=9.4 (s, 3J(H,H)=8 Hz, 2 H; OH), 8.76 (d,
3J(H,H)=8 Hz, 2 H; CH), 8 (d, 3J(H,H)=8 Hz, 2 H; CH3), 6.66 (m,
3J(H,H)=8 Hz, 2 H; CH2).


Synthesis of 4,7-phenanthroline-5,6-diamine (phdia): 4,7-Phenanthroline-
5,6-dioxime (700 mg, 2.916 mmol), Pd/C (10 % Pd, 690 mg, 0.648 mmol)
and ethanol (120 mL) were placed in round-bottomed flask. An N2 cur-
rent was passed through the mixture for 30 min, followed immediately by
heating at 90 8C over 12 h. During this time H2NNH2 (6.15 mL,
0.126 mol) dissolved in ethanol (15 mL) were added dropwise over a
period of 1 h. The resulting mixture was filtered over Celite to eliminate
the Pd/C, and then was washed several times with hot ethanol (4 î
40 mL). The solvent was evaporated and the solid obtained was suspend-
ed in 35 mL of water and stirred for 1 h. The suspension was kept at 4 8C
for 12 h, after which the solid was filtered and dried under vacuum.
Yield: 81.63 %; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=9.4 (d,
3J(H,H)=8 Hz, 2 H; CH), 8.8 (d, 3J(H,H)=8 Hz, 2 H; CH3), 7.43 (m,
3J(H,H)=8 Hz, 2 H; CH2), 4.84 (s, 3J(H,H)=8 Hz, 4 H; NH2).


Synthesis of [{Fe(phdia)2(NCS)2}2(phdia)] (1): The synthesis was carried
out under an argon atmosphere. A solution of KNCS (0.048 g, 0.5 mmol)
in methanol (15 mL) was added to a solution of FeSO4¥7H2O (0.069 g,
0.25 mmol) in methanol (15 mL). The solution was stirred for 15 min and
the resulting precipitate (K2SO4) was filtered off. This colourless solution,
containing Fe/NCS� (1:2), was added to a solution of phdia (0.052 g,
0.25 mmol) in methanol (25 mL). After this addition, a brown-green pre-
cipitate appeared which corresponded to [{Fe(phdia)(NCS)2}2(phdia)].
Yield: 65%; elemental analysis calcd (%) for C40H30N16S4Fe2: C 49.28, H
3.10, N 23; found: C 50.02, H 3.5, N 22.80.


Magnetic susceptibility measurements : Variable-temperature magnetic
susceptibility measurements were carried out on a microcrystalline
sample by means of a Quantum Design MPMS2 SQUID susceptometer
equipped with a 55 kG magnet and operating in the ranges 0.1±1 T and
1.8±300 K. The susceptometer was calibrated with
[Mn(NH4)2(SO4)2]�¥12H2O. Experimental susceptibilities were corrected
for diamagnetism of the constituent atoms by use of Pascal×s constants.


Mˆssbauer spectra : 57Fe Mˆssbauer spectra were recorded by means of a
constant-acceleration conventional spectrometer and a helium bath cryo-
stat. A superconducting magnet was applied to create a magnetic field di-
rected parallel to the wave vector of the g-quanta. The sample and the
Mˆssbauer source 57Co/Rh were immersed in liquid helium. About 40 mg
of microcrystalline powder were placed in a 16 mm diameter absorber
holder made of polished transparent acryl. The Recoil 1.03a Mˆssbauer
Analysis Software was used to fit the experimental spectra. LIESST ex-
periments were done by irradiating the sample immersed in liquid
helium with a laser source of Ar+ (514 nm, 25 mWcm�2, Coherent Innova
70).
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