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Introduction


While factors governing the assembly of small molecules are
relatively well understood, few rational approaches to the
directed organization of oligomeric and polymeric precursors
have been forthcoming. To simplify the task of assembling
polyvalent macromolecular precursors, we have introduced
the concept of ªcovalently castingº one-dimensional non-
covalent ensembles as a general strategy toward molecular
strands of predetermined topography, specifically a duplex
mode of aggregation.[1, 2] In this account, the covalent casting
concept is reviewed. The effectiveness of this design principle
is illustrated through casting of the aminotriazine H-bonding
motif. The molecular strands thus derived form duplex
architectures in solution and in the solid state. These studies
have led to the conception of a new family of oligomers,
which, akin to DNA, self-assemble in the form of a duplex
through the action of interstrand H-bonds (Scheme 1).


Background


As investigations into molecular self-assembly extend to
greater length scales, macromolecular assembly emerges as a
well-defined area of research. Indeed, whereas the term
ªtectonº has been coined to describe noncovalent synthons of
molecular dimensions,[3] more recently, the term ªfold-
amerº[13a] has been introduced to describe oligomeric pre-
cursors for self-assembly. These efforts relate to a fundamen-
tal theme in the development of the chemical sciences: the
ability to address issues of selectivity in the organization of
matter across all length scales.[4]


The paradigm for polymer assembly has advanced consid-
erably as a consequence of recent cross-pollination between
the fields of polymer and supramolecular chemistry. This is
evidenced, in part, by investigations into the self-assembly of
dendritic macromolecules,[5, 6] block copolymers,[7, 8] and the
polymerization of organized assemblies.[9, 10] These studies
primarily take advantage of solvophobic driving forces to
induce the formation of liquid crystalline or microphase
separated domains. In contrast to solvophobic interactions,
H-bond interactions are stronger and, hence, their direction-
ality is more defined. Consequently, H-bonds have been used
to generate constructs that embody more localized order,
including polymers incorporating side chain H-bonding
residues[11] and H-bonded main chains.[12] Only recently have
H-bond interactions been applied toward the logic-driven
retrosynthesis and assembly of synthetic oligomers that
express well-defined superstructures.[1, 2, 13]


Discussion


Covalent castingÐembracing noncovalent motifs with cova-
lent scaffolds : Covalent casting involves the superposition
of covalent scaffolding upon the molecular precursors de-
fining a noncovalent ensemble prior to assembly such that
the covalent and noncovalent connectivities are commensu-
rate. Covalent casting is distinguished from covalent cap-
ture,[14] which involves the covalent fixing of a nonco-
valent object after its formation, thereby representing a
template-directed synthesis (Scheme 2). While covalent cap-
ture may yield products that are otherwise difficult to obtain
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Scheme 2. Schematic depiction of the covalent casting and covalent
capture of a one-dimensional construct.


(e.g. macrocycles),[14] covalent casting does not depend
upon the fidelity of assembly nor does it require that co-
valent fixing be conducted under conditions for which
the supramolecular connectivity persists. The synergistic
use of covalent casting and covalent capture strategies
should represent a powerful synthetic tool for the genera-
tion of large covalent constructs of predetermined morphol-
ogy.


The challenge of directing the selectivity of noncovalent
binding interactions relates to the engineering of an energetic
bias of sufficient magnitude so that discrimination may be
achieved amongst competitive assembly manifolds.[13b] For
noncovalent interactions, the energy differences required for
selection between competing modes of assembly are generally
on the same order of magnitude as the very strength of the
binding interactions in play. Therefore, to induce high levels
of selectivity in self-assembly processes, subtle manipulation
of the myriad weak forces contributing to the overall binding
event is required. Preorganization represents a means of
strengthening association through the reduction of entropic
terms; this may be achieved by the introduction of structural
features that enhance the population of binding-effective
conformers. Through covalent casting, covalent frameworks
are designed to embrace supramolecular frameworks, effect-
ing preorganization of the composite noncovalent binding
sites and, in turn, augmenting the stability of the noncovalent
ensemble. Generally, the covalent scaffold embodies struc-


tural features that become sterically repulsive upon adoption
of alternative modes of assembly, further enhancing the
selectivity of aggregation. In this way, large precursors
presenting multiple binding sites may be ªprogrammedº to
express preordained superstructures, which manifest high
levels of structural homogeneity.


Synthetic duplex strands through covalent casting of one-
dimensional H-bonding motifs : To illustrate the utility of
covalent casting as a means of managing polyvalent precur-
sors for self-assembly, we sought to apply our design principle
toward the preparation of duplex strands through the covalent
casting of a one-dimensional H-bonding motif. This required
1) the selection of a one-dimensional H-bonding motif
comprised of molecules amenable to further structural elab-
oration, and 2) the design and introduction of a covalent
scaffold of dimensions commensurate with the noncovalent
connectivities of the one-dimensional array.


In response to this first requirement, we recognized
2-aminopyrimidines as well established molecular precursors
for the expression of one-dimensional H-bonding motifs.[15]


An identical presentation of H-bond donor ± acceptor sites is
found in 2-amino-4,6-dichlorotriazine (1 a), which, as an
added caveat, participates in facile chloro-substitution reac-
tions with heteroatom nucleophiles (Scheme 3).


For the design of a covalent scaffold, the distances between
adjacent triazines of the H-bonded tape must be taken into
account. Specifically, since we envisioned casting to involve
double chloro-substitution through the use of a bifunctional
heteroatom nucleophile, the inter-chlorine distance between
alternate triazines of ribbon I became a salient issue. This
distance, about 2.5 �, was obtained by X-ray crystallographic
analysis of 1 a, which expressed the anticipated superstructure
I in the solid state (Figure 1, top). Therefore, a bifunctional
heteroatom nucleophile was required with inter-heteroatom
distances matched to the inter-chlorine distances in I. A 1,3-
diol, upon adoption of a syn-periplanar conformation, dis-
plays the oxygen atoms in the prescribed manner. Appreciat-
ing that the desired conformer could be favored through the
Thorpe ± Ingold effect, neopentyl glycols were selected as our
ªfirst generationº covalent scaffold. According to this scheme,
covalent casting of the aminotriazine H-bonding motif yields
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Figure 1. Top: X-ray crystal structure of 1a, revealing the anticipated one-
dimensional H-bonding motif I. Bottom: X-ray crystal structure of 3a
revealing the persistence of the encoded H-bonding motif upon introduc-
tion of a 1,3-diol linker and the desired duplex mode of assembly.


the diol-linked oligomers 2 (X�O), which express the duplex
structure II upon self-association (Scheme 4).


Duplex formation in the solid-state and in solution : Having
defined a distinct family of oligomers through the covalent
casting concept, we sought to provide proof of principle by
establishing the duplex mode of assembly. As a starting point,
we first explored the simplest oligomer available, bis-amino
triazine 3 a (Scheme 5), which incorporates neopentyl glycol
as a linking moiety. X-ray crystallographic analysis of 3 a
revealed persistence of the aminotriazine H-bonding motif
upon introduction of the covalent scaffolding, thereby estab-
lishing the duplex mode of assembly and the viability of 1,3-
diols as linking groups (Figure 1, bottom).


Having established the intended duplex mode of assembly
in the solid state, we next endeavored to characterize the
mode of assembly in solution through 1H NMR dilution
studies conducted on bis-aminotriazine 4. Dimerization of 4
occurs through the action of six H-bonds (Scheme 5). The
intended duplex mode of assembly has been corroborated by
X-ray crystallographic analysis of the structurally related 2,2-


dibenzyl-1,3-diol-linked species
3 b. Dilution studies performed
at room temperature fit a 1:1
binding isotherm with low er-
ror, and yield the follow-
ing dimerization constant
in CDCl3: logK� 2.0� 0.10
(K� 100mÿ1) (Table 1). While
this value is relatively low for a
complex bound by six H-bonds,
it is substantially greater than
that observed for the self-asso-
ciation of mono-triazine 1 b
in CDCl3 (log K� 0.46� 0.026,
K� 2.9mÿ1) (Table 1). Never-
theless, the efficiency of dime-
rization for 4 may be improved


through optimization of the covalent scaffolding to further
preorganize 4 in the binding-effective conformation. Specif-
ically, adoption of the syn-periplanar geometry required for
dimerization elicits unfavorable steric and dipole ± dipole
interactions in the form of eclipsed CÿO bonds in the diol
linker. The nonbonded interactions evident in 4 may, in
principle, be transformed into bonded interactions through
the utilization of an aminoalcohol linking group as in 5, which
would result in the formation of an intramolecular NH ´ ´ ´ O
H-bond (Figure 2).


Scheme 3. Facile chloro-substitution makes 2-amino-4,6-dichlorotriazine a versatile platform for the generation
of duplex strands.
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Scheme 5. Self-assembly of monomeric and dimeric aminotriazines.
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Figure 2. Optimization of the covalent scaffolding for oligotriazines
through the introduction of aminoalcohol linking groups. Enhanced
preorganization of 5 derives from the presence of an internal NH ´ ´ ´ O
H-bond.


Indeed, the association constant pertaining to the dimeri-
zation of bis-aminotriazine 5, which incorporates the opti-
mized aminoalcohol-based covalent scaffold, is over three
orders of magnitude greater than that observed for the
corresponding diol-linked compound 4 in 5 % [D6]DMSO/
CDCl3 (Table 1). In fact, in neat CDCl3, the duplex of 5
persists at the limits of 1H NMR detection. This dramatic
enhancement owes to a seemingly minor structural modifica-


tion: the substitution of nitrogen for oxygen in the linking
moiety.


For the preparation of higher oligomers, we have devised an
homologation protocol allowing sequential extension of oligo-
aminotriazines to yield monodisperse dimeric, trimeric, and
tetrameric strands 8 a ± c (Scheme 6). As evidenced by binding
constants obtained for the series of oligomers in increasingly
competitive media, interstrand affinity improves with increas-
ing strand length. The low errors obtained upon fitting the
data to a 1:1 binding model, along with the relative magnitude
of the binding constants as a function of medium, strongly
supports ªin registerº duplex formation. We are currently
analyzing dye-labeled strands in order to determine binding
constants in noncompetitive media by fluorescence resonance
energy transfer (FRET) techniques.


Having prepared discrete duplex oligomers, the prepara-
tion of polymeric materials was desired. Diol-linked amino-
triazine dimer 9 undergoes condensation polymerization with
homopiperazine, which may be viewed as a conformationally
constrained 1,3-diamine.[1a] The polymer backbone contains
alternating 1,3-diol and 1,3-diamine linkages. More recently,
we have begun to explore the polymerization of the ªsecond
generationº aminoalcohol-linked derivatives. The aminoalco-
hol-linked polymers 10 b should be obtained by self-conden-
sation of 6 upon unmasking of the latent Boc-protected amine
nucleophile (Scheme 7).


Characterization of the topography of polymers 10 is
currently underway. However, a qualitative indication that
10 a adopts a compact globular structure as a result of the
formation of intramolecular H-bonds is provided by temper-
ature dependent GPC analysis. Specifically, large increases
(20 ± 24 %) in apparent molecular weight are observed upon
modest increases in temperature (Table 2). Notably these
studies were performed in THF solvent, a competitive
medium for H-bond formation.


The covalent casting of alternative one-dimensional H-bond-
ing motifs : Covalent casting of the aminotriazine H-bonding
motif has led to a new family of covalent-noncovalent ladder


Table 1. Association constants [mÿ1] determined by 1H NMR.[a]


Percent [D6]DMSO in CDCl3 v :v
Compound 0% 1 % 5% 10% 50%


1b 2.9 ± ± ± ±
4 100 66 9.2 2.0 ±
5 ND[b] ± 28000 1100 ±
8b ± ± ± ND[c] 1500[d]


8c ± ± ± ND[c] ND[c]


[a] Association constants were obtained from 1H NMR dilution data using
the computer program ChemEqui developed by Dr. Vitaly Solov�ev. For a
detailed description, see: V. P. Solov�ev, V. E. Baulin, N. N. Strakhova, V. P.
Kazachenko, V. K. Belsky, A. A. Varnek, T. A. Volkova, G. J. Wipff, Chem.
Soc. Perkin Trans. 2 1998, 1489. [b] No dissociation was observed above
1.3mm. [c] No dissociation was observed within the detection limits of the
NMR experiment. [d] Results were dependent upon the amount of residual
H2O present in [D6]DMSO. In a duplicate experiment using dry DMSO,
dissociation was not observed.
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materials. In principle, a diverse range of duplex materials
possessing programmable self-association characteristics may
be obtained through the covalent casting of selected H-bond-


ing motifs. To illustrate the
generality of the covalent cast-
ing design principle, studies on
the casting of alternative one-
dimensional H-bonding motifs
have been initiated. 1,4-Diami-
nophthalazine (11) was antici-
pated to express a one-dimen-
sional superstructure (Figure 3,
top). The H-bonding motif of
11 and related structures (e.g.
1,4-diaminopyridazine) are yet
unknown in the literature. For
this reason single crystals of 11
were grown and analyzed by
X-ray diffraction. The antici-
pated H-bonding motif was ob-
served in the solid-state (Fig-
ure 3, bottom).


Studying interatomic distan-
ces obtained from the crystal
structure of 11 facilitates the
design of a covalent scaffold. A
trans-1,4-but-2-ene diol linkage,
as shown for dimeric 1,4-diami-
nophthalazine 12, is roughly
commensurate with the supra-


molecular connectivities revealed in the crystal structure.
Studies related to the assembly 12 in solution and in the solid
state are currently underway (Scheme 8).


Thus far, we have described systems that self-associate, that
is, the self-assembly of homomeric strands. The melamine ±
cyanuric acid H-bonding motif[16] provides an opportunity to


Table 2. Peak molecular weight of 10a measured by GPC[a] as a function of
concentration and temperature.[b]


Entry Sample conc. [mg mLÿ1][c] M.p. (25 8C) M.p. (50 8C)


1 4.0 37100 46000
2 1.0 35500 42600


[a] Gel permeation chromatography in THF, calibrated with polystyrene
standards at both temperatures. [b] Column temperature maintained by
heated enclosure. [c] Injection volume� 100 mL.
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Figure 3. Top: 1,4-Diaminophthalazine (11) and anticipated one-dimen-
sional H-bonding motif. Bottom: X-ray crystal structure of 11 revealing the
anticipated mode of assembly.
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cast heteromeric duplex materials. The isophthaloyl moiety
serves as a covalent scaffold for the melamine portion of the
H-bonded tape. The cyanuric acid-containing strand is cast by the
introduction of a semi-rigid polyamide backbone (Scheme 9).


The conjugation of different ADP oligomers raises numer-
ous possibilities involving the design of self-replicating sys-


tems.[17] Each unique oligomer may serve a multi-site receptor
for its composite monomers. As such, a strand may template
its own formation by preorganization of the monomers along
the polymer in a manner geometrically suited for introduction
of covalent scaffolding. Covalent capture of the templated
monomers would result in the formation of a duplicate strand.
The outcome of templated versus untemplated polymeriza-
tion is most easily assessed in block polymer systems
incorporating different H-bonding recognition motifs as
depicted schematically (Scheme 10). Self-replication in


this manner would be equiva-
lent to an abiotic version of the
polymerase chain reaction
(PCR).


Perspectives : In Nature, nano-
structured objects are assem-
bled from macromolecular pre-
cursors. Biomacromolecules,
such as proteins and DNA, not
only exhibit high levels of struc-
tural homogeneity, but possess
exceptional mechanical proper-
ties (e.g. arachnid silk fibers)[18] ,
selective catalytic functions
(e.g. cytochrome-p450)[19] , and
information storage capabilities
(DNA/RNA).[20] By developing
technologies for the controlled
induction of superstructure in
oligomeric and polymeric pre-
cursors through self-assembly,
steps are taken toward the def-
inition of a platform for the de
novo design of synthetic poly-
mer-based devices of nanomet-
ric dimensions, which, upon
sufficient development, may
embody capabilities beyond
those displayed by their natural
counterparts.


The covalent casting of non-
covalent ensembles has been
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introduced as a design strategy for the preparation of large
covalent constructs of predefined superstructure. Strategies
for the spontaneous yet controlled assembly of polymeric
precursors will permit the generation of nanostructured
supramolecular materials that bridge molecular and litho-
graphic size regimes.[21] It is the authors� hope that this
account will stimulate further studies toward the design of
polymer-based architectures en route to functional materials.
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At Nonzero Temperatures, Stacked Structures of Methylated Nucleic Acid
Base Pairs and Microhydrated Nonmethylated Nucleic Acid Base Pairs are
Favored over Planar Hydrogen-Bonded Structures: A Molecular Dynamics
Simulations Study


Martin KabelaÂcÏ and Pavel Hobza*[a]


Abstract: The dynamic structure of all
ten possible nucleic acid (NA) base pairs
and methylated NA base pairs hydrated
by a small number of water molecules
(from 1 to 16) was determined by using
molecular dynamics simulations in the
NVE microcanonical and NVT canon-
ical ensembles with the Cornell force
field (W. D. Cornell, P. Cieplak, C. I.
Bayly, I. R.Gould, K. M. Merz, D. M.
Ferguson, D. C. Spellmeyer, T. Fox, J. E.
Caldwell, P. Kollman, J. Am. Chem. Soc.
1995, 117, 5179). The presence of one
water molecule does not affect the
structure of any hydrogen-bonded (H-
bonded) nonmethylated base pair. An
equal population of H-bonded and
stacked structures of adenine ´ ´ ´ ade-
nine, adenine ´´´ guanine and adenine ´´´
thymine pairs is reached if as few as
two water molecules are present, while
obtaining equal populations of these


structures in the case of adenine ´ ´ ´ cy-
tosine, cytosine ´ ´ ´ thymine, guanine ´ ´ ´
guanine and guanine ´ ´ ´ thymine re-
quired the presence of four water mol-
ecules, and in the case of guanine ´ ´ ´ cy-
tosine, six. A comparable population of
planar, H-bonded and stacked structures
for cytosine ´ ´ ´ cytosine and thymine ´ ´ ´
thymine base pairs was only obtained if
at least eight water molecules hydrated a
pair. Methylation of bases changed the
situation dramatically and stacked struc-
tures were favoured over H-bonded
ones even in the absence of water
molecules in most cases. Only in the
case of methyl cytosine ´ ´ ´ methyl cyto-


sine, methyl guanine ´ ´ ´ methyl guanine
and methyl guanine ´ ´ ´ methyl cytosine
pairs were two, two or six water mole-
cules, respectively, needed in order to
obtain a comparable population of pla-
nar, H-bonded and stacked structures.
We believe that these results give clear
evidence that the preferred stacked
structure of NA base pairs in the micro-
hydrated environment, and also appa-
rently in a regular solvent, is due to the
hydrophilic interaction of a small num-
ber of water molecules. In the case of
methylated bases, it is also due to the
fact that the hydrogen atoms most
suitable for the formation of H-bonds
have been replaced by a methyl group.
A preferred stacked structure is, thus,
not due to a hydrophobic interaction
between a large bulk of water molecules
and the base pair, as believed.


Keywords: AMBER empirical po-
tential ´ hydrogen bonds ´ molec-
ular dynamics ´ nucleobases ´ sol-
vent effects ´ stacking interactions


Introduction


The interaction of nucleic acid (NA) bases is of key
importance since it determines the structure, and therefore
also the functions, of DNA and RNA. Two types of base-pair
interactions, planar and vertical, that lead to the formation of
H-bonded and stacked structures are relevant. Each of the
two interactions is of a different nature. The former are
dominated by Coulombic (electrostatic) energy contributions
originating in the highly dipolar character of NA bases, while


the latter originate mainly in London dispersion energy due to
the high polarisabilities of NA bases. H-bonding interactions
are highly directional and specific, while stacking interactions
are less specific. Both types of NA interactions are, however,
important and both contribute to the unique structure and
function of DNA and RNA.


In the gas phase (at nonzero temperature), H-bonded pairs
are energetically more stable than stacked pairs. Methylation
of the bases can, however, change the relationship between
these two structural typesÐdue to the increased polarisability
of the bases as well as the more favourable role of entropy.
Methylation also results in the most favourable H-bonded
structures vanishing. Furthermore, the medium plays a crucial
role. Bases associate mainly by H-bonding in the gas-phase[1]


and in nonpolar solution,[2±4] while in water the stacked
structures are clearly dominant.[5±7] Base pairing in the gas
phase is now well understood and many theoretical papers


[a] Prof. P. Hobza, Dr. M. KabelaÂcÏ
J. HeyrovskyÂ Institute of Physical Chemistry
Academy of Sciences of the Czech Republic and
Center for Complex Molecular Systems and Biomolecules
182 23 Prague 8 (Czech Republic)
E-mail : hobza@indy.jh-inst.cas.cz


FULL PAPER


Chem. Eur. J. 2001, 7, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0710-2067 $ 17.50+.50/0 2067







FULL PAPER P. Hobza and M. KabelµcÏ


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0710-2068 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 102068


have been published on this subject.[8] The different pairing of
NA bases in the gas and liquid phases represents a challenging
problem and several attempts have been made to explain
it.[9±11] All these studies, based on calculated DG values,
correctly predicted the tendency of stacked structures to be
preferred over H-bonded structures in water. Conversion
from H-bonded to stacked structure occurred, however, with
a rather large amount of solvent (�870,[9a]�750,[10] or�500[11]


water molecules). The important question thus arises: wheth-
er the transition from a planar, H-bonded structure to a
stacked structure is controlled by the hydrophobic interaction
of a large bulk of water molecules or is due to the hydrophilic
action of a small water cluster, or even due to the nature of the
stacking interactions themselves. The problem is now topical
since the gas phase hydration of biomolecules (which allows
the addition of a specific number of water molecules) is being
intensely studied in various laboratories. We have found only
two examples in the literature that show the important role of
a limited number of water molecules on the structure of base
pairs and concern the interaction energy. Using a simple
empirical potential, Desfrancois, Carles and Schermann have
shown that, in the presence of a single water molecule, the
lowest energy structure of the 9-methyl adenine ´ ´ ´ 1-methyl
thymine pair becomes stacked.[12a] Sivanesan et al.[12b] studied
the hydration of H-bonded and stacked structures of a
cytosine dimer. Using empirical electrostatic potential, Har-
tree ± Fock optimisation and MP2 single-point calculations,
the authors have shown that stacked dimers in the presence of
two or three water molecules were slightly (by about 5 %)


more stable than H-bonded pairs. In our previous communi-
cation[13] we showed that a gradual increase in the hydration
number of the adenine ´ ´ ´ thymine NA base pair results in a
transition from planar base-pair structures to nonplanar ones
and that, for as few as two water molecules, the population of
stacked structures is higher than that of planar structures.
Since we studied the interaction of free bases, both orienta-
tions of bases in the stacked arrangement (face to face or face
to back) are possible. Furthermore, only the most stable
tautomers (oxo and ammine forms) of bases are considered,
since the populations of other tautomers are negligible.


The aim of the present paper is to find the dynamic
structure of all ten possible NA base pairs and methylated
base pairs (N9 methylation of purines and N1 methylation of
pyrimidines) when they are hydrated by a small number of
water molecules (from one to 16). For the numbering of the
atoms see Figure 1.


Figure 1. Standard atom numbering for adenine (A), cytosine (C), guanine
(G) and thymine (T).


Computational Methods


The molecular dynamics (MD) calculations were performed
by using the Cornell force field,[14] since this force field has
been shown[8] to give the best energy characteristics for the
base ± base interaction in comparison with other empirical
potentials used for DNA simulations. This is for planar,
H-bonded as well as stacked interactions. The atomic charges
of all bases and methylated bases (N9 for adenine (A) and
guanine (G), N1 for cytosine (C) and thymine (T)) were
determined by using a restrained electrostatic potential fit[15]


at the HF/6-31G* level. Atomic charges determined at this
level are overestimated; the resulting overestimation of
electrostatic energy compensates for the missing polarisation
energy. The electrostatic dipole ± dipole interactions play an
important role in stabilising H-bonded and also stacked pairs.
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(In the latter case they determine the structure of the pair,
while the stabilisation comes from dispersion energy.) It must
be mentioned here that the electrostatic part of the Cornell
potential only includes atomic charges and dielectric con-
stants, that is, no parameters are included and care was paid to
determine the atomic charges as accurately as possible. From
this point of view, the use of the Cornell empirical potential,
originally designed for native DNA, is also justifiable for
interactions of free bases. This is documented by the close
agreement between nonempirical MP2 ab initio and empirical
results obtained for free H-bonded and stacked base pairs.
In the case of the former complexes, the largest difference
in stabilisation energies does not exceed 2.5 kcal molÿ1,
while for latter this difference is larger, but still below
3.5 kcal molÿ1.


Each base pair was solvated by one, two, four, eight and 16
TIP3P[16] water molecules without periodic boundary condi-
tions. No cut-off distance was used for these simulations. To
avoid separation of the bases by a distance larger than 16.0 �,
energy barrier restraints were applied. The same restraints
were applied to the distances of water molecules from bases.
No restraints on the internal geometry of the bases or of the
base pair were used. Simulations were carried out in the NVE
microcanonical and NVT canonical ensembles with a 0.5 fs
integration step (total simulation time was 10 ns). The
geometry was recorded every 1 ps. The temperature in the
NVT simulations was maintained by using the Berendsen
algorithm.[17] NVT simulations were performed at 300 K and,
for selected base pairs, also at 400 K. NVE simulations of
hydrated and nonhydrated base pairs were performed at
various constant total average energies corresponding to an
average temperature of 300 K. In the case of the guanine ´ ´ ´
cytosine and 9-methyl guanine ´ ´ ´ 1-methyl cytosine hydrated
and nonhydrated base pairs, these simulations were also
performed at higher total average energies corresponding to
an average temperature of 400 K.


Simulations in the NVE ensemble give the properties of a
cluster that does not interact with its surroundings, while the
simulations in the NVT ensemble correspond to the situation
in which the cluster is in thermal equilibrium with its
surroundings. The simulations in different ensembles should
provide different results and it is only in the thermodynamics
limit that different ensembles yield the same results.


Results and Discussion


To distinguish between the planar, H-bonded and stacked
structures of the base pair, we used the distance between the
centres of mass of individual bases. Taking the canonical
B-DNA structure[18] we found that these distances for planar
adenine ´ ´ ´ thymine and guanine ´ ´ ´ cytosine Watson ± Crick
(WC) base pairs were 6.02 and 5.59 �, respectively, while
for stacked guanine ´ ´ ´ adenine and cytosine ´ ´ ´ thymine pairs
they were only 3.89 and 3.79 �, respectively. We would add
that these canonical distances were very close to the distances
obtained from optimised, isolated base pairs.[8] Intermolecular
distance can thus be used unambiguously to distinguish
between H-bonded and stacked structures. Here we present


histograms showing the tendency for the bases to adopt
various intermolecular distances. Figure 2 shows the results
for nonmethylated and methylated base pairs hydrated by 0 to
16 water molecules.


Besides intermolecular distances, we also considered the
angle between the two base planes. We distinguished five
structural types: i) planar, H-bonded (deviation of base planes
is smaller than 258); ii) nonplanar, H-bonded (deviation of
base planes lies in the interval 25 ± 458); iii) T-shaped
(deviation of base planes lies in the interval 45 ± 908); iv)
planar stacked (deviation of parallel planes is smaller than
258); v) nonplanar stacked (deviation of parallel planes lies in
the interval 25 ± 458). The intermolecular centre-of-mass
distance for structural types i) ± iii) was between 4.9 and
8.0 �; in the case of both stacked structures it was below
4.9 �. Finally, subsystems were considered separated if this
distance was larger than 8.0 �. The population of all base
pairs in various structural types is shown in Table 1.


NVE microcanonical ensemble
Nonmethylated base pairs : The distance fluctuation trajecto-
ries (not shown) and histograms (Figure 2) for nonhydrated
and monohydrated pairs are very similar, and show an
intermolecular centre-of-mass distance between 5.25 and
6.5 �. This means that the H-bonded structures dominate.
The shortest distance (5.25 �) was found for the CC pair, a
distance of 5.5 � was detected for AC, CT and CG pairs, a
distance of 6.0 � was identified for AG and AT pairs and the
largest distances of 6.25 and 6.5 � were characteristic for AA,
GG, GT and TT pairs. The difference between nonhydrated
and monohydrated pairs is rather small for most base pairs.
Analysing the structural types of nonhydrated pairs, we found
roughly comparable populations of planar, H-bonded, non-
planar, H-bonded and T-shaped structures. Analysing the
H-bonded patterns with two and three H-bonds of various
base pairs, we found that adenine utilised mostly the N3 atom
and the H atom attached to the N9 atom, while in the case of
guanine the O6 atom and the H atom attached to the N1 atom
were involved. Cytosine forms H bonds with other bases
mainly through the N3 atom and H atoms of the amino group;
thymine through the O2 atom and the N1 hydrogen atom.
Similar H-bonded patterns were found for most of the
nonhydrated as well as for all hydrated structures. Monohy-
dration usually decreased the population of H-bonded pairs
and increased the population of T-shaped structures. From an
analysis of the H-bonded pattern for purine bases, we have
found that, for adenine, the N3 atom and the hydrogen atom
attached to the N9 atom are mostly utilised for H-bond
formation. For guanine, in most cases the formation of
H-bonds concerns the O6 atom and the hydrogen atom
attached to the N1 atom . In the case of the pyrimidine bases,
cytosine utilises mostly the N3 atom and the hydrogen atoms
of an amino group and thymine utilises the O2 atom and the
hydrogen atom attached to the N1 atom.


The addition of a second water molecule leads to important
changes, and the trajectories and histograms for AA, AG, AT
and GT pairs clearly show the existence of different structural
types with an intermolecular distance below 4 �, which
correspond to stacking. Table 1 clearly shows that the
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Figure 2. Histograms showing the tendency for various intermolecular base ± base centre-of-mass distances [�] of a base ´ ´ ´ base ´ (water)n cluster in which
n� 0 (top), 1, 2, 4, 8 and 16 (bottom) for all ten possible NA base pairs and methylated NA base pairs. Histograms were calculated for the whole simulation
time (10 ns). For the nonmethylated and methylated pairs of CG, histograms for a water cluster of 6 molecules (third from bottom) are also included.
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population of H-bonded, stacked and T-shaped structures is
now comparable for these pairs. For the remaining pairs, the
population of stacked structures increases but is still lower
than that of T-shaped and H-bonded structures. The presence
of a larger number of water molecules is required in order to
obtain a comparable population of H-bonded and stacked
structures for AC, CT and GG pairs (four water molecules),
the CG pair (six water molecules) and the CC and TT pairs
(eight water molecules). The addition of eight water mole-
cules leads to a dominant population (>88 %) of stacked
structures for all base pairs with the exception of CC, CG, CT
and TT. Moreover, in all these cases it is a planar stacked
structure that is by far the dominant structure. Passing from
eight to 16 water molecules did not bring any important
changes, and the trajectories and histograms for all base pairs
hydrated by 16 and eight water molecules are similar. In the
case of CC and TT pairs, the population of stacked (mainly
planar stacked) structures increased. For the CT pair, the
population of stacked structures slightly decreased, while the
population of T-shaped structures slightly increased.


How can we explain the fact that a higher population of
stacked structures of the pyrimidine base pairs (CC, CT and
TT) is achieved at the highest hydration number (eight water
molecules)? This is certainly not due to the magnitude of the
stabilisation energy; the stabilisation energy differences
between H-bonded and stacked structures of these pairs are
10.5, 2.9 and 4.1 kcal molÿ1, respectively, while those of CG
WC and AT WC pairs are 16.5 and 4.2 kcal molÿ1, respective-
ly.[8] This fact can only be explained on the basis of an
unfavourable geometrical arrangement of proton-acceptor
sites in the stacked structures of the pyrimidine base pairs.
While these positions in other stacked base pairs are arranged
in such a way that a few (two or four) water molecules can
easily make an H-bonded bridge between them (cf. Figure 3,
below), in the case of the aforementioned base pairs, the
formation of such bridges is only possible if more water
molecules (six or eight) cooperate.


Increasing the total average energy for the CG pair yields a
higher frequency of interconversions, and a comparable
population of stacked and H-bonded structures is achieved


Figure 2. (Continued)
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Table 1. Populations [%] of various structural types of all ten possible nonmethylated and methylated NA base pairs. HB p�H-bonded planar, HB np�H-
bonded nonplanar, T�T-shaped, Stack np� Stacked nonplanar, Stack p� Stacked planar and Sep.� Separated subsystems. For a more detailed description
see the main text.


Water No. HB p HB np T Stack np Stack p Sep.


AA
0 29 33 35 1 2 0
1 27 28 32 3 10 0
2 10 15 28 7 39 1
4 3 4 6 7 80 0
8 2 2 4 7 85 0


16 2 2 5 7 84 0
mAmA


0 2 3 11 8 74 0
1 1 2 3 6 88 0
2 1 2 2 4 91 0
4 1 1 1 4 93 0
8 1 2 2 5 90 0


16 2 3 7 5 80 2
AC


0 46 35 19 0 0 0
1 35 32 29 1 3 0
2 28 28 31 3 9 1
4 6 9 22 10 52 1
8 2 1 5 10 82 0


16 2 2 7 11 77 1
mAmC


0 6 6 20 9 59 0
1 2 2 9 8 79 0
2 1 1 4 8 86 0
4 1 1 2 5 91 0
8 1 1 3 6 89 0


16 2 3 6 8 80 1
AG


0 37 37 26 0 0 0
1 20 24 44 3 9 0
2 8 13 45 9 25 1
4 2 3 8 9 77 1
8 1 1 1 5 92 0


16 1 1 2 5 91 0
mAmG


0 3 7 24 5 61 0
1 1 2 7 6 84 0
2 1 1 2 6 88 0
4 1 1 1 4 92 0
8 1 1 1 4 93 0


16 2 2 3 5 88 0
AT


0 36 34 28 1 1 0
1 24 28 35 4 9 0
2 16 18 31 11 24 0
4 5 6 17 19 53 0
8 1 2 8 21 68 0


16 2 2 10 20 65 1
mAmT


0 11 12 21 7 49 0
1 2 3 10 8 77 0
2 1 1 6 7 85 0
4 1 1 4 6 88 0
8 2 2 5 7 84 0


16 2 3 7 6 81 1
CC


0 48 37 15 0 0 0
1 43 35 22 0 0 0
2 39 33 26 1 1 0
4 23 23 31 6 17 0
8 4 6 16 13 61 0


16 1 2 9 12 76 0


Water No. HB p HB np T Stack np Stack p Sep.


mCmC
0 46 33 17 1 3 0
1 34 27 22 3 14 0
2 23 20 22 7 28 0
4 5 6 11 11 66 1
8 2 3 6 9 80 0


16 4 5 13 9 66 3
CG


0 49 36 15 0 0 0
1 43 34 22 0 1 0
2 36 33 28 1 2 0
4 30 29 32 3 5 1
6 19 20 35 8 17 1
8 12 15 30 10 32 1


16 5 7 27 12 43 4
mCmG


0 43 37 20 0 0 0
1 38 36 25 0 1 0
2 31 34 28 2 3 0
4 25 28 32 5 9 1
6 18 22 31 9 18 2
8 15 19 29 13 22 2


16 9 12 20 17 38 4
CT


0 49 35 16 0 0 0
1 39 36 23 1 1 0
2 27 26 29 3 14 1
4 11 14 26 9 39 1
8 4 5 16 14 61 0


16 3 5 18 14 59 1
mCmT


0 1 1 31 15 52 0
1 2 4 14 10 70 0
2 2 4 10 8 76 0
4 2 2 8 11 77 0
8 2 4 13 11 70 0


16 4 6 22 10 54 4
GG


0 43 32 24 0 1 0
1 26 27 45 1 1 0
2 19 22 39 5 15 0
4 4 6 14 9 66 1
8 1 0 1 3 95 0


16 1 0 1 3 95 0
mGmG


0 44 33 23 0 0 0
1 19 24 44 1 1 10
2 11 15 31 4 32 9
4 1 1 2 4 89 1
8 1 1 0 3 95 0


16 1 1 1 2 95 0
GT


0 56 30 13 0 1 0
1 24 26 38 4 8 0
2 19 18 34 6 23 0
4 15 10 10 7 57 1
8 1 1 4 9 85 0


16 2 3 7 10 78 0
mGmT


0 3 6 22 4 63 0
1 1 1 5 5 88 0
2 1 1 4 7 87 0
4 2 2 5 8 83 0
8 2 2 5 7 82 0


16 2 4 9 7 75 3
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at a higher hydration number (eight rather than six; not
shown). Full hydration by 16 water molecules gives the same
dominant structure at both average energiesÐa stacked
structure; the population of other structures (H-bonded and
T-shaped) is, however, significant at the higher energy. When
the total energies for MD simulations are lowered, the
sampling of the potential energy surface is limited and the
results are strongly dependent on the starting structure.


The change from a planar, H-bonded to a stacked structure
is due to the action of a small number of water molecules.
Figure 3 shows some typical structural arrangements for two
and four water molecules hydrating the AT base pair; this
gave the most significant structural variations (see above). In
the first arrangement (S1. 2 H2O), water molecules act
separately on the opposite sides of the bases and each water
molecule forms one hydrogen bond with one base and a
second with the other. The second arrangement (S2. 2 H2O) is
characteristic of a H-bonded water pair and each water
molecule interacts with only one nitrogenous base. The
H-bonds in the planar base pair are sometimes not disrupted
and both water molecules are located in the first hydration
shell (HB1. 2 H2O). Otherwise, one H-bond in the pair is
retained while the other is disrupted and a water molecule
forms a bridge between adenine and thymine (HB2. 2 H2O).
Similar configurations were also observed in T-shaped
structures. Here either one H-bond is retained and the other
is disrupted and replaced by a chain of two water molecules
(T1. 2 H2O) or both H-bonds are disrupted and water
molecules form a bridge between the bases (T2. 2 H2O).


The total empirical stabilisation energies for optimised
structures S1. 2 H2O and HB1. 2 H2O are very similar (35.7 and
35.3 kcal molÿ1), while the base ± base stabilisation energies
differ. In the case of the S1. 2 H2O complex, the base ± base
stabilisation energy amounts to 11.9 kcal molÿ1 and the sum of
all the stabilisation energies between both bases and both
waters (and also water ± water contributions) equals
23.8 kcal molÿ1. This means that the stabilisation from base ±
water complexes is twice as large as stabilisation from base ±
base interactions. In the case of HB1. 2 H2O, the base ± base
and base ± water stabilisation energies amount to 15.5 and
19.8 kcal molÿ1, respectively. Evidently, in the case of H-bond-


Figure 3. Snapshots from the NVE molecular dynamics simulations of the
AT.n H2O cluster. Selected stacked (S), H-bonded (HB) and T-shaped
structures (T) are shown. For a full description see the main text.


ed complexes, the geometry arrangement of both water
molecules is not as favourable as in the case of stacked pairs.


The basic structural motifs of stacked arrangements with
four water molecules are similar to the previous ones (see
stacked arrangement S1. 4 H2O). The H-bonded structures are
only rarely present, mostly as structures having a cluster of
four water molecules bonded together (HB1. 4 H2O). The
overall picture is not changed for hydration by eight or 16
water molecules (Figure 2b). Similar structural motifs can also
be found for the remaining base pairs.


Performing the NVE simulations at higher total average
energies (the corresponding average temperature was about
400 K) leads to a slight increase in the population of stacked
structures, and, further, the tendency for dissociation is
increased. On the other hand, at lower total average energy,
the sampling of the potential surface is limited and results
depend strongly on the starting structure.


We conclude that the higher relative population of stacked
structures, and particularly of planar stacked structures,
reflects a gradual increase in hydration number (see Table 1).


Table 1. (cont.)


Water No. HB p HB np T Stack np Stack p Sep.


TT
0 41 36 23 0 0 0
1 28 33 34 2 2 1
2 20 24 35 7 12 2
4 14 19 37 11 19 0
8 6 9 21 22 41 1


16 3 5 15 24 52 1
mTmT


0 6 8 20 8 58 0
1 6 8 18 10 58 0
2 6 7 15 11 61 0
4 3 5 13 13 66 0
8 5 7 18 10 59 1


16 8 11 28 9 38 6
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Methylated base pairs : The distance fluctuation trajectories
(not shown) and histograms (Figure 2) both show a different
picture in comparison with nonmethylated pairs, and a higher
population of stacked structures is obtained for most methyl-
ated base pairs (mAmA, mAmC, mAmG, mAmT, mCmT,
mGmT and mTmT) even without the presence of a water
molecule. Comparing the populations of various structures of
nonmethylated and methylated pairs (Table 1), we find
profound differences. While for the former pairs the popula-
tion of H-bonded (planar and nonplanar) and T-shaped
structures is comparable and that of stacked structures is
negligible, in the case of the latter pairs the population of
planar stacked pairs is clearly dominant. This is because the
most favourable H-bonded patterns presented in the non-
methylated structures vanish as a consequence of the sub-
stitution of the hydrogen atom attached to the N9 or N1 atom
by a methyl group. The only exception is for mCmC, mGmG
and mCmG pairs, in which a comparable population of
stacked and H-bonded structures was reached by hydration
with two, two or six water molecules respectively, similar to
the situation for nonmethylated pairs. This gives clear
evidence that the most favourable H-bond patterns of the
nonmethylated pairs and of the methylated base pairs are
identical.


NVT canonical ensemble : The trajectories and histograms for
AT.nH2O and CG.n H2O (n� 0, 1, 2, 4, 8, 16) pairs generated
at lower average energy in the NVE microcanonical-ensemble
and in the NVT canonical-ensemble (300 K) simulations
exhibit great similarities (not shown). This also applies to CG
trajectories and histograms obtained at higher average energy
(NVE microcanonical ensemble) and at 400 K (NVT canon-
ical ensemble). Almost identical results from both simulations
were also reached for mAmT and mCmG base pairs (not
shown).


Conclusion


The effect of hydration on the structure of nonmethylated and
methylated NA base pairs was studied by using MD NVE
microcanonical-ensemble and NVT canonical-ensemble sim-
ulations. In the case of the former pairs, a gradual increase in
hydration number results in a transition from planar,
H-bonded structures to stacked structures. For some base
pairs, the population of stacked structures is higher than that
of H-bonded structures for as few as two water molecules. For
the remaining base pairs, comparable populations of stacked
and H-bonded base pairs were reached with hydration by
four, six or eight water molecules. In the case of methylated
bases, stacked structures are dominant for the majority of base
pairs, even without any water. We believe that these results


give clear evidence that the preferred population of stacked
structures of NA base pairs in an aqueous environment is due
to the hydrophilic interaction of a small number of water
molecules with the base pair. In the case of the methylated
bases, it is also due to the fact that the most favourable
H-bonded structures vanish with the substitution of hydrogen
atom by a methyl group. The preferred population of the
stacked structures is thus not due to a hydrophobic interaction
between a large bulk of water molecules and a base pair, as
believed until now.


Hydration by a higher number of water molecules (32) led
to similar results and the only difference was the fact that the
probability of dissociation of the bases increased. This means
that bases are separated by several water molecules. The same
tendency was also observed during simulations in a periodic
box of 256 water molecules.
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Molecular Signal Transduction by Conformational Transmission:
Use of Tetrasubstituted Perhydroanthracenes as Transducers


Hans-Georg Weinig, Rolf Krauss, Matthias Seydack, Jürgen Bendig, and Ulrich Koert*[a]


Abstract: 2,3,6,7-Tetrasubstituted cis-
anti-cis perhydroanthracenes have been
studied as conformational transducers
for molecular signal transduction. 2,2'-
Bipyridine groups attached to the per-
hydroanthracene through ether linkages
were chosen as receptor substituents,
while pyrene groups were selected as
effectors. A chelation-induced triple
ring flip of the perhydroanthracene
could be achieved by the complexation
of zinc(ii) ions at the bipyridine sites of


ligands 13 and 15. It was found that two
pyrene substituents attached to the per-
hydroanthracene via a linker with an E
double bond and an ester group could be
used to monitor the triple ring flip. In
the equatorial positions, the pyrenes are


sufficiently close to form an excimer in
the excited state, giving a fluorescence
signal at 480 nm. In the axial positions,
they are far away from each other and
give mainly a monomer fluorescence
signal at 380 nm. Both the bipyridine
receptor and the pyrene effector are
present in compound 33. The conforma-
tional switching 34! 35 (the two con-
formers of 33) has successfully been
used for a signal transduction over a
signal distance of 2 nm.


Keywords: conformation analysis ´
fluorescence ´ molecular switch ´
perhydroanthracene ´ signal trans-
duction


Introduction


A complex molecular system requires the controlled ex-
change of information between its component parts and the
environment.[1] Biomolecular signals have to be transduced,
for example, across a cell membrane or through cytoplasm to
the nucleus of a cell.[2, 3] While
many processes in biological
signal transduction are based
on the diffusion of a second
messenger to the effector site, a
molecular transducer that links
the receptor and the effector
site offers several advantages: a
predictable signal distance de-
fined by the molecular length of
the transducer, a predictable
signal direction from the recep-
tor to the effector site, and a
signal speed that is determined
by the nature of the transduc-
tion process.


Conformational transmission[4, 5] is one possible mechanism
for connecting the receptor site to the effector site (Fig-
ure 1a). The signal stimulus leads to a conformational change
at the receptor site, which is transmitted by the transducer to
the effector site. There, another conformational change
results in a readable effect. Promising candidates as trans-


ducers are biconformational molecules.[5, 6] A conformational
switch[7, 8] between their two low-energy conformers could be
used to transfer the signal. In order to achieve a long signal
distance, we focused on the biconformational cis-anti-cis
perhydroanthracene.[5, 9, 10] Conformational transmission by
the perhydroanthracene can be envisaged as proceeding
through a triple ring flip (Figure 1b). A tetrasubstituted cis-
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Figure 1. Molecular signal transduction through conformational transmission: a) The signal causes a conforma-
tional change at the receptor, which is transduced to the effector; b) General structure of a tetrasubstituted
perhydroanthracene transducer 1 with the two receptor sites shown in red and the two effector sites shown in blue.
Upon binding of the signal compound, the all-chair conformer 2 is converted through a triple ring flip to the all-
chair conformer 3. The equatorial-to-axial change of the effector substituents leads to a readable response.
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anti-cis-perhydroanthracene of type 1 with two receptor
substituents (red) and two effector substituents (blue) was
chosen as a transducer.[9] In conformer 2, the receptor
substituents are axial and the effector substituents are
equatorial. Binding of the signal compound in a chelation
mode enforces the conformational switching 2! 3. In con-
former 3, the orientations of the substituents are inter-
changed, with the receptors being in equatorial positions
and the effectors adopting the axial positions. Conformational
transmission through a double ring flip of the shorter cis-
decalin system has recently been investigated by our group.[11]


Several studies concerning the conformational control of
cyclohexane derivatives have been reported.[12]


Results and Discussion


Choice of the 2,3,6,7-substituents: A number of criteria were
important for an appropriate choice of the four substituents at
the 2,3,6,7-positions of the cis-anti-cis perhydroanthracene.
First, one has to distinguish between the receptor and effector
sites. Therefore, a selective attachment of the receptor and
effector groups is necessary. Second, with respect to the
conformational balance between 2 and 3, it would be
advantageous to shift the equilibrium to one side, for example,
towards 2, in a predictable manner. In this way, the conformer
2 could serve as a defined starting point for the molecular
switch 2! 3. Both these requirements are fulfilled by
tetrasubstituted perhydroanthracenes of type 4 (Figure 2).


The cis-anti-cis perhydroanthracene 4 bears carbon sub-
stituents at the 2- and 3-positions and oxygen substituents at
the 6- and 7-positions. Compound 4 a should be well-suited for
the selective attachment of the receptor and effector sub-
stituents as its primary and secondary hydroxy functions can
be readily distinguished. The choice of a 2,3-carbon-6,7-
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Figure 2. 2,3-C,6,7-O-Tetrasubstituted perhydroanthracenes of type 4 as
suitable candidates for the conformational transmission. The tetramethyl
ether 4 b has two low-energy all-chair conformations 5 and 6.


oxygen substitution pattern should shift the equilibrium
between the two all-chair conformers 2 and 3 in favor of the
conformer 2 with equatorial C-substituents in the 2- and
3-positions and axial O-substituents in the 6- and 7-positions.
The tetramethyl ether 4 b was selected to test this hypothesis
and to investigate the position of the equilibrium (5> 6). The
most unfavourable interaction in conformer 5 is an O ± C 1,3-
diaxial interaction, while in conformer 6 it is a C ± C 1,3-
diaxial interaction. The latter is disfavoured with respect to
the former by 1 kcal molÿ1.[13] Molecular dynamics calcula-
tions on 4 b (INSIGHT/DISCOVER, cvff, 200 cycles, 300 K to
1000 K) found the two conformers 5 and 6 to be within 0 ±
3 kcal molÿ1 of each other, with 5 being energetically favored
by 3 kcal molÿ1. Thus, at ambient temperature 5 should be
populated to more than 99 %. The starting material for the
synthesis of 4 b was the diol 7 (Scheme 1), which was
stereoselectively prepared[14] by iterative use of the Lewis
acid catalyzed Diels ± Alder reaction as described previous-
ly.[5a]
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Scheme 1. a) 1. TBAF, THF, 50 8C, 3 h, 94%; 2. NaH, DMF, 0 8C, 30 min,
then CH3I, 20 8C, 4 d, 67%. TBAF� tetrabutylammonium fluoride.


The 1H NMR spectra (300 MHz, [D8]toluene) of 4 b
recorded in the temperature range 213 ± 363 K (Figure 3)
show the presence of the all-chair conformer 5 and no
detectable amount (<5 %) of the other all-chair conformer
6.[15] The two equatorial protons in the 6- and 7-positions give
rise to broad pseudo singlets resulting from three small 3J
gauche couplings. Further characteristic signals of the perhy-
droanthracene skeleton of 5, as marked in Figure 3, are those
of the 9a, 9b, and 10a protons. For some signals, a temper-
ature dependence of the chemical shift was observed and at
low temperatures a broadening of the signals occurred,


Abstract in German: 2,3,6,7-Tetrasubstituierte cis-anti-cis
Perhydroanthracene eignen sich als konformationelle Signal-
überträger zur molekularen Signaltransduktion. 2,2'-Bipyridi-
ne, die über eine Etherbrücke mit dem Perhydroanthracen
verbunden sind, wurden hierzu als Rezeptorsubstituenten
ausgewählt. Ein Chelat-induzierter Tripel-Ring-Flip des Per-
hydroanthracens lieû sich mit den Verbindungen 13 und 15
durch Bildung eines Zink ± Bipyridin Komplexes erreichen.
Pyrene können dann als Effektoren verwendet werden, wenn
sie eine E-Doppelbindung und einen Ester als Verknüpfungs-
element zum Perhydroanthracen aufweisen. In den equatoria-
len Positionen sind die Pyrene nahe genug beieinander, um im
angeregten Zustand ein Excimer mit einer Fluoreszenz von
480 nm zu bilden. In den axialen Positionen sind beide Pyrene
räumlich so weit voneinander entfernt, daû sie überwiegend
eine Monomerfluoreszenz bei 380 nm zeigen. Verbindung 33
wurde hergestellt, bei der der Bipyridin-Rezeptor und der
Pyreneffektor zusammen in einem Molekül integriert sind.
Über das durch ein Zink-Signal ausgelöste konformationelle
Umschalten 34! 35 konnte eine erfolgreiche Signaltransduk-
tion über eine Signaldistanz von 2 nm durchgeführt werden.
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Figure 3. Temperature dependence of the 1H NMR spectrum of the
perhydroanthracene tetramethyl ether 4b in [D8]toluene.


probably due to the increased solvent viscosity. The preferred
all-chair conformation of the perhydroanthracene skeleton of
4 is identical to that found for 7.[5a] NOESY data and a
correlation with a related X-ray crystal structure were used to
unambiguously assign the conformation of 7.[5a] The results of
the temperature-dependent NMR analysis of 4 b are in
agreement with the theoretical prediction of an energy
difference of 3 kcal molÿ1 between 5 and 6. Inspection of
the conformational space produced by the molecular dynam-
ics simulation revealed that other non-all-chair conformers
are much higher in energy than 5 and 6.


Covalently induced triple ring flip : A triple ring flip in
perhydroanthracenes of type 4 can be induced in different
ways, provided that a switching energy of at least 6 kcal molÿ1


is applied to force the substituents at C-2 and C-3 from axial
into equatorial positions.[16] One way of achieving this is to
introduce a covalent clamp. It has been shown by X-ray
crystallography and NMR studies that the bis-acetals origi-
nally introduced by Ley[17] are capable of undergoing a triple
ring flip in the perhydroanthracene case.[5a] The diol 7 was
treated with 2,2,3,3-tetramethoxybutane and camphorsulfonic
acid in MeOH to produce the bis-acetal 8 (Scheme 2). This
reaction corresponds to the triple ring flip from the all-chair
conformer 9 to the all-chair conformer 10.


Chelation-induced triple ring flip : The transduction of a signal
by the triple ring flip of the perhydroanthracene needs a fast
and reversible response of the receptor. The formation of a
metal-chelate complex with a binding energy greater than the
switching energy of 6 kcal molÿ1 could be used for this
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Scheme 2. Covalently induced triple ring flip 9! 10 ; a) 2 equiv 2,2,3,3-
tetramethoxybutane, 4 equiv trimethyl orthoformate, catalytic amount
camphorsulfonic acid, MeOH, 20 h, 50 8C, 97 %.


purpose. 2,2'-Bipyridines form strong chelate complexes.[18]


Harding et al. found that zinc(ii) ions and bis(2,2'-bipyridyl-6-
methyl ether) ligands can form chelate complexes with the
zinc(ii) ion six-coordinated by two bipyridyl groups and two
oxygens of the ether linkers.[19] Two perhydroanthracene
derivatives 13 and 15 with ether-linked bipyridine receptors in
the 6- and 7-positions were chosen as synthetic targets
(Scheme 3). 6-Bromomethyl-6'-methyl-2,2'-bipyridine[20] (11)
served as a building block to introduce the receptor groups.
The perhydroanthracene diol 7 was converted into the bis-
bipyridyl derivative 12 by means of a Williamson reaction.
Fluoride-mediated deprotection of the two tert-butyldiphe-
nylsilyl (TBDPS) ethers led to the diol 13. The latter was
subjected to a double Swern oxidation[21] to give the corre-
sponding dialdehyde, which was used in an E-selective Wittig
reaction with ethoxycarbonylmethylene triphenylphosphor-
ane to produce the a,b-unsaturated ester 14 in 79 % yield.
Reductive cleavage of the ester groups of 14 furnished the
diol 15. The binding of zinc(ii) ions by compounds 13 and 15
was monitored by 1H NMR and UV spectroscopy. Addition of
Zn(OTf)2 to 13 in CD3CN solution gave the complex [Zn-
13](OTf)2. Analysis of the NMR spectra of [Zn-13](OTf)2


confirmed that the chelation-induced triple ring flip (16! 17)
had indeed occurred (Scheme 4).


From the NOESY spectrum of the free ligand 13 (Fig-
ure 4a), one can extract the characteristic NOE contacts
shown in Figure 4b; these clearly prove 16 to be the only
detectable conformer. Analysis of the NOESY spectrum of
the complex [Zn-13](OTf)2 (Figure 5a) revealed a number of
characteristic NOE contacts, as shown in Figure 5b. These
data demonstrate the occurrence of the chelation-induced
triple ring flip and show 17 to be the only detectable
conformer. Diagnostic 1H NMR signals for monitoring the
triple ring flip (16! 17) are those of the protons at C-6 and
C-7. In 16, these protons are in equatorial positions and give
rise to two pseudo singlets at d� 3.9 and d� 3.8, respectively,
as a result of three small gauche 3J couplings. After the triple
ring flip to 17, these protons are in axial positions. Here, they
give rise to two double triplets at d� 3.05 and d� 3.16 as a
result of two large trans couplings and one small gauche 3J
coupling. Addition of Zn(OTf)2 to a solution of 15 in CD3CN/
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Scheme 4. Chelation-induced triple ring flips 16! 17 and 18! 19.


CDCl3 (1:1) gave the complex [Zn-15](OTf)2. The NMR
spectra of the product confirmed that the expected triple ring
flip (18! 19) had occurred. The stability of the complex [Zn-
15](OTf)2 was determined by UV titration[21] (Figure 6a),
from which a binding energy of DG� 7.1 kcal molÿ1 in
CH3CN/CHCl3 was derived[22] (see Supporting Information).
The corresponding binding energy required to induce the
double ring flip in the decalin series has been determined as
DG� 6.8 kcal molÿ1.[11] Both values exceed the limit for the
switching energy of 6 kcal molÿ1 estimated as the requirement
for shifting the equilibrium 5> 6 towards 6. The triple ring
flip (18! 19) could be monitored by an 1H NMR titration
experiment on the reaction of 15 with Zn(OTf)2 (Figure 6b).


Figure 4. a) Parts of the NOESY spectrum of 13 (600 MHz, CD3CN);
b) preferred solution conformation 16 based on NOESY data. Selected
NOESY cross-signals are indicated with double arrows.
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Scheme 3. Synthesis of perhydroanthracenes 13 and 15 bearing bipyridine receptor groups; a) 7, NaH, DMSO, cat. amount nBu4NI, THF, 3 d, 20 8C, 81%;
b) TBAF, THF, 2 h, 40 8C, 98 %; c) 1. oxalyl chloride, DMSO, EtNiPr2, ÿ78 8C! 0 8C, CH2Cl2, 30 min; 2. ethoxycarbonylmethylene triphenylphosphorane,
toluene, 15 h, 90 8C, 79% (two steps); d) DIBAH, ÿ78 8C! 0 8C, CH2Cl2, 5 h, 69%. DMSO�dimethyl sulfoxide, DIBAH� diisobutylaluminum hydride.
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The clean formation of conformer 19 was indicated by the
diagnostic change in the bipyridine signals as well as by the
diagnostic signals of the 6-H and 7-H protons, which showed
the same change as discussed for the triple ring flip (16! 17).
It is noteworthy that in the millimolar range of the 1H NMR
experiment 1.1 equivalents of Zn(OTf)2 proved sufficient for
a complete triple ring flip, whereas in the micromolar range of
the UV experiment 2.0 equivalents were necessary. This is a
direct consequence of Ostwald�s law of dilution, which
predicts a higher dissociation of a complex at higher dilution.
The sensitivity of the signal response is a function of the
concentration range at which the signal transduction is carried
out.


Pyrenes as fluorescence reporter groups at the effector site :
Among the possible effector groups, photoactive units should
be useful for the read-out of the signal transduction process.
Pyrene groups[23, 24] were chosen as reporter groups to allow
distinction of the axial and equatorial positions of the
substituents at C-2 and C-3. The working hypothesis was
that, through the choice of an appropriate linker, equatorial
pyrene moieties, such as that in 20, should lead predominantly
to pyrene excimer formation with an excimer fluorescence at


480 nm (Scheme 5). After the triple ring flip to 21, the pyrene
substituents are in the axial positions, with a greater distance
between them. Consequently, the fluorescence of the pyrene
monomer at 380 nm becomes predominant. The optimal
conditions for excimer formation are a parallel, sandwich-
type alignment of the pyrene moieties, with an interplanar
separation of 353 pm.[25]


To test our working hypothesis, pyrene 22 and a series of
pyrene derivatives 23 ± 29 were studied as reference com-
pounds. The commercially available pyren-1-yl acetic acid 23
served as a common building block. In compounds 24 and 25,
the two pyrene units are connected by a linker lacking any
stereochemical information. The cyclohexane derivatives 26
and 29 were chosen as reference compounds for equatorially
oriented pyrene units, while the two bis-acetals 27 and 28
served as standards for the conformer with diaxial pyrene
effector groups. Bis(acetal) 28 differs from 27 in that it has an
additional E double bond in the linker between the perhy-
droanthracene and pyrene units. Compounds 24, 25, and 26
were prepared by standard transformations, while the syn-
thesis of compounds 27 ± 29 is summarized in Scheme 6. The
fluorescence spectra of compounds 24 ± 29 were recorded at
low concentrations (c� 10ÿ5 molLÿ1), at which no intermo-


Figure 5. a) Parts of the NOESY spectrum of the complex Zn-13-(OTf)2 (600 MHz, CD3CN); b) preferred solution conformation 17 based on NOESY data.
Selected NOESY cross-signals are indicated with double arrows.
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Figure 6. Analysis of the complexation-induced triple ring flip; a) UV/Vis
titration of 15 with Zn(OTf)2 (CH3CN/CHCl3, 1:1, c� 8.1� 10ÿ6 mol Lÿ1,
T� 298 K); b) 1H NMR titration of 15 with Zn(OTf)2 (CH3CN/CHCl3, 1:1,
c� 2.9� 10ÿ2 mol Lÿ1 (A� 0 equiv Zn(OTf)2, B� 0.3, C� 0.6, D� 0.9,
E� 1.1).


lecular excimer formation occurred (Figure 7). The spectra
were normalized with respect to the monomer band intensity
at 380 nm. The strongest excimer formation was found for
compound 29, with a diequatorial orientation of the pyrene
substituents, and for 24 with the triethylene glycol linker. The
diaxial reference compound 27 exhibited a lower but still
significant degree of excimer formation. The insertion of an E
double bond into the linker to give 28 proved to be a
successful means of largely suppressing excimer formation in


the bis-axial conformer. In order to gain more insight into the
conformational control of the excimer formation, the en-
thalpic and entropic contributions were determined for
compounds 22 ± 28 by means of temperature-dependent
fluorescence studies. Two pyrene residues in the ground state
show no interaction (besides van der Waals forces), and their
orientation depends only on conformational constraints.
Upon excitation of one pyrene residue, pyrene excimer
formation occurs within the S1 lifetime (Scheme 7). The ratio
of the fluorescence quantum yields of monomer fluorescence
fM


f and excimer fluorescence fE
f results from a competition


between formation (kME) and decomposition (kEM) process-
es[26] [Eq. (1)].


fE
f /fM


f � (kn;E
f kME tE


f �/[kn;M
f (1 � kEM tE


f �] (1)


The rate constants kn;M
f and


kn;E
f describe the probability of


a radiative transition of the
monomer and the excimer, re-
spectively. They are not temper-
ature dependent, whereas for
kME (excimer formation rate)
and for kEM (excimer decompo-
sition rate), a dependence on
temperature and environment
(e.g., solvent polarity) can be
expected. The excimer associa-
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Scheme 5. Pyrene groups as effectors in molecular signal transduction through the triple ring flip of the
perhydroanthracene.
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Scheme 6. a) Pyren-1-yl acetic acid, DMAP, EDC, CH2Cl2, 0 8C, 2 h, 88%;
b) 1. oxalyl chloride, DMSO, NEt3, CH2Cl2, ÿ78! 0 8C; 2. ethoxycar-
bonylmethylene triphenylphosphorane, CH2Cl2, 20 8C, 14 h, 73 % over two
steps; c) 12 equiv DIBAH, CH2Cl2, ÿ78! 0 8C, 4 h, 64 %; d) 10 equiv
pyrene acetic acid, 15 equiv DMAP, 10 equiv EDC, CH2Cl2, 20 8C, 2 h,
70%; e) 1. oxalyl chloride, DMSO, EtNiPr2, CH2Cl2, ÿ78! 0 8C; 2.
ethoxycarbonylmethylene triphenylphosphorane, toluene, 100 8C, 15 h,
97% over two steps; 3. DIBAH, CH2Cl2, ÿ78! 0 8C, 6 h; 4. pyren-1-yl
acetic acid, DMAP, EDC, CH2Cl2, 20 8C, 3 h, 19 % over two steps.
DMAP� 4-(dimethylamino)pyridine; EDC�N-ethyl-N'-(dimethylami-
no)propylcarbodiimide.


Figure 7. Fluorescence spectra of compounds 24 ± 29 (CHCl3, T� 298 K,
excitation at 343 nm).


Scheme 7. Intramolecular pyrene excimer formation.


tion constant K is given by the relationship kME/kEM�K. K is
determined thermodynamically as shown in Equation (2).


ÿRT lnK�DHÿTDS (2)


If the equilibrium is reached within the excimer lifetime tE
f


(see Table 1), the temperature gradient for fE
f /fM


f can be
described by the Eyring equation [Eq. (3)].[27]


ln (fE
f /fM


f �� ln (kn;E
f /kn;M


f �ÿDH/RT � DS/R (3)


An increase in the temperature leads to a decrease in the
excimer emission intensity and to an increase in the monomer
emission band in the fluorescence spectrum. Figure 8a shows


Figure 8. a) Temperature-dependent fluorescence spectra of 26 (CHCl3,
excitation at 343 nm); b) Arrhenius plot for 26 [ln (fE


f /fM
f � versus Tÿ1].


Table 1. Photophysical data of compounds 22 ± 28.


Com-
pound


lM
abs lM


f lE
f fM


f fE
f ff tM


f kn;M
f tE


f kn;E
f


[nm] [nm] [nm] (overall) [ns] [106 sÿ1] [ns] [106 sÿ1]


22[a,b] 345 379 470 0.65[c] 0[c] 0.65 475 1.4 53.0 10.5
23[a] 344 384 476 0.40[c] 0[c] 0.40 300 1.3 45.0 10.5
24 345 380 477 0.04 0.40 0.44 15.4 1.3 36.0 10.8
25 344 380 474 0.03 0.40 0.44 24.7 1.5 38.0 10.5
26 345 378 475 0.02 0.38 0.41 17.4 1.5 32.5 11.7
27 345 379 483 0.09 0.34 0.43 25.0 1.6 35.5 11.3
28 345 379 477 0.02 0.39 0.41 65.0 1.4 31.5 10.8


[a] In ethanol. [b] B. Stevens, M. I. Ban, Trans. Faraday Soc. 1964, 60, 1515. [c] c�
10ÿ6 mol Lÿ1.
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the fluorescence spectra of compound 26 in the range 288 to
325 K as a representative example. The dependence of ln (fE


f /
fM


f � on 1/T [Eq. (3)] allows the determination of DH from the
slope (Figure 8b). Additional time-resolved fluorescence
decay measurements to determine the fluorescence lifetimes
tM


f and tE
f enabled us to determine the rate constants kn;M


f and
kn;E


f (Table 1) and, therefore, from Equation (4), the excimer
association constant K as well.


fE
f /fM


f � (kn;E
f /kn;M


f � K (4)


With knowledge of K and DH, the entropic terms DS could
be calculated (Table 2).


For pyrene 22 and pyren-1-yl acetic acid 23, intermolecular
pyrene excimer formation is possible in the preferred
sandwich arrangement. The DH values observed are of the
order of ÿ10 kcal molÿ1. The negative DS values around
ÿ19 cal molÿ1 Kÿ1 for 22 and 23 are understandable because
the disordered contribution of single molecules is changed to
a highly ordered excited dimer. For linked pyrene residues,
two general trends are observed: 1) DH values are less
negative than that observed for ªfreeº pyrene because steric
restraints largely inhibit formation of the sandwich-like
arrangement, and 2) DS values are less negative than that
observed for ªfreeº pyrene because of a preorientation of the
two pyrene residues in the ground state.


The flexible polyether compound 24 already shows these
effects, and they become stronger in the more rigid com-
pounds 25 ± 28. This is reflected in the smaller values of the
DH and DS terms. A small DH term indicates that a sandwich-
like pyrene ± pyrene alignment cannot be attained because of
steric restraints in the molecule. Small DS terms are the result
of an intramolecular preorientation of the pyrene residues in
the ground state.[26, 28] The variation in these terms among
compounds 24 ± 28 is in accordance with our model consid-
erations. Compound 28 exhibits the strongest hindrance to
intramolecular pyrene excimer formation with DH�
�0.2 kcal molÿ1. No significant structural changes in the
pyrene ± pyrene orientation are observed (DS�
ÿ0.8 cal molÿ1 Kÿ1).


Fluorescence studies on the various reference compounds
showed the choice of the linker between the perhydroan-
thracene transducer and the pyrene effector to be crucial. An
E-olefin spacer and an ester group were found to be best
suited for largely suppressing excimer formation in the bis-


axial conformer and for supporting excimer formation in the
bis-equatorial conformer.


Molecular signal transduction through conformational trans-
mission : After the separate elaboration of bipyridines as
receptors and of pyrenes as suitable effectors, the two
components were combined to investigate signal transduction
through the triple ring flip of the perhydroanthracene trans-
ducer. Starting from compound 15, with both bipyridine units
already in place, the target molecule 33 was prepared. The two
pyrene substituents and the E double bond in the linker of 33
were introduced by applying the Wittig protocol established
in the syntheses of the reference compounds (Scheme 8).
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Scheme 8. Synthesis of the perhydroanthracene 33 ; a) DMAP, EDC,
pyren-1-yl acetic acid, 2 h, 20 8C, 94 %.


1H NMR spectroscopic analysis of uncomplexed 33 re-
vealed conformer 34 to be the only detectable species
(Figure 9a). The fluorescence spectrum of uncomplexed 33
displayed the expected weak pyrene monomer band at around
380 nm and the strong excimer band at 480 nm (Figure 10).


Figure 9. 1H NMR spectra of a) uncomplexed 33 and b) the zinc(ii)
complex of 33.


Figure 10. Photoresponse of 33 to a zinc(ii) signal. Fluorescence spectrum
of 33 in CH3CN/CHCl3 (1:1) as a function of added Zn(OTf)2 (excitation at
343 nm, c� 5.6�10ÿ6 mol Lÿ1, T� 298 K). Fluorescence spectra were
normalized with respect to the monomer peak at 380 nm.


Table 2. Thermodynamic data for the pyrene excimer formation of
compounds 22 ± 28.


Compound DH DS
[kcal molÿ1] [calmolÿ1 Kÿ1]


22 ÿ 9.5 ÿ 18.5
23 ÿ 10.0 ÿ 19.2
24 ÿ 5.5 ÿ 16.8
25 ÿ 1.0 ÿ 2.4
26 ÿ 1.1 ÿ 2.5
27 ÿ 0.8 ÿ 2.2
28 � 0.2 ÿ 0.8
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NMR analysis of the zinc(ii) complex of 33 (Figure 9b)
confirmed that a conformational switching from 34 to 35
had occurred (Scheme 9).


Addition of zinc(ii) ions to compound 33 resulted in a
distinct decrease in the intensity of the excimer band at
480 nm relative to that of the pyrene monomer fluorescence
band at 380 nm (Figure 10). The zinc signal causes an axial-to-
equatorial conformational change at the receptor site, which
is transduced through a triple ring flip of the perhydroan-
thracene to the pyrene effector site, where the induced
equatorial-to-axial flip yields the observed fluorescence
photosignal.


Interfering interactions between the zinc(ii) cation and the
pyrene systems could be excluded by control experiments.
The addition of excess zinc(ii) triflate to a solution of 29 had
no effect on the fluorescence spectrum (see Supporting
Information). Furthermore, no change in the fluorescence
spectrum was observed when zinc(ii) triflate was added to a
1:1 mixture of the bipyridine-substituted perhydroanthracene
15 and the bis-pyrene 29 (see Supporting Information).


Functional signal transduction needs a switch-on and a
switch-off. Addition of chelating agents (e.g., 6,6'-dimethyl-
2,2'-bipyridine or ethylenediaminetetraacetic acid) to a sol-
ution of the zinc complex 35 resulted in a distinct increase in
the intensity of the pyrene excimer emission relative to that of
the monomer fluorescence (see Supporting Information).
This is the expected photoresponse for the switch-off
(35! 34).


Conclusion


This study has shown that tetrasubstituted perhydroanthra-
cenes of type 4 are suitable conformational transducers for
molecular signals. Bipyridines have been used as receptors
and pyrenes as effectors. An appropriate choice of the linker
between the perhydroanthracene and the pyrene effectors has
proved necessary to obtain conformational control of the
pyrene excimer formation. In the given example, signal
transduction by conformational transmission has been dem-
onstrated with a particular receptor ± effector pair. One can


imagine a variety of stimuli at the receptor site, such as
photoisomerization or a redox process. An interesting topic
for investigation will be the induced dissociation of an ion or


ligand at the effector side. The
design, synthesis, and function-
al analysis of molecular devices
is a major challenge for syn-
thetic chemistry.[30] Compound
33 is a good example of such a
functional molecular device
and demonstrates the potential
of organic synthesis in the prep-
aration of functional nanoscale
systems.


Experimental Section


General : All boiling and melting
points are uncorrected. IR: Biorad
FTS 3000MX. NMR: Bruker AM 300,


DPX 300, and AMX 600. For 1H NMR, CDCl3 as solvent dH� 7.25,
[D4]MeOH as solvent dH� 4.78, CD3CN as solvent dH� 1.93; [D8]THF as
solvent dH� 3.58, [D8]toluene as solvent dH� 2.09, [D6]DMSO as solvent
dH� 2.50. For 13C NMR, CDCl3 as solvent dC� 77.0, [D4]MeOH as solvent
dC� 49.0, CD3CN as solvent dC� 1.3, [D8]THF as solvent dC� 67.4,
[D8]toluene as solvent dC� 20.4, [D6]DMSO as solvent dC� 39.5. Elemen-
tal analysis: CHNS-932 Analyzer (Leco). HRMS: Finnigan MAT 95.
HPLC: Rainin-Dynamax, SD-200 and SD-1, PDA1. All reactions were
performed under an inert atmosphere of argon in oven- or flame-dried
glassware. Dry solvents: THF and toluene were distilled from sodium/
benzophenone. EtN(iPr)2, Et3N, DMSO, and CH2Cl2 were distilled from
CaH2. All commercially available reagents were used without purification
unless otherwise noted. All reactions were monitored by thin-layer
chromatography (TLC) carried out on Merck F-254 silica-coated glass
plates; spots were visualized with UV light and/or heat-gun treatment after
spraying with 5% phosphomolybdic acid in EtOH. Column chromatog-
raphy and flash column chromatography were performed on Merck silica
gel 60 (70 ± 200 mesh and 230 ± 400 mesh). PE: light petroleum ether, b.p.
40 ± 60 8C.


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Bis(methoxymethyl)-6,7-
bis(oxymethyl)perhydroanthracene (4 b) Deprotection : TBAF (141 mg,
447 mmol) was added to a solution of the diol 7 (85 mg, 112 mmol) in THF
(3 mL). After 3 h at 50 8C, the solvent was removed in vacuo, and the
residue was purified by flash chromatography on silica (10 g; CHCl3/
MeOH, 7:1). The tetraol 4a was obtained in 94% yield as a colorless glassy
oil. Rf� 0.14 (CHCl3/MeOH, 7:1); 1H NMR (300 MHz, [D6]DMSO): d�
0.89 ± 1.51 (m, 10H), 1.53 ± 1.87 (m, 5 H), 1.90 ± 2.11 (m, 2 H), 2.12 ± 2.32 (m,
1H) (1,2,3,4,4a,5,8,8a,9,9a,10,10a-H), 3.19 ± 3.51 (m, 7 H; 6-H or 7-H, 2-,3-
CH2, and OH), 3.53 ± 3.63 (m, 1 H; 6-H or 7-H), 4.29 ± 4.45 (m, 2H; OH);
13C NMR (75 MHz, [D6]DMSO): d� 28.3, 28.5, 28.6, 28.8, 29.0, 31.3, 32.2,
33.5, 34.9, 35.4 (C-1,4,4a,5,8,8a,9,9a,10,10a), 35.5 (C-3), 41.6 (C-2), 64.1, 64.4
(2-,3-CH2), 69.5, 69.7 (C-6,7).


Methylation : The tetraol 4 a (30 mg, 105 mmol) was dissolved in DMF
(3 mL). At 0 8C, NaH (95 %, 43 mg, 1.69 mmol) was added, and the reaction
mixture was stirred at this temperature for 30 min. MeI (0.26 mL,
4.22 mmol) was then added. After 4 d at 20 8C, the mixture was neutralized
by the addition of HCl (2m). Most of the DMF was removed in vacuo, and
the residue was partitioned between Et2O (10 mL) and water (10 mL). The
layers were separated, and the aqueous layer was extracted with Et2O (3�
10 mL). The combined organic layers were dried with MgSO4, concen-
trated, and the residue was purified by flash chromatography on silica (5 g,
PE/AcOEt, 10:1! 8:1) to yield 4 b (24 mg, 71 mmol, 67%) as a colorless
oil. Rf� 0.08 (hexane/AcOEt, 10:1); 1H NMR (300 MHz, [D8]toluene): d�
0.95 ± 1.02 (m, 1 H; 10a-H), 1.20 (dd, J� 13.7, 3.5 Hz, 1H; 9b-H), 1.28 ± 1.37
(m, 2H; 5b,9a-H), 1.42 ± 1.92 (m, 11 H; 1,2,3,4,4a,8,8a,10b-H), 2.04 (td, J�
13.1, 2.3 Hz, 1H; 5a-H), 2.10 ± 2.23 (m, 1H; 10a-H), 2.39 (td, J� 13.5,
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Scheme 9. Molecular signal transduction through conformational transmission by the triple ring flip 34! 35.
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4.0 Hz, 1 H; 9a-H), 3.12 ± 3.38 (m, 17 H; CH2O, CH3, 7-H), 3.43 ± 3.49 (m,
1H; 6-H); 13C NMR (75 MHz, [D8]toluene): d� 25.3 (C-5), 29.0 (C-8a),
29.3 (C-8), 29.5 (C-10a), 29.8 (C-1 or C-4), 29.8 (C-9a), 32.0 (C-10), 33.5 (C-
9), 34.4 (C-4a), 36.3 (C-1 or C-4), 36.7 (C-3), 41.2 (C-2), 56.0 and 56.1 (6-,7-
OCH3), 58.6 and 58.6 (CH3), 76.4 and 76.6 (2-,3-CH2O), 77.5 (C-7), 78.3 (C-
6); HRMS (C20H36O4): m/z calcd for [M]� 340.2614; found 340.2610.


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Dihydroxymethyl-6,7-O-
(2',3'-dimethoxybutan-2',3'-diyl)perhydroanthracene-6,7-diol (8): 2,2,3,3-
Tetramethoxybutane (48 mg, 268 mmol), trimethyl orthoformate (57 mg,
536 mmol), and a catalytic amount of camphorsulfonic acid were added to a
solution of diol 7 (102 mg, 134 mmol) in MeOH (5 mL). The mixture was
stirred at 50 8C for 20 h. After cooling to 20 8C, the reaction was quenched
with powdered NaHCO3 (20 mg) and the solvent was removed in vacuo.
Column chromatography of the residue on silica (5 g; PE/AcOEt, 1:1)
afforded 52 mg of the bis-acetal 8 (131 mmol, 97%) as a white solid. M.p.
176 8C (MeOH); Rf� 0.09 (PE/AcOEt, 1:1); 1H NMR (600 MHz,
[D4]MeOH, 50 8C): d� 1.21 ± 1.25 (m, 3H; 1a,9b,10b-H), 1.23 (CH3), 1.24
(CH3), 1.30 ± 1.34 (m, 1 H; 4a-H), 1.39 ± 1.41 (m, 1H; 8b-H), 1.53 ± 1.55 (m,
2H; 5a,5b-H), 1.59 ± 1.63 (m, 1 H; 4b-H), 1.69 ± 1.76 (m, 2 H; 1b,8a-H),
1.80 ± 2.00 (m, 8 H; 2,3,4a,8a,9a,9a,10a,10a-H), 3.20 (s, 3H; OCH3), 3.21 (s,
3H; OCH3), 3.44 ± 3.47 (m, 2 H; 2-CH2, 7-H), 3.56 ± 3.86 (m, 4H; 2-,3-CH2,
6-H); 13C NMR (75 MHz, [D4]MeOH, 50 8C): d� 18.5 (C-1',4'), 25.6, 30.6,
31.0, 31.4, 31.5, 31.6, 33.4, 35.6, 35.8, 36.4, 38.8, 39.3 (C-
1,2,3,4,4a,5,8,8a,9,9a,10,10a), 48.3 (2�OCH3), 65.8 (3-CH2), 68.1 (2-CH2),
69.2 (C-6), 73.8 (C-7), 101.2, 101.3 (C-2',3'); HRMS (C22H38O6): m/z calcd
for [M�Na]� 421.1566; found 421.2604.


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Bis(tert-butyldiphenylsil-
oxymethyl)-6,7-bis[6'-methyl-(2,2')bipyridin-6-yloxymethyl]perhydroan-
thracene (12): NaH (7.3 mg, 0.3 mmol) and one drop of DMSO were added
to a solution of the diol 7 (92 mg, 121 mmol) in THF (3 mL) at 0 8C. After
stirring for 30 min, the bromide 11 (160 mg, 0.61 mmol) and a catalytic
amount of nBu4NI were added. After 3 d, the reaction was quenched by the
addition of saturated aqueous NaHCO3 solution (5 mL) and dichloro-
methane (5 mL). The phases were separated. The aqueous layer was
extracted with CH2Cl2 (5� 5 mL), and the combined organic layers were
washed with brine and dried with MgSO4. After removal of the solvent in
vacuo, the remaining crude product was purified by column chromatog-
raphy on silica (7 g, PE/AcOEt, 4:1) to yield 12 (110 mg, 97.7 mmol, 81%)
as a colorless glassy solid. Rf� 0.19 (hexane/AcOEt, 4:1); 1H NMR
(300 MHz, CDCl3): d� 0.73 ± 2.45 (m, 18H; 2,3,4,4a,5,8,8a,9,9a,10,10a-H),
0.97 (s, 9H; CH3-TBDPS), 0.98 (s, 9H; CH3-TBDPS), 2.61 (s, 6 H; CH3-
bipy), 3.41 ± 3.54 (m, 2H; CH2-OTBDPS), 3.54 ± 3.67 (m, 2H; CH2-
OTBDPS), 3.74 ± 3.82 (m, 1H), 3.88 ± 3.94 (m, 1H) (6-,7-H), 4.63 ± 4.85
(m, 4H; CH2-bipy), 7.13 (d, J� 7.5 Hz, 2H; bipy-H), 7.20 ± 7.86 (m, 26H;
Ar-H), 8.14 (d, J� 7.7 Hz, 2H; bipy-H), 8.25 (d, J� 8.4 Hz, 1H; bipy-H);
13C NMR (75 MHz, CDCl3): d� 19.3 and 19.3 (TBDPS-C(CH3)3), 26.2 and
26.8 (TBDPS-CH3), 24.6, 28.6, 28.7, 29.4, 29.5, 31.6, 33.2, 35.1, 35.1, 35.2 (C-
1,4,4a,5,8,8a,9,9a,10,10a), 36.4 (C-3), 41.8 (C-2), 66.4 and 66.5 (CH2-
OTBDPS), 71.7 and 71.8 (CH2-bipy), 75.9 and 76.7 (C-6,7), 118.1, 119.5,
119.5, 120.6, 120.8, 123.1, 123.2, 127.5, 129.4, 129.4, 133.9, 134.0, 135.5, 135.5,
136.9, 137.3, 137.4, 155.5, 155.6, 157.8, 158.7 (C-Ar); HRMS (C72H84N4O4-
Si2): m/z calcd for [M]� 1124.6031; found 1124.6024.


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Bis(hydroxymethyl)-6,7-
bis[6'-methyl-(2,2')bipyridin-6-yloxymethyl]perhydroanthracene (13):
TBAF (203 mg, 643 mmol) was added to a solution of the silyl ether 12
(183 mg, 161 mmol) in THF (10 mL). After 2 h at 40 8C, the solvent was
removed in vacuo. The residue was purified by column chromatography on
silica (15 g, PE/AcOEt/MeOH, 10:10:1) to yield 103 mg (159 mmol, 98%)
of the alcohol 13. Rf� 0.19 (hexane/AcOEt/MeOH, 10:10:1); 1H NMR
(600 MHz, [D8]THF): d� 1.10 (d, J� 9.3 Hz, 1H; 10a-H), 1.17 (dt, J� 12.9,
3.4 Hz, 1 H; 1a-H), 1.21 ± 1.51 (m, 4H; 2,9b,4,3-H), 1.52 ± 1.62 (m, 2H;
1b,5b-H), 1.74 ± 1.77 (m, 1 H; 9a-H), 1.80 (d, J� 14.4 Hz, 1H; 8a-H), 1.88 ±
1.99 (m, 2H; 8a,10b-H), 2.02 (ddd, J� 14.6, 5.8, 3.6 Hz, 1 H; 8b-H), 2.21 ±
2.39 (m, 2H; 4a,5a-H), 2.51 (td, J� 13.6,� 4.8 Hz, 1 H; 9a-H), 2.52 ± 2.61
(m, 1H; 10a-H), 2.56 (s, 3H; CH3), 2.56 (s, 3 H; CH3), 3.37 ± 3.49 (m, 4H;
CH2OH), 3.82 (dt, J� 2.6, 2.5 Hz, 1H; 7-H), 3.95 (ddd, J� 2.5, 2.4, 2.2 Hz,
1H; 6-H), 4.67 (d, J� 13.4 Hz, 1 H), 4.69 (d, J� 13.4 Hz, 1H), 4.77 (d, J�
13.4 Hz, 1 H), 4.77 (d, J� 13.4 Hz, 1H) (AB systems, CH2-bipy), 7.16 (d,
J� 7.5 Hz, 2 H; 5'-H of 6-bipy and 7-bipy), 7.46 (d, J� 7.0 Hz, 1H) and 7.48
(d, J� 7.0 Hz, 1 H) (5-H of 6-bipy and 7-bipy), 7.66 (t, J� 7.7 Hz, 2H; 4'-H
of 6-bipy and 7-bipy), 7.79 (t, J� 7.7 Hz, 1H) and 7.80 (t, J� 7.8 Hz, 1 H) (4-


H of 6-bipy and 7-bipy), 8.25 (d, J� 7.9 Hz, 2H; 3'-H of 6-bipy and 7-bipy),
8.37 (d, J� 8.2 Hz, 2H; 3-H of 6-bipy and 7-bipy); 13C NMR (75 MHz,
CDCl3): d� 24.6 (CH3, C-10a), 26.9 (C-5), 29.6 (C-8a), 30.0 (C-1), 30.5 (C-
4a), 30.9 (C-8), 32.6 (C-10), 34.3 (C-9), 36.7 (C-4), 37.6 (C-9a), 38.8 (C-3),
45.7 (C-2), 67.2 and 67.3 (CH2OH), 72.6 and 72.9 (CH2-bipy), 76.8 (C-7),
77.5 (C-6), 118.4 (C-3' of 6-bipy and 7-bipy), 119.7 and 119.8 (C-3 of 6-bipy
and 7-bipy), 121.4 and 121.5 (C-5 of 6-bipy and 7-bipy), 123.7 (C-5' of 6-bipy
and 7-bipy), 137.5 (C-4' of 6-bipy and 7-bipy), 137.8 and 137.8 (C-4 of 6-bipy
and 7-bipy), 156.2, 158.4, 159.7, and 159.7 (C-2,2',6,6' of 6-bipy and 7-bipy);
HRMS (C40H48N4O4): m/z calcd for [M]� 648.3676; found 648.3672.


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Bis[(E)-4-oxa-3-oxo-hex-
1-en-1-yl]-6,7-bis[6'-methyl-(2,2')bipyridin-6-yloxymethyl]perhydroan-
thracene (14)


Swern oxidation : In a Schlenk flask, oxalyl chloride (40.7 mL, 0.47 mmol)
was dissolved in CH2Cl2 (3 mL) and the solution was cooled to ÿ78 8C.
DMSO (66.0 mL, 0.94 mmol) in CH2Cl2 (1 mL) was then added dropwise.
Over a period of 15 min, the temperature of the cooling bath was allowed to
rise to ÿ50 8C. After cooling to ÿ78 8C once more, a solution of the diol 13
(102 mg, 157 mmol) in CH2Cl2 (1 mL) was added. The temperature of the
cooling bath was again allowed to reach ÿ50 8C. EtNiPr2 (0.38 mL,
2.20 mmol) was then added at ÿ78 8C. Thereafter, the temperature was
allowed to rise to ÿ40 8C (30 min) and then the reaction mixture was kept
for a further 30 min at 0 8C. The reaction was eventually quenched by the
addition of saturated aqueous NaHCO3 solution (5 mL). After separation
of the layers, the aqueous layer was extracted with CH2Cl2 (5� 5 mL), and
the combined organic layers were washed with saturated NaCl solution
(20 mL) and dried with Na2SO4. The solvent was removed in vacuo. Traces
of water were removed by azeotropic distillation with toluene (2� 5 mL).
The aldehyde was used in the next step without further purification.


Wittig reaction : The aldehyde and Ph3P�CHCOOEt (440 mg, 1.26 mmol)
were dissolved in toluene (5 mL) and the mixture was heated for 15 h at
90 8C. The solvent was then removed in vacuo and the residue was purified
by flash chromatography on silica (10 g; PE/AcOEt/MeOH, 10:10:5) to
furnish the ester 14 (97 mg, 124 mmol) in 79 % yield over the two steps as a
colorless oil. Rf� 0.51 (hexane/AcOEt/MeOH, 10:10:1); 1H NMR
(300 MHz, CDCl3): d� 1.00 ± 2.34 (m, 17 H; 1a,1b,2,3,4a,4b,4a,5a,5b,8a,8-
b,8a,9b,9a,10a,10b,10a-H), 1.24 (t, J� 7.1 Hz, 3 H; CH3CH2), 1.24 (t, J�
7.1 Hz, 3H; CH2CH3), 2.42 (ddd, J� 13.2, 12.9, 3.4 Hz, 1 H; 9a-H), 2.59 (s,
6H; CH3), 3.77 (br q, J� 2.5 Hz, 1H; 7-H), 3.90 (br s, 1H; 6-H), 4.13 (q, J�
7.1 Hz, 2 H; CH2CH3), 4.15 (q, J� 7.2 Hz, 2 H; CH2CH3), 4.65, 4.68, 4.76,
and 4.78 (AB systems, 4 d, J� 13.6 Hz, 4H; CH2-bipy), 5.73 (d, J� 15.6 Hz,
2H; C�CH ± COO), 6.70 (dd, J� 15.7, 8.2 Hz, 1 H; HC�C ± COO), 6.77
(dd, J� 15.6, 8.1 Hz, 1H; HC�C ± COO), 7.11 (d, J� 7.5 Hz, 2H; 5'-H of
6-bipy and 7-bipy), 7.40 (d, J� 7.7 Hz, 1 H) and 7.46 (d, J� 7.2 Hz) (5-H of
6-bipy and 7-bipy), 7.63 (t, J� 7.7 Hz, 1H) and 7.63 (t, J� 7.7 Hz, 1H) (4'-H
of 6-bipy and 7-bipy), 7.75 (t, J� 7.8 Hz, 1H) and 7.76 (t, J� 7.8 Hz, 1 H) (4-
H of 6-bipy and 7-bipy), 8.12 (d, J� 7.7 Hz, 2H; 3'-H of 6-bipy and 7-bipy),
8.25 (d, J� 7.9 Hz, 2H; 3-H of 6-bipy and 7-bipy); 13C NMR (75 MHz,
CDCl3): d� 14.5 (CH2CH3), 24.6 (CH3-bipy), 25.5 (C-10), 28.3 (C-10a), 29.2
and 29.7 (C-4a,8a), 29.7 (C-8), 30.7 and 31.2 (C-1,5), 32.7 (C-9), 35.2 (C-9a),
37.2 (C-4), 39.2 (C-3), 45.3 (C-2), 60.2 (CH2CH3), 71.7 and 71.9 (CH2-bipy),
75.6 (C-7), 76.4 (C-6), 118.1 (C-3' of 6-bipy and 7-bipy), 119.5 and 119.6 (C-
3 of 6-bipy and 7-bipy), 120.6 and 120.7 (C-5 of 6-bipy and 7-bipy), 120.9
and 121.4 (C�C ± COO) 123.1 (C-5' of 6-bipy and 7-bipy), 136.9 (C-4' of
6-bipy and 7-bipy), 137.2 (C-4 of 6-bipy and 7-bipy), 151.6 and 151.9 (C�C ±
COO), 155.5, 155.6, 157.8, 158.5, and 158.5 (C-2,2',6,6' of 6-bipy and 7-bipy),
166.5 and 166.5 (COO); HRMS (C48H56N4O6): m/z calcd for [M]� 784.4200;
found 784.4191.


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Bis[(E)-3-hydroxyprop-1-
en-1-yl]-6,7-bis[6'-methyl-(2,2')bipyridin-6-yloxymethyl]perhydroanthra-
cene (15): The ester 14 (95 mg, 121 mmol) was dissolved in CH2Cl2 (5 mL)
and the solution was cooled to ÿ78 8C. DIBAH (1m in CH2Cl2, 0.73 mL,
0.73 mmol) was then added dropwise. The temperature of the cooling bath
was allowed to reach 0 8C over a period of 5 h. The reaction was then
quenched by the addition of a solution of Rochelle�s salt (5 mL, 1m in
water). Stirring was continued overnight in order to destroy the aluminum
complex of the product. The phases were then separated. The aqueous
layer was extracted with CH2Cl2 (5� 5 mL) and AcOEt (2� 5 mL). The
combined organic layers were dried with MgSO4. After removal of the
solvents in vacuo, column chromatography of the residue on silica (8 g; PE/
AcOEt/MeOH, 10:10:1) afforded the diol 15 (58 mg, 83 mmol, 69%) as a
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colorless glassy oil. Rf� 0.20 (hexane/AcOEt/MeOH, 10:10:1); 1H NMR
(300 MHz, CDCl3): d� 0.96 ± 2.26 (m, 19 H; 1a,1b,2,3,4a,4b,4a,5a,5b,8a,8-
b,8a,9b,9a,10a,10b,10a-H, 2OH), 2.39 (ddd, J� 14.0, 12.4, 4.1 Hz, 1 H; 9a-
H), 2.60 (s, 6 H; CH3), 3.77 (br q, J� 2.4 Hz, 1 H; 7-H), 3.90 (br s, 1H; 6-H),
3.94 ± 4.09 (m, 4 H; CH2OH), 4.65, 4.67, 4.77, and 4.78 (AB systems, 4 d, J�
13.7 Hz, 4 H; CH2-bipy), 5.33 ± 5.57 (m, 4 H; C�CH), 7.12 (d, J� 7.3 Hz, 2H;
5'-H of 6-bipy and 7-bipy), 7.41 (d, J� 7.9 Hz, 1H) and 7.44 (d, J� 7.7 Hz)
(5-H of 6-bipy and 7-bipy), 7.64 (t, J� 7.8 Hz, 1H) and 7.64 (t, J� 7.8 Hz,
1H) (4'-H, 6-bipy and 7-bipy), 7.76 (t, J� 7.7 Hz, 1H) and 7.77 (t, J� 7.7 Hz,
1H) (4-H of 6-bipy and 7-bipy), 8.12 (d, J� 7.7 Hz, 2H; 3'-H of 6-bipy and
7-bipy), 8.24 (d, J� 7.9 Hz, 2H; 3-H of 6-bipy and 7-bipy); 13C NMR
(75 MHz, CDCl3): d� 24.6 (CH3), 25.6 (C-10), 28.4 (C-10a), 29.2 and 29.6
(C-4a,8a), 29.9 (C-8), 31.5 and 31.7 (C-1,5), 33.0 (C-9), 35.7 (C-9a), 38.2 (C-
4), 39.7 (C-3), 46.1 (C-2), 63.8 (CH2OH), 71.7 and 71.9 (CH2-bipy), 75.7 (C-
6,7), 118.2 (C-3' of 6-bipy and 7-bipy), 119.6 and 119.6 (C-3 of 6-bipy and
7-bipy), 120.6 and 120.8 (C-5 of 6-bipy and 7-bipy), 123.2 (C-5' of 6-bipy and
7-bipy), 128.4 and 128.6 (C�C ± CH2OH), 137.0 (C-4' of 6-bipy and 7-bipy),
137.6 (C-4 of 6-bipy and 7-bipy), 137.8 and 137.9 (C�C ± CH2OH), 155.6,
157.9, and 158.7 (C-2,2',6,6' of 6-bipy and 7-bipy); UV/Vis (MeCN/CHCl3,
1:1): lmax (e)� 290 nm (33 889); HRMS (C44H52N4O4): m/z calcd for [M]�


700.3989; found 700.3973.


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Bis(hydroxymethyl)-6,7-
bis[6'-methyl-(2,2')bipyridin-6-yloxymethyl]perhydroanthracene zinc bis-
(triflate) complex (17): A solution of Zn(OTf)2 (7.3 mg, 20 mmol) in CD3CN
(0.7 mL) was added to the ligand 16 (13 mg, 20 mmol) and the mixture was
heated for 2 min at about 50 8C. The colorless complex 17 was formed
quantitatively. IR (neat): nÄ � 3464, 2911, 2870, 1638, 1600, 1575, 1440, 1261,
1176, 1033, 789, 643, 518 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 1.02 ± 1.10
(m, 2H; 1,4a-H), 1.13 (d, J� 12.9 Hz, 1H; 10b-H), 1.16 ± 1.31 (m, 3H;
5b,9a,8a-H), 1.38 (td, J� 12.7, 4.6 Hz, 1 H; 10a-H), 1.43 ± 1.50 (m, 1H;
2-H), 1.55 (td, J� 11.9, 5.3 Hz, 1 H; 9b-H), 1.56 ± 1.69 (m, 5H; 1,3,4b,8a,9a-
H), 1.69 ± 1.76 (m, 1 H; 4a-H), 1.81 ± 1.88 (m, 7 H; CH3-bipy and 10a-H),
1.88 ± 1.94 (m, 1H; 8b-H), 2.01 (dt, J� 13.1, 4.5 Hz, 1 H; 5a-H), 2.71 (brs,
2H; OH), 3.05 (ddd, J� 11.0, 9.5, 4.3 Hz, 1H; 7-H), 3.16 (td, J� 9.9, 5.2 Hz,
1H; 6-H), 3.38 (dd, J� 10.6, 4.9 Hz, 1H; 2-,3-CH2), 3.42 ± 3.52 (m, 3H; 2-,3-
CH2), 4.51 (d, J� 15.6 Hz, 1 H), 4.52 (d, J� 15.6 Hz, 1 H), 4.87 (d, J�
15.7 Hz, 1H) and 4.91 (d, J� 15.7 Hz, 1H) (AB systems, CH2-bipy), 7.60
(d, J� 7.7 Hz, 1H) and 7.61 (d, J� 7.7 Hz, 1 H) (5'-H of 6-bipy and 7-bipy),
7.88 (d, J� 7.5 Hz, 2H; 5-H of 6-bipy and 7-bipy), 8.25 (t, J� 7.9 Hz, 1H)
and 8.25 (t, J� 7.9 Hz, 1H) (4'-H of 6-bipy and 7-bipy), 8.47 (t, J� 7.9 Hz,
1H) and 8.47 (t, J� 8.0 Hz, 1H) (4-H of 6-bipy and 7-bipy), 8.52 (d, J�
7.7 Hz, 1 H) and 8.53 (d, J� 7.7 Hz, 1H) (3'-H of 6-bipy and 7-bipy), 8.62 (d,
J� 8.1 Hz, 1 H) and 8.63 (d, J� 8.2 Hz, 1 H) (3-H of 6-bipy and 7-bipy);
13C NMR (75 MHz, CDCl3): d� 23.7 and 23.8 (CH3), 25.0 (C-1 or C-4), 29.0
(C-8), 29.8 (C-10a), 30.0 (C-9a), 30.4 (C-4a), 30.8 (C-1 or C-4), 31.3 (C-10),
33.2 (C-5), 33.7 (C-8a), 34.6 (C-9), 38.6 and 38.7 (C-2,3), 65.7, 67.1, 67.1, and
67.4 (CH2), 77.5 (C-6), 81.0 (C-7), 122.5 (C-3' of 6-bipy and 7-bipy), 124.3
and 124.3 (C-3 of 6-bipy and 7-bipy), 128.3 and 128.6 (C-5 of 6-bipy and
7-bipy), 130.5 and 130.5 (C-5' of 6-bipy and 7-bipy), 143.8 and 143.8 (C-4' of
6-bipy and 7-bipy), 145.1 and 145.3 (C-4 of 6-bipy and 7-bipy), 149.1, 150.1,
150.2, 156.9, 157.0, 161.7, and 161.7 (C-2,2',6,6' of 6-bipy and 7-bipy); FAB-
MS: m/z calcd for [16-Zn-OTf]� 863; found 863 (isotope pattern for one
zinc).


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Bis[(E)-3-hydroxyprop-1-
en-1-yl]-6,7-bis[6'-methyl-(2,2')bipyridin-6-yloxymethyl]perhydroanthra-
cene zinc bis(triflate) complex (19)


NMR titration : Incremental amounts (0! 1.1 equiv.) of Zn(OTf)2 solution
(CDCl3/CD3CN, 1:1; c� 0.4 mol Lÿ1) were added to a solution of the ligand
18 (14 mg, 20 mmol) in CDCl3/CD3CN (1:1, 0.7 mL) and NMR spectra were
recorded after each addition. Removal of the solvent left complex 19 as a
colorless oil. IR (neat): nÄ � 3451, 2913, 2857, 1643, 1601, 1575, 1440, 1261,
1229, 1176, 1033, 788, 642, 519 cmÿ1; 1H NMR (300 MHz, CDCl3/CD3CN,
1:1): d� 1.05 ± 1.34 (m, 8H), 1.59 ± 2.11 (m, 16H) (1,2,3,4,4a,5,8,8a,9,9a,
10,10a-H, CH3-bipy), 2.51 ± 2.62 (m, 2H; OH), 3.01 (ddd, J� 10.3, 9.6,
4.0 Hz, 1H), 3.09 (td, J� 9.6, 5.4 Hz, 1H) (6,7-H), 3.90 ± 3.96 (m, 4H;
CH2O), 4.46 (d, J� 15.7 Hz, 1 H), 4.47 (d, J� 15.7 Hz, 1H), 4.83 (d, J�
15.7 Hz, 1 H), 4.87 (d, J� 15.7 Hz, 1H) (AB systems, CH2-bipy), 5.43 ± 5.52
(m, 2 H) and 5.57 ± 5.67 (m, 2H) (C�CH), 7.58 (d, J� 7.7 Hz, 1H) and 7.59
(d, J� 7.7 Hz, 1 H) (5'-H of 6-bipy and 7-bipy), 7.88 (d, J� 7.5 Hz, 2H; 5-H
of 6-bipy and 7-bipy), 8.24 (t, J� 7.9 Hz, 1H) and 8.25 (t, J� 7.9 Hz, 1H)
(4'-H of 6-bipy and 7-bipy), 8.46 (t, J� 7.9 Hz, 1H) and 8.47 (t, J� 7.9 Hz,


1H) (4-H of 6-bipy and 7-bipy), 8.52 (d, J� 7.8 Hz, 1 H) and 8.53 (d, J�
7.8 Hz, 1 H) (3'-H of 6-bipy and 7-bipy), 8.61 (d, J� 7.8 Hz, 1H) and 8.62 (d,
J� 7.8 Hz, 1 H) (3-H of 6-bipy and 7-bipy); 13C NMR (75 MHz, CD3CN):
d� 23.7 (CH3), 28.0, 29.0, 29.1, 29.8, 29.9, 30.4, 31.4, 32.0, 32.1, 33.8 (C-
1,4,4a,5,8,8a,9,9a,10,10a), 40.1 and 40.6 (C-2,3), 63.4 and 63.4 (2-,3-CH2)
67.1 and 67.1 (CH2-bipy), 77.5 (C-6), 80.8 (C-7), 122.5 (C-3' of 6-bipy and
7-bipy), 124.2 and 124.3 (C-3 of 6-bipy and 7-bipy), 128.3 and 128.6 (C-5 of
6-bipy and 7-bipy), 130.5 and 130.5 (C-5' of 6-bipy and 7-bipy), 143.8 and
143.8 (C-4' of 6-bipy and 7-bipy), 145.1 and 145.2 (C-4 of 6-bipy and 7-bipy),
149.1, 150.0, 150.2, 156.9, 157.0, 161.7, and 161.7 (C-2,2',6,6' of 6-bipy and
7-bipy); UV/Vis (MeCN/CHCl3, 1:1): lmax (e)� 311 (38 106), 323 nm
(35 599); FAB-MS: m/z calcd for [18-Zn-OTf]� 915; found 915 (isotope
pattern for one zinc).


1,4-Bis[1'-oxa-2'-oxo-3'-(pyren-1-yl)-prop-1'-yl]butane (25): Butane-1,4-di-
ol (50 mg, 555 mmol) was dissolved in CH2Cl2 (10 mL). At 0 8C, a solution of
pyren-1-yl acetic acid (318 mg, 1.22 mmol), DMAP (542 mg, 4.44 mmol),
and EDC (425 mg, 2.22 mmol) in CH2Cl2 (10 mL) was added. The resulting
mixture was stirred for 3 h at 0 8C, and then saturated NH4Cl solution
(10 mL) was added. The aqueous layer was extracted with CH2Cl2 (3�
10 mL), and the combined organic layers were washed with saturated NaCl
solution (15 mL) and dried with Na2SO4. After concentration in vacuo, the
residue was purified by column chromatography on silica gel (10 g, PE/
AcOEt, 4:1) to give diester 25 (223 mg, 389 mmol, 70%) as a yellow solid.
M.p. 128 8C (CHCl3); Rf� 0.22 (PE/AcOEt, 4:1); IR (KBr): nÄ � 3042, 2963,
1723 (C�O), 1602, 1464, 1236, 1136, 839, 740 cmÿ1; 1H NMR (300 MHz,
CDCl3): d� 1.47 ± 1.49 (m, 4H; 2,3-H), 3.97 ± 4.00 (m, 4 H; 1,4-H), 4.23 (s,
4H; 3'-H), 7.86 (d, J� 7.8 Hz, 2 H), 7.95 ± 8.19 (m, 16 H; Ar-H); 13C NMR
(75 MHz, CDCl3): d� 25.0 (C-2,3), 39.4 (C-1,4), 64.3 (C-3'), 123.1, 124.6,
124.8, 124.9, 125.0, 125.2, 125.9, 127.2, 127.3, 127.8, 128.0, 128.2, 129.3, 130.7,
131.2 (C-Ar), 171.4 (C-3'); elemental analysis calcd (%) for C40H30O4


(574.66): C 83.60, H 5.26; found C 83.84, H 5.39.


(1R*,2R*)-1,2-Bis[2'-oxa-3'-oxo-4'-(pyren-1-yl)but-1'-yl]cyclohexane (26):
Diol 32 (50 mg, 347 mmol) was dissolved in CH2Cl2 (5 mL). At 0 8C, a
solution of pyren-1-yl acetic acid (199 mg, 763 mmol), DMAP (254 mg,
2.08 mmol), and EDC (266 mg, 1.39 mmol) in CH2Cl2 (15 mL) was added.
The resulting mixture was stirred for 3 h at 0 8C and then saturated NH4Cl
solution (10 mL) was added. The aqueous layer was extracted with CH2Cl2


(3� 10 mL), and the combined organic layers were washed with saturated
NaCl solution (15 mL) and dried with Na2SO4. After concentration in
vacuo, the residue was purified by column chromatography on silica gel
(10 g; PE/AcOEt, 4:1) to give diester 26 (164 mg, 260 mmol, 75 %) as a
yellow solid. M.p. 120 8C (CHCl3); Rf� 0.36 (PE/AcOEt, 4:1); IR (KBr):
nÄ � 2928 (CH), 1730 (C�O), 1603, 1447, 1263, 1146, 981, 845, 736 cmÿ1;
1H NMR (300 MHz, CDCl3): d� 0.77 ± 0.85 (m, 4 H; 3,4,5,6-H), 1.16 ± 1.22
(m, 2 H; 1,2-H), 1.37 ± 1.44 (m, 4 H; 3,4,5,6-H), 3.86 ± 3.92 (m, 4 H; 1'-H),
4.19 (s, 4H; 4'-H), 7.84 (d, J� 7.5 Hz, 2H), 7.94 ± 8.18 (m, 16 H; Ar-H);
13C NMR (75 MHz, CDCl3): d� 25.2 (C-4,5), 29.2 (C-3,6), 38.6 (C-1,2), 39.4
(C-4'), 67.5 (C-1'), 123.3, 124.6, 124.8, 124.9, 125.0, 125.2, 125.9, 127.2, 127.3,
127.8, 128.2, 128.3, 129.3, 130.7, 131.2 (C-Ar), 171.4 (C-3'); HRMS: m/z
calcd for (C44H36O4) [M]� 628.2614; found 628.2618.


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Bis[2''-oxa-3''-oxo-4''-(py-
ren-1-yl)but-1''-yl]-6,7-O-(2',3'-dimethoxybutan-2',3'-diyl)perhydroanthra-
cene-6,7-diol (27): Diol 8 (25 mg, 63 mmol) was dissolved in CH2Cl2 (2 mL).
At 0 8C, a solution of pyren-1-yl acetic acid (163 mg, 627 mmol), DMAP
(115 mg, 940 mmol), and EDC (120 mg, 626 mmol) in CH2Cl2 (3 mL) was
added. The resulting mixture was stirred for 2 h at 0 8C. Saturated NH4Cl
solution (5 mL) was then added. After separation of the layers, the aqueous
layer was extracted with CH2Cl2 (3� 5 mL), and the combined organic
layers were washed with saturated NaCl solution and dried with Na2SO4.
After concentration in vacuo, the residue was purified by column
chromatography on silica gel (5 g; PE/AcOEt, 4:1) to give diester 27
(49 mg, 55 mmol, 88%) as a yellow solid. M.p. 140 8C (CHCl3); Rf� 0.18
(PE/AcOEt, 4:1); IR (KBr): nÄ � 2931 (CH), 1726 (C�O), 1639, 1126, 1043,
845, 754 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 0.42 ± 0.78 (m, 3 H), 1.00 ±
1.65 (m, 15 H) (1,2,3,4,4a,5,8,8a,9,9a,10,10a-H), 1.28 (s, 6 H; 1',4'-H), 3.22 (s,
3H; OCH3), 3.25 (s, 3H; OCH3), 3.28 ± 3.35 (m, 1H; 7-H), 3.42 ± 3.50 (m,
1H; 6-H), 3.72 ± 3.81 (m, 1H; 1''-H), 3.86 ± 3.99 (m, 3H; 1''-H), 4.16 (s, 4H;
4''-H), 7.78 ± 8.19 (m, 18H; Ar-H); 13C NMR (75 MHz, CDCl3): d� 17.9 (C-
1',4'), 24.1, 25.5, 28.8, 29.1, 29.2, 31.9, 34.1, 34.2, 34.3, 34.5 (C-
1,2,3,4,4a,5,8,8a,9,9a,10,10a), 39.6 (C-4''), 47.7 (OCH3), 47.8 (OCH3), 66.4
(3-CH2), 67.2 (C-6), 67.9 (2-CH2), 72.0 (C-7), 99.3, 99.4 (C-2',3'), 123.2,
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124.6, 124.7, 124.9, 125.0, 125.2, 125.3, 125.9, 127.2, 127.3, 127.8, 128.1, 128.3,
129.3, 130.7, 131.2 (C-Ar), 171.3 (C-3''), 171.4 (C-3''); HRMS (C58H58O8):
m/z calcd for [M]� 882.4132; found 882.4139.


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Bis[(E)-4''-oxa-5''-oxo-6''-
(pyren-1-yl)hex-1''-en-1''-yl]-6,7-O-(2',3'-dimethoxybutan-2',3'-diyl)perhy-
droanthracene-6,7-diol (28): Diol 31 (8.5 mg, 19 mmol) was dissolved in
CH2Cl2 (2 mL). At room temperature, a solution of pyrene acetic acid
(49 mg, 188 mmol), DMAP (34 mg, 283 mmol), and EDC (36 mg, 188 mmol)
in CH2Cl2 (3 mL) was added. The resulting mixture was stirred for 2 h at
room temperature and then saturated NH4Cl solution (5 mL) was added.
After separation of the layers, the aqueous layer was extracted with CH2Cl2


(3� 5 mL), and the combined organic layers were washed with saturated
NaCl solution (5 mL) and dried with Na2SO4. After concentration in vacuo,
the residue was purified by column chromatography on silica gel (5 g; PE/
AcOEt, 4:1) to give diester 28 (12.4 mg, 13.3 mmol, 70%) as a yellow glassy
oil. Rf� 0.14 (PE/AcOEt, 4:1); IR (neat): nÄ � 2925, 1732, 1648, 1442, 1378,
1262, 1126, 1043, 969, 846, 736 cmÿ1; 1H NMR (300 MHz, CDCl3): d�
0.50 ± 0.72 (m, 1 H), 0.73 ± 1.99 (m, 17 H) (1,2,3,4,4a,5,8,8a,9,9a,10,10a-H),
1.27 (s, 6 H; 1',4'-H), 3.27 (s, 3H; OCH3), 3.28 (s, 3 H; OCH3), 3.42 ± 3.53 (m,
1H; 7-H), 3.59 ± 3.70 (m, 1H; 6-H), 4.32 (s, 2H; 6''-H), 4.33 (s, 2 H; 6''-H),
4.47 ± 4.51 (m, 4H; 3''-H), 5.22 ± 5.29 (m, 2H; 2''-H), 5.35 ± 5.40 (m, 2H; 1''-
H), 7.89 ± 8.27 (m, 18H; Ar-H); 13C NMR (75 MHz, CDCl3): d� 17.9, 18.0
(C-1',4'), 25.5, 29.3, 29.4, 29.7, 31.9, 32.8, 33.5, 34.1, 34.2, 34.7, 34.8, 39.6 (C-
1,2,3,4,4a,5,8,8a,9,9a,10,10a), 39.7 (C-6''), 39.8 (C-6''), 47.7 (OCH3), 47.8
(OCH3), 65.1 (C-3''), 65.4 (C-3''), 67.5 (C-6), 72.1 (C-7), 99.4, 99.6 (C-2',3'),
121.7 (C-2''), 122.7, 123.3, 124.8, 125.1, 125.3, 125.4, 126.0, 126.1, 127.3, 127.9,
128.3, 128.4, 129.4 (C-Ar), 138.5 (C-1''), 171.1 (C-5''), 171.2 (C-5''); HRMS
(C62H62O8): m/z calcd for [M � Na]� 957.4342; found 957.4358.


trans-1,2-Bis[(E)-4'-oxa-5'-oxo-6'-(pyren-1-yl)hex-1'-en-1'-yl]cyclohexane
(29)


Swern oxidation : In a Schlenk flask, oxalyl chloride (45.0 mL, 0.52 mmol)
was dissolved in CH2Cl2 (0.5 mL) and the solution was cooled to ÿ78 8C.
DMSO (66.0 mL, 0.94 mmol) in CH2Cl2 (0.5 mL) was then added dropwise.
The temperature of the cooling bath was allowed to rise to ÿ50 8C over a
period of 20 min. After cooling to ÿ78 8C once more, a solution of the diol
32 (25 mg, 173 mmol) in CH2Cl2 (1 mL) was added. Again, the temperature
of the cooling bath was allowed to reach ÿ50 8C. EtNiPr2 (0.42 mL,
2.43 mmol) was then added atÿ78 8C. The temperature was allowed to rise
toÿ50 8C once more (30 min) and thereafter the reaction mixture was kept
for 10 min at 0 8C. The reaction was quenched by the addition of saturated
aqueous NaHCO3 solution (5 mL). After separation of the phases, the
aqueous layer was extracted with dichloromethane (5� 5 mL). The
combined organic layers were washed with brine (20 mL) and dried with
Na2SO4. The solvent was removed in vacuo. The aldehyde was used in the
next step without further purification.


Wittig reaction : The aldehyde and Ph3P�CHCOOEt (482 mg, 1.38 mmol)
were dissolved in toluene (3 mL) and the mixture was heated for 15 h at
100 8C. The reaction was then quenched by the addition of saturated
aqueous NaHCO3 solution (5 mL) and CHCl3 (5 mL). The phases were
separated, and the aqueous layer was extracted with CHCl3 (3� 5 mL). The
combined organic phases were washed with saturated NaCl solution and
dried with MgSO4. The solvent was removed in vacuo, and the residue was
purified by flash chromatography on silica (7 g; PE/AcOEt, 1:1) to furnish
the ester (47 mg, 168 mmol) in 97 % yield over the two steps as a colorless
oil. Rf� 0.42 (hexane/AcOEt, 1:1); 1H NMR (300 MHz, CDCl3): d� 1.06 ±
1.35 (m, 10 H), 1.62 ± 1.80 (m, 4 H), 1.94 ± 2.08 (m, 2 H) (CH3, 1,2,3,4,5,6-H
and H2), 4.10 (q, J� 7.2 Hz, 4 H; CH2O), 5.69 (d, J� 15.6 Hz, 2H; 2',2''-H),
6.69 (dd, J� 15.7, 8.2 Hz, 2H; 1',1''-H); 13C NMR (75 MHz, CDCl3): d�
14.2 (CH3), 25.1 (C-5,4), 31.7 (C-3,6), 45.0 (C-1,2), 60.2 (CO), 121.1 (C-
2',2''), 151.6 (C-1',1''), 166.6 (C�O).


Reduction : The ester (95 mg, 121 mmol) was dissolved in CH2Cl2 (1 mL),
and this solution was cooled to ÿ78 8C. DIBAH (1m in CH2Cl2, 0.71 mL,
0.71 mmol) was then added dropwise. The temperature of the cooling bath
was allowed to reach 0 8C over a period of 6 h. Thereafter, the reaction was
quenched by the addition of a solution of Rochelle�s salt (5 mL, 1m in
water). Stirring was continued overnight in order to destroy the aluminum
complex of the product. After separation of the phases, the aqueous layer
was extracted with CH2Cl2 (5� 3 mL). The combined organic layers were
washed with saturated NaCl solution (5 mL) and dried with MgSO4. After
removal of the solvent in vacuo and column chromatography of the residue


on silica (5 g; CHCl3/MeOH, 95:5) the diol (12 mg, 56 mmol, 35 %) was
obtained as a colorless oil. Rf� 0.16 (CHCl3/MeOH, 95:5); 1H NMR
(300 MHz, CDCl3): d� 1.01 ± 1.36 (m, 4H; 3,4,5,6-Hax), 1.59 ± 1.87 (m, 6H;
1,2-H, 3,4,5,6-Heq), 2.14 (br s, 2H; OH), 3.92 ± 4.12 (m, 4H; CH2O), 5.34 ±
5.64 (m, 4 H; HC�C); 13C NMR (75 MHz, CDCl3): d� 26.1 (C-4,5), 33.1 (C-
3,6), 46.2 (C-1,2), 64.2 (CH2O), 128.8 (C-2',2''), 138.3 (C-1',1'').


The diol (11 mg, 56 mmol) was dissolved in CH2Cl2 (2 mL). DMAP (55 mg,
0.45 mmol), EDC (86 mg, 0.45 mmol), and pyren-1-yl acetic acid (117 mg,
0.45 mmol) were added. After 3 h at room temperature, the solvent was
removed in vacuo. The residue was purified by column chromatography on
silica (3� 6 g, PE/AcOEt, 2:1) to yield the yellowish glassy ester 29 (20 mg,
29 mmol, 53%), Rf� 0.39 (hexane/AcOEt); HPLC: tR� 10.1 min (Rainin Si
60, 7% B, hexane/AcOEt, 1 mL minÿ1); 1H NMR (300 MHz, CDCl3): d�
0.67 ± 1.60 (m, 10H; 1,2,3,4,5,6-H and H2), 4.22 ± 4.31 (m, 4H; CH2-pyr),
4.32 ± 4.49 (m, 4H; CH2O), 5.10 ± 5.22 (m, 4 H; HC�C), 7.80 ± 8.26 (m, 18H;
pyr-H); 13C NMR (75 MHz, CDCl3): d� 25.4 (C-4,5), 32.2 (C-3,6), 39.6
(CH2-pyr), 45.1 (C-1,2), 65.4 (CH2O), 122.7, 123.3, 124.8, 125.0, 125.2, 125.9,
127.2, 127.3, 127.8, 128.2, 128.3, 130.7, 131.3, 139.7 (pyr), 171.2 (C�O);
HRMS (C48H40O4): m/z calcd for [M]� 680.2927; found 680.2927.


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Bis[(E)-4''-oxa-3''-oxo-
hex-1''-en-1''-yl]-6,7-O-(2',3'-dimethoxybutan-2',3'-diyl)perhydroanthra-
cene-6,7-diol (30)


Swern oxidation : Oxalyl chloride (0.04 mL, 492 mmol) was dissolved in
CH2Cl2 (5 mL), and the solution was cooled to ÿ78 8C. DMSO (0.07 mL,
984 mmol) was then added, followed, after stirring for 10 min, by a solution
of diol 8 (49 mg, 123 mmol) in CH2Cl2 (5 mL). The resulting mixture was
stirred for a further 15 min and then Et3N (0.27 mL, 1.97 mmol) was added.
The reaction mixture was allowed to warm to 0 8C and stirred for 30 min.
The reaction was then quenched with H2O (10 mL). After separation of the
phases, the aqueous layer was extracted with CH2Cl2 (3� 10 mL). The
combined organic layers were washed with saturated NaCl solution
(20 mL) and dried with Na2SO4. After evaporation of the solvent, the
residual crude aldehyde was subjected to the Wittig reaction without
further purification. Rf� 0.69 (SiO2, CHCl3/MeOH, 20:1); 1H NMR
(300 MHz, CDCl3): d� 1.10 ± 2.15 (m, 18H; 1,2,3,4,4a,5,8,8a,9,9a,10,10a-
H), 1.15 and 1.16 (s, 3H; 1',4'-H), 3.11 (s, 3 H; OCH3), 3.13 (s, 3H; OCH3),
3.32 ± 3.42 (m, 1 H; 7-H), 3.48 ± 3.59 (m, 1H; 6-H), 9.61 (d, J� 9.2 Hz, 2H;
1''-H); 13C NMR (75 MHz, CDCl3): d� 17.3 (C-1',4'), 25.5, 27.3, 27.9, 28.5,
28.9, 29.3, 31.6, 31.7, 34.1, 34.2, 34.7, 39.2 (C-1,2,3,4,4a,5,8,8a,9,9a,10,10a),
47.1 (2�OCH3), 66.7 (C-6), 71.3 (C-7), 98.7, 98.8 (C-2',3'), 203.4 (C-1'').


Wittig reaction : The crude bis-aldehyde was dissolved in CH2Cl2 (5 mL),
and ethoxycarbonylmethylene triphenylphosphorane (257 mg, 738 mmol)
was added. The mixture was stirred for 14 h at room temperature. The
solvent was then removed in vacuo and the residue was purified by column
chromatography on silica gel (10 g; PE/Et2O, 1:1) to yield diester 30 (48 mg,
90 mmol, 73%) as a colorless oil. Rf� 0.21 (SiO2; PE/Et2O, 1:1); IR (neat):
nÄ � 2931 (CH), 1718 (C�O), 1648, 1448, 1369, 1266, 1177, 1124, 1041,
732 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 1.15 ± 2.10 (m, 16 H;
1,4,4a,5,8,8a,9,9a,10,10a-H), 1.27 (s, 6H; 1',4'-H), 1.28 (t, J� 7.1 Hz, 6H;
2�CH3CH2), 2.48 (br s, 1H; 3-H), 2.68 (br s, 1H; 2-H), 3.23 (s, 6H; 2�
OCH3), 3.44 ± 3.58 (m, 1 H; 7-H), 3.61 ± 3.75 (m, 1H; 6-H), 4.15 (q, J�
7.2 Hz, 2H; CH3CH2), 4.20 (s, 2H; CH3CH2), 5.80 (d, J� 15.8 Hz, 1H; 2''-
H), 5.83 (d, J� 15.8 Hz, 1 H; 2''-H), 6.96 ± 7.11 (m, 2H; 1''-H); 13C NMR
(75 MHz, CDCl3): d� 14.2 (2�C-6''), 17.9 (C-1',4'), 24.5, 29.7, 29.8, 31.8,
32.8, 33.5 (C-1,4,5,8,9,10), 29.5, 30.0, 30.1, 35.1 (C-4a,8a,9a,10a), 39.0, 39.1
(C-2,3), 47.8 (2�OCH3), 60.3, 60.4 (C-6''), 67.4 (C-6), 72.0 (C-7), 99.4, 99.5
(C-2',3'), 119.8, 121.3 (C-1''), 151.6, 153.5 (C-2''), 166.7 (C-3''); HRMS
(C29H43O7): m/z calcd for [MÿOCH3]� 503.3008; found 503.3001.


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Bis[(E)-3''-hydroxyprop-
1''-en-1''-yl]-6,7-O-(2',3'-dimethoxybutan-2',3'-diyl)perhydroanthracene-
6,7-diol (31): Diester 30 (14 mg, 26 mmol) was dissolved in CH2Cl2 (2 mL).
At ÿ78 8C, a solution of DIBAH (0.3 mL, 300 mmol) in hexane was added.
The mixture was then allowed to warm to 0 8C over a period of 4 h. After
the addition of saturated NH4Cl solution (5 mL), the aqueous layer was
extracted with CH2Cl2 (3� 5 mL). The combined organic layers were
washed with saturated NaCl solution (5 mL) and dried with Na2SO4.
Evaporation of the solvent in vacuo and purification of the residue by
column chromatography on silica gel (1 g; PE/AcOEt, 1:1) afforded diol 31
(7.5 mg, 17 mmol, 64%) as a colorless oil. Rf� 0.11 (SiO2; PE/AcOEt, 1:1);
IR (neat): nÄ � 3413 (OH), 2915 (CH), 1665, 1443, 1375, 1218, 1122, 1040,
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971, 845 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 1.10 ± 2.02 (m, 18H), 2.15 ±
2.22 (m, 1 H), 2.31 ± 2.41 (m, 1H) (1,2,3,4,4a,5,8,8a,9,9a,10,10a-H, OH), 3.23
(s, 3 H; OCH3), 3.24 (s, 3 H; OCH3), 3.46 ± 3.58 (m, 1 H; 7-H), 3.62 ± 3.74 (m,
1H; 6-H), 4.04 ± 4.13 (m, 4 H; 3''-H), 5.53 ± 5.64 (m, 2 H; 2''-H), 5.65 ± 5.79
(m, 2 H; 1''-H); 13C NMR (75 MHz, CDCl3): d� 17.9 (C-1',4'), 24.9, 29.7,
30.1, 30.4, 31.2, 32.3, 33.4, 34.1, 34.2, 34.8, 40.0, 41.5 (C-
1,2,3,4,4a,5,8,8a,9,9a,10,10a), 47.8 (OCH3), 63.8, 63.9 (C-3''), 67.5 (C-6),
72.2 (C-7), 99.4, 99.5 (C-2',3'), 127.3, 128.4 (C-2''), 136.9, 138.7 (C-1'');
HRMS (C25H39O5): m/z calcd for [MÿOCH3]� 419.2797; found 419.2793.


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Bis[(E)-4'-oxa-5'-oxo-6'-
(pyren-1-yl)hex-1'-en-1'-yl]-6,7-bis[6'-methyl-(2,2')bipyridin-6-yloxyme-
thyl]perhydroanthracene (33): The diol 15 (35 mg, 50 mmol) was dissolved
in CH2Cl2 (1.5 mL). DMAP (92 mg, 0.75 mmol), EDC (96 mg, 0.50 mmol),
and pyren-1-yl acetic acid (130 mg, 0.50 mmol) were then added. After 2 h
at 20 8C, the reaction was quenched by the addition of saturated aqueous
NaHCO3 solution (5 mL) and CH2Cl2 (5 mL). After separation of the
phases, the aqueous layer was extracted with CH2Cl2 (5� 5 mL). The
combined organic layers were washed with saturated NaCl solution and
dried with Na2SO4. After removal of the solvent, the residue was purified
by column chromatography on silica (25 g; PE/AcOEt, 4:1!PE/AcOEt/
MeOH, 10:10:1) to yield the yellowish glassy ester 33 (56 mg, 47 mmol,
94%), Rf� 0.25 (hexane/AcOEt/MeOH); IR (neat): nÄ � 3042, 2914, 2856,
1731, 1574, 1440, 1251, 1162, 1149, 1131, 1116, 1099, 1080, 967, 845, 785, 756,
712, 667, 635 cmÿ1; 1H NMR (600 MHz, CDCl3): d� 0.85 (ddd, J� 12.9, 2.2,
1.0 Hz, 1 H; 5b-H), 0.93 (dddd, J� 13.1, 3.5, 3.2, J� 0.4 Hz, 1 H; 1a-H), 1.03
(ddd, J� 12.8, 9.9, 4.2 Hz, 1 H; 4a-H), 1.11 (dddd, J� 13.4, 2.8, 2.0, 0.8 Hz,
1H; 9b-H) 1.16 (dddd, J� 13.1, 3.0, 2.7, 0.9 Hz, 1H; 4b-H), 1.20 (q, J�
12.4 Hz, 1 H; 1b-H), 1.36 (dddddd, J� 12.9, 12.0, 7.5, 3.6, 2.1, 1.0 Hz, 1H;
2-H), 1.45 (br d, J� 11.0 Hz, 1H; 9a-H), 1.47 ± 1.56 (m, 3 H; 3,5a,10b-H),
1.60 ± 1.76 (m, 2H; 8a,10a-H), 1.72 (d, J� 14.6 Hz, 1H; 8a-H), 1.94 (ddd,
J� 14.2, 4.9, 3.4 Hz, 1H; 8b-H), 2.08 ± 2.18 (m, 2H; 4a,10a-H), 2.28 (br s,
1H; 9a-H), 2.63 (s, 6H; CH3), 3.78 (td, J� 2.8, 2.4 Hz, 1 H; 7-H), 3.91 (br s,
1H; 6-H), 4.29 ± 4.31 (m, 4H; CH2-pyr), 4.39 ± 4.46 (m, 4H; CH2-bipy), 4.68
(d, J� 13.6 Hz, 1H), 4.73 (d, J� 13.6 Hz, 1 H), 4.80 (d, J� 13.6 Hz, 1H),
4.83 (d, J� 13.6 Hz, 1 H) (AB systems, CH2OOC), 5.09 ± 5.22 (m, 4H;
C�CH), 7.15 (d, J� 7.5 Hz, 2 H; 5'-H of 6-bipy and 7-bipy), 7.45 (d, J�
7.6 Hz, 1H) and 7.51 (d, J� 7.6 Hz) (5-H of 6-bipy and 7-bipy), 7.67 (t, J�
7.7 Hz, 1 H) and 7.67 (t, J� 7.7 Hz, 1 H) (4'-H of 6-bipy and 7-bipy), 7.81 (t,
J� 7.7 Hz, 1 H) and 7.82 (t, J� 7.6 Hz, 1H) (4-H of 6-bipy and 7-bipy), 7.90
(d, J� 7.6 Hz, 1H; pyr-H), 7.90 (d, J� 7.9 Hz, 1H; pyr-H), 7.93 ± 7.99 (m,
6H; pyr-H), 8.06 ± 8.14 (m, 8H; pyr-H), 8.16 (d, J� 7.5 Hz, 1 H) and 8.17 (d,
J� 7.5 Hz, 1 H) (3'-H of 6-bipy and 7-bipy), 8.22 (d, J� 9.1 Hz, 2 H; pyr-H),
8.28 (d, J� 7.7 Hz, 1 H) and 8.29 (d, J� 7.7 Hz, 1H) (3-H of 6-bipy and
7-bipy); 13C NMR (75 MHz, CDCl3): d� 24.7 (CH3), 25.6 (C-10), 28.2 (C-
10a), 28.9 (C-8a), 29.2 (C-4a), 29.8 (C-8), 31.2 and 31.2 (C-1,5), 32.8 (C-9),
35.3 (C-9a), 37.6 (br., C-4), 39.2 (C-3), 39.6 and 39.6 (CH2-pyr), 45.5 (C-2),
65.2 and 65.4 (CH2OOC), 71.7 and 71.9 (CH2-bipy), 75.7 (C-7), 75.8 (C-6),
118.1 (C-3' of 6-bipy and 7-bipy), 119.6 and 119.6 (C-3 of 6-bipy and 7-bipy),
120.6 and 120.8 (C-5 of 6-bipy and 7-bipy), 122.6 and 122.8 (C�C), 123.2 (C-
5' of 6-bipy and 7-bipy), 123.3, 124.7, 124.8, 125.0, 125.2, 125.2, 125.9, 127.2,
127.3, 127.3, 127.8, 127.8, 128.4, 129.4, and 131.3 (C-pyr), 137.0 and 137.0 (C-
4' of 6-bipy and 7-bipy), 137.3 and 137.4 (C-4 of 6-bipy and 7-bipy), 139.2
and 139.8 (C�C), 155.7, 155.7, 157.9, and 158.7 (C-2,2',6,6' of 6-bipy and
7-bipy), 171.2 and 171.2 (COO); HRMS (C80H72N4O6): m/z calcd for [M]�


1184.5452; found 1184.5433.


(2R*,3R*,4aR*,6R*,7R*,8aS*,9aS*,10aR*)-2,3-Bis[(E)-4'-oxa-5'-oxo-6'-
(pyren-1-yl)hex-1'-en-1'-yl]-6,7-bis[6'-methyl-(2,2')bipyridin-6-yloxymethyl]-
perhydroanthracene zinc bis(triflate) complex (35): A solution of Zn(OTf)2


(7.4 mg, 20.3 mmol) in CD3CN (0.7 mL) was added to the diester 34 (24 mg,
20.3 mmol). The mixture was heated for 2 min at 50 8C and subsequently
analysed by NMR spectroscopy. Removal of the solvent left a quantitative
yield of complex 35 as a yellowish glassy oil. IR (neat): nÄ � 3039, 2909, 2859,
1727, 1601, 1575, 1441, 1251, 1162, 1031, 966, 848, 790, 713, 638, 518 cmÿ1;
1H NMR (600 MHz, CD3CN): d� 0.03 (br d, J� 13.4 Hz, 1 H; 4a-H), 0.15
(br s, 1 H; 9a-H), 0.25 (br d, J� 11.2 Hz, 1 H; 10b-H), 0.30 ± 0.42 (m, 4H;
1,4a,9a,10a-H), 0.60 (dt, J� 14.2, 5.6 Hz, 1 H; 1-H), 0.63 (q, J� 12.3 Hz,
1H; 8a-H), 0.74 (ddd, J� 13.2, 10.5, 4.5 Hz, 1H; 5b-H), 0.83 (ddd, J� 14.0,
11.8, 4.9 Hz, 1H; 4b-H), 0.93 ± 1.06 (m, 2 H; 10a,8a-H), 0.99 (td, J� 12.8,
4.8 Hz, 1 H; 9b-H), 1.30 (br s, 1 H; 2-H), 1.45 (br d, J� 10.9 Hz, 1H; 8b-H),
1.51 (br s, 1 H; 3-H), 1.57 (dt, J� 12.8, 4.0 Hz, 1 H; 5a-H), 1.86 (s, 3H; CH3),
1.87 (s, 3 H; CH3), 2.81 (ddd, J� 11.0, 9.6, 4.4 Hz, 1H; 7-H), 2.89 (ddd, J�


10.3, 9.6, 5.1 Hz, 1H; 6-H), 4.28 (d, J� 24.6 Hz, 2 H; CH2-pyr), 4.29 (d, J�
22.5 Hz, 2H; CH2-pyr), 4.37 (d, J� 4.5 Hz, 1H), 4.42 (d, J� 4.5 Hz, 1H)
(CH2OOC), 4.52 (d, J� 15.2 Hz, 1 H), 4.63 (d, J� 15.8 Hz, 1 H), 4.78 (d, J�
16.0 Hz, 1 H), 4.87 (d, J� 15.7 Hz, 1H) (AB systems, CH2-bipy), 4.87 ± 5.09
(m, 4H; C�CH), 7.62 (d, J� 7.9 Hz, 1H), 7.64 (d, J� 7.7 Hz, 1H) (5'-H of
6-bipy and 7-bipy), 7.69 ± 8.24 (m, 20H; 5-H of 6-bipy and 7-bipy and pyr-
H), 8.26 (t, J� 8.0 Hz, 1H), 8.26 (t, J� 7.9 Hz) (4'-H of 6-bipy and 7-bipy),
8.47 (t, J� 8.0 Hz, 1 H; 4-H of 6-bipy or 7-bipy), 8.23 (d, J� 8.5 Hz, 1H),
8.54 (d, J� 8.5 Hz, 1 H), (3'-H of 6-bipy and 7-bipy), 8.60 (t, J� 8.0 Hz, 1H;
4-H of 6-bipy or 7-bipy), 8.62 (d, J� 8.1 Hz, 1H), 8.69 (d, J� 8.2 Hz, 1H)
(3-H of 6-bipy and 7-bipy); 13C NMR (75 MHz, CD3CN): d� 23.6 (CH3),
27.8 (C-4), 28.3 (C-8), 29.0 (C-10a), 29.2 (C-9a), 29.3 (C-4a), 30.7 (C-10),
32.7 (C-5), 32.8 (C-1), 33.1 (C-9), 33.2 (C-8a), 39.8 (C-3), 40.0 (CH2-pyr),
40.0 and 40.0 (C-2,3), 64.7 and 65.3 (CH2OOC), 66.8 and 66.9 (CH2-bipy),
77.2 (C-6), 80.6 (C-7), 122.3 and 122.4 (C-3' of 6-bipy and 7-bipy), 122.6 and
123.6 (C�C), 124.1, 124.3, 124.4, 125.1, 125.3, 125.6, 125.7, 125.8, 125.9,
126.1, 126.1, 126.9, 127.0, 127.8, 127.9, 128.1, 128.3, 128.4, 129.4, 129.6, 129.8,
129.9, and 130.0 (C-pyr, C-3,5 of 6-bipy and 7-bipy), 130.3 and 130.5 (C-5' of
6-bipy and 7-bipy), 131.3, 131.4, 131.4, 131.5, 131.9, 132.0 (C-pyr), 136.8 and
139.9 (C�C), 143.6 (C-4 of 6-bipy and 7-bipy), 145.0 and 145.3 (C-4' of
6-bipy and 7-bipy), 148.8, 148.9, 149.9, 150.2, 156.8, 157.0, 161.5, and 161.7
(C-2,2',6,6' of 6-bipy and 7-bipy), 171.4 and 171.7 (COO); FAB-MS: m/z
calcd for [33-Zn-OTf]� 1400; found 1400 (isotope pattern for one zinc).


Fluorescence measurements : Fluorescence spectra were measured on an
MPF-2A fluorescence spectrometer (Hitachi ± Perkin ± Elmer) equipped
with a temperature control, correction, and digitalization unit. Argon-
flushed (5 min) solutions of the compounds under investigation were
placed in quartz cuvettes with a path length of 1 cm and excited in a
perpendicular arrangement. The fluorescence quantum yields were deter-
mined at 298 K by the relative method using quinine sulfate as a standard
(ff� 0.545 in 0.1n H2SO4). At the excitation wavelength (345 nm), the
absorbance values of the solutions of the standard and the investigated
compounds were identical. The different refractive indices of the solutions
were taken into account. Time-resolved fluorescence decay measurements
(pulse sampling method) were performed using a nitrogen laser (l�
337 nm) as the excitation source and a transient recorder to monitor the
decay. The wavelengths for fluorescence detection were l� 475 nm
(pyrene excimer) and l� 380 nm (pyrene monomer). Details of the
equipment and the deconvolution procedure of the experimental decay
curve are described in ref. [29]. The time resolution achieved was about
250 ps.
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Predicting when Precipitation-Driven Synthesis Is Feasible:
Application to Biocatalysis


Rein V. Ulijn,[a] Anja E. M. Janssen,[b] Barry D. Moore,*[a] and Peter J. Halling[a]


Abstract: Precipitation-driven synthe-
sis offers the possibility of obtaining
high reaction yields using very low
volume reactors and is finding increas-
ing applications in biocatalysis. Here, a
model that allows straightforward pre-
diction of when such a precipitation-
driven reaction will be thermodynami-
cally feasible is presented. This requires
comparison of the equilibrium constant,
Keq, with the saturated mass action ratio,
Zsat , defined as the ratio of product
solubilities to reactant solubilities. A


hypothetical thermodynamic cycle that
can be used to accurately predict Zsat in
water is described. The cycle involves
three main processes: fusion of a solid to
a supercooled liquid, ideal mixing of the
liquid with octanol, and partitioning
from octanol to water. To obtain the
saturated mass action ratio using this
cycle, only the melting points of the


reactants and products, and in certain
cases the pKa of ionisable groups, are
required as input parameters. The model
was tested on a range of enzyme-cata-
lysed peptide syntheses from the liter-
ature and found to predict accurately
when precipitation-driven reaction was
possible. The methodology employed is
quite general and the model is therefore
expected to be applicable to a wide
range of other (bio)-catalysed reactions.Keywords: enzyme catalysis ´ pep-


tides ´ solubility ´ thermodynamics


Introduction


In vivo and, commonly, in vitro enzyme catalysis involves
dilute (mmolar) reactant concentrations. Indeed, during
biocatalysed syntheses of pharmaceutical intermediates this
may be unavoidable due to the poor aqueous solubility of the
molecular building blocks. However, for biocatalysis to
compete commercially with conventional chemistry, higher
volumetric productivity is generally desirable. One common
means of achieving this is to use enzymes in non-aqueous
media, in which reactant solubilities are often higher.[1, 2] A
more recent development is the application of biocatalysis in
systems in which the initial reaction mixture consists mainly of
solid reactant suspended in a low-volume, saturated liquid
phase(aqueous or organic solvent) and in which the final
mixture consists of mainly solid product.[3, 4] Such ªsolid to
solidº reactions can be catalysed surprisingly efficiently by
enzymes, resulting in very high volumetric productivity.


Examples of biocatalysis in substrate suspensions include a
range of reverse hydrolysis reactions (condensations) leading
to amide,[5, 6, 7] glycoside[8] and ester[9, 10] formation.


A key feature of these predominantly solid reactant systems
is that the reaction thermodynamics exhibit switch-like
behaviour, giving either very low or very high yields.[11] Thus,
if the product concentration required to attain equilibrium
with saturated reactants is lower than the solubility limit, it
simply accumulates in the low-volume liquid phase up to the
equilibrium level, no further reaction occurs, and the overall
yield is low. Alternatively, if the (theoretical) product
concentration required to attain equilibrium with saturated
reactants is higher than the solubility limit, the product will
reach saturation before equilibrium is reached and start to
precipitate out of the reaction mixture. This process will
continue until the concentration of one of the reactant falls
below saturation. Only then can equilibrium in the liquid
phase be established. With only a small liquid phase present,
the yield will necessarily be very high: the solid reactants in
the initial reaction mixture are nearly all converted to solid
product.


In a recent comparative study of enzyme-catalysed peptide
synthesis, either in organic solvents or in solid to solid aqueous
suspensions,[12] it was shown that the latter system gave both
higher reaction rates and higher conversions. In particular,
volumetric yields were very much better, reaching 0.8 g
product per mL reaction mixture.[5] Given the rapid improve-
ment in screening and evolution of new enzyme activities,
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product precipitation-driven biocatalysis offers a highly
promising route for commercial synthetic chemistry.


A significant problem has been that until now it has not
been possible to predict which type of ªswitch behaviourº, low
yield or high yield, a particular reaction would exhibit. While
in simple cases it is possible to find this out experimentally, it
is often the case that one of the reaction components
(including the relevant enzyme) is not readily available.
Before extensive efforts are expended on, for example,
synthesising reactants or screening and isolating enzymes, it
would be extremely useful to be able to predict whether or not
the process will work. Herein we present a theoretical model
that enables the thermodynamic feasibility of product pre-
cipitation-driven synthesis to be predicted reliably. In systems
in which the aqueous reaction equilibrium constant is known
or can be estimated, the only input parameters required are
the melting points of the reactants and products and, in
certain cases, their pKa values.


The initial part of the following discussion deals with
development of the general theoretical model. Application of
the model to the specific example of precipitation-driven
amide synthesis is then considered. Finally, we present an
extensive comparison of theoretical predictions with the
experimental results obtained from the biocatalysis literature.


Theoretical Model


The theory is presented in two parts; firstly we consider the
important general features of a product precipitation-driven
reaction, secondly we explain in detail how the feasibility of
such reactions may be predicted using a hypothetical thermo-
dynamic cycle.


When is a product precipitation-driven reaction favoured?


If we consider a simple thermodynamically controlled reac-
tion such as that given in Equation (1) the thermodynamic
equilibrium constant Kth for this reaction can be expressed in
terms of thermodynamic activities ax as given in Equation (2).


A�B>C (1)


Kth�
ac


aAaB


(2)


If the reactants are present at dilute concentrations (even at
saturation), then the equilibrium constant Keq can be reason-
ably accurately formulated as given in Equation (3).


Keq�
�C�
�A��B� (3)


Let us now consider the case in which initially the liquid
phase of the reaction mixture is saturated with both reactants
and, for each, a large excess of solid is also present. We see
that, as the reaction proceeds, both the concentrations of A
and B will remain constant at their limiting solubility values
SA and SB, while product C will begin to accumulate in the
liquid phase. Two different situations can then arise.
1) If [C] is able to reach its equilibrium value as defined by


Equation (3), the reaction will proceed no further and


most of A and B will still be present as a solid in the
reaction mixture. Thus, in this case the overall reaction
yield will be very low.


2) Alternatively, if before reaching the equilibrium concen-
tration defined by Equation (3), C reaches its solubility
limit, it will begin to precipitate from solution. Solid C will
then continue to precipitate until all of the solid form of
reactant A or B has dissolved. The concentration of this
reactant will then fall below the solubility limit until the
equilibrium constant defined by Equation (3) can be
reached. In this case the overall yield is necessarily very
high, since the reaction proceeds until all the excess solid
of one (or both) of the reactants is used up.


To predict which of these two situations will arise, it is
necessary to know the value of the saturated mass action ratio
Zsat . This is obtained by substituting the limiting solubility
values of each of the reactants and products into the
equilibrium constant expression (3) to give Equation (4).


Zsat�
Sc


SASB


(4)


Comparing Equations (3) and (4), it can be seen that when
Zsat>Keq, product C is able to reach its equilibrium value in
the liquid phase corresponding to case 1) above. In contrast,
when Zsat<Keq, the solubility limit of C is reached before
equilibrium is established and a solid to solid reaction
proceeds as described in 2). Figure 1 illustrates this latter
situation diagrammatically.


Figure 1. Schematic representation of a biocatalytic reaction in suspen-
sion. Arrows indicate the direction of product precipitation-driven catalysis
when Zsat is smaller than Keq. If Zsat were greater than Keq , the arrows would
be reversed. The intermediate state will always be thermodynamically
unstable with respect to near complete conversion in one direction or other.


To predict whether or not a particular reaction can be
precipitation-driven, it is therefore necessary to determine
values for Keq and Zsat . Experimental or theoretical data
allowing Keq to be estimated often exist, but theoretical
methods for calculation of Zsat have not hitherto been
reported.


Predicting the feasibility of product precipitation reactions


The thermodynamic feasibility of a product precipitation-
driven reaction is expected to be largely independent of the
solvent the reaction is carried out in.[3, 11] Therefore, since
equilibrium constants for biocatalysed reactions are most
often measured in water, our aim was to express the mass
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action ratio (Zsat) in terms of aqueous limiting solubility
values. The approach taken was to relate solubilities to
melting points by means of a hypothetical thermodynamic
cycle.


The relationship between melting points and solubilities : The
starting point for the theoretical model is the work of Grant
and Higuchi[13] and Yalkowsky.[14] For further details of this
type of treatment the reader should consult their work.


When a compound is at its solubility limit in a solvent, the
process of dissolution has reached equilibrium. This means
that the Gibbs free energy of the molecules in the liquid phase
is equal to that of molecules in the solid phase. The free
energy of the solid phase largely depends on the packing of
individual molecules within the crystal lattice, strong inter-
molecular forces giving high crystal energies. Since for
melting to occur the crystal energy of a solid must be
overcome, high crystal energies also result in high melting
points. This gives rise to the useful, but not widely recognised,
rule that the melting point of a compound provides a good
qualitative indication of its solubility.


To obtain more quantitative estimations of aqueous sol-
ubility, using melting points, the hypothetical thermodynamic
cycle summarised in Figure 2 was devised. Here, the hypo-
thetical indirect route to a saturated aqueous solution
involves:


Figure 2. Hypothetical thermodynamic cycle for predicting aqueous
solubilities.


1) fusion of a solid compound to a supercooled liquid,
2) ideal mixing of it with octanol to form a saturated solution,


and
3) partitioning of it between octanol and water.


To understand how this alternate cycle can be employed for
solubility predictions, the concept of different standard states
needs to be introduced. It can be seen that the hypothetical
route involves a series of reversible molecular processes. Such
equilibrium processes are normally associated with a zero
change in free Gibbs energy DG, because the reference point
or standard state is chosen to be the same on both sides of the
equilibrium. In this work we have instead deliberately chosen
different standard states for the initial and final states of a
number of reversible processes. As will be seen, this
thermodynamic trick provides a method for quantifying
certain useful parameters (such as ideal solubility) that arise
within the cycle. It should be noted, however, that if the
complete hypothetical thermodynamic cycle is considered, all


the changes in standard state (indicated by the subscripts)
cancel out and the free energy change is zero as required.


Ideal solubility: free energies of fusion and mixing: Let us
begin by considering the first two steps in the above process
separately, as shown in Figure 3.


Figure 3. Thermodynamic route for prediction of ideal solubility of
organic compounds in octanol.


Together, these result in formation of a saturated ideal
solution in octanol. Since the saturated solution will be at
equilibrium with the pure solid, the free energy change for the
combined processes is zero (same standard state). However,
we can see that the two contributing processes involve
changes in free energy. These consist of, firstly, fusion of the
pure solid to a ªsupercooled liquidº (scl) (that is, melting
taking place below the melting point of the solid) and,
secondly, mixing of the liquid melt with the solvent.


This can be expressed in terms of Equation (5) which can be
reformulated to give Equation (6), whch in turn provides a
method for obtaining the limiting solubility of the solid in
octanol.


DGsolution(solidÿ1m octanol)�DGfusion(solidÿscl)�DGmix(sclÿ1m octanol) (5)


DGfusion(solid-scl)�ÿDGmix(sclÿ1m octanol) (6)


Estimation of Gibbs free energy of fusion : The Gibbs free
energy of fusion can be written as given in Equation (7).


DGfusion�DHfusionÿTDSfusion (7)


If molecular melting takes place at the melting point
temperature of a compound, the process of melting will be
reversible, and hence Equation (8), in which Tm is the melting
point, will become valid.


DHfusion�TmDSfusion (8)


If we assume that DSfusion and DHfusion are independent of
temperature, then at a temperature T, below the melting
point, the free energy of fusion from the pure solid to the pure
supercooled liquid will be positive, and may be obtained by
combining Equations (7) and (8) to give Equation (9).


DGfusion(solidÿscl)�DHfusionÿTDSfusion� (TmÿT)DSfusion (9)


A method for estimating entropies of fusion, based on
molecular flexibility, has previously been developed by
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Dannenfelser and Yalkowsky.[15] For an asymmetrical organic
molecule, Equation (10) becomes valid.


DSfusion� 50�Rln f (10)


Here f is an empirical molecular flexibility number, related
to the number of torsion angles t within the molecule by the
relationship given in Equation (11).


f� 2.85t (11)


Evaluation of t from the molecular structure is quite
straightforward and involves a simple count of non-hydrogen
atoms. Starting with the structure, the first step is to identify
the first heavy atom such as C,N,O situated at the end of every
branch. These are not included in the count. Atoms within
terminal ring systems are a special case and are included as
described below. A count is then made of the total remaining
number of sp, sp2 and sp3 atoms (all elements), excepting
those that are situated in rings. These totals are substituted
into Equation (12), together with the total number of ring
systems within the molecule. Where rings are fused together,
these are all counted together as one ring. As is to be
expected, sp atoms do not appear in Equation (12) since they
do not contribute any new torsion angles.


t� SP3�0.5SP2�0.5RINGÿ 1 (12)


Here SP3� total number of sp3 atoms, SP2� total number
of sp2 atoms and RING� total number of rings.


It should be noted that since an amide bond has pseudo-
double bond character, we take the nitrogen to be sp2-
hybridised, as well as the carbonyl group.


As an example, let us consider N-acetylphenylalanine.
Firstly, the N-terminal carbon atom of the methyl group and
the C-terminal oxygen atom of the hydroxy group are
eliminated. This leaves two sp3 carbons (a, benzyl), two sp2


carbons (carbonyls), one sp2 nitrogen (amide) and one ring
(phenyl). Substitution of these totals into Equation (12) gives
t� 3. For more examples of the torsion angle numbers of a
variety of molecules (see below) and the work by Dannen-
felser and Yalkowsky.[15]


Gibbs free energy change of mixing: Organic molecules
(particularly those containing hydrophobic groups) will tend
to dissolve much more ideally in octanol than water. We have
exploited this in the second step of our hypothetical thermo-
dynamic cycle. To obtain an ideal saturated solution, the
supercooled liquid is mixed with a solvent in which solubility
is ideal. For such ideal mixing, DHmix� 0, while DSmix is
described for a two-component system by DSmix�
ÿR(nln c1�nln c2), where n represents moles of species and
c represents mole fractions. Because the resulting solution
tends to be dilute (mmolar range), the mole fraction of solvent
will be close to 1. The Gibbs free energy change of mixing of
the pure supercooled liquid to the ideally mixed state on a
mole fraction basis is given by Equation (13).


DGmix(sclÿ1m octanol)�RTln c� 2.3RTlog c (13)


Limiting solubility in octanol : Substituting Equation (9)
and Equation (13) into Equation (6) and rearranging, we
obtain the following expression [Eq. (14)] for the limiting
mole fraction solubility in octanol at reaction temperature
T.[16]


log cideal�
ÿDSfusion�Tm ÿ T�


2:3RT
(14)


Since solubilities are generally expressed in terms of
molarity rather than mole fraction, it is convenient to make
a conversion using Equation (15) (assuming a dilute solution),
where Vsolvent is the molar volume of solvent and Sideal is molar
solubility.


cideal� SidealVsolvent (15)


Altogether, the ideal molar solubility in octanol is then
described by Equation (16).


log Sideal�
ÿDSfusion�Tm ÿ T�


2:3RT
ÿ log Voctanol (16)


From ideal solubility in octanol to aqueous solubility: log P
values : From the hypothetical thermodynamic cycle shown in
Figure 2, we can see that the link between ideal solubility and
aqueous solubility can now be made by taking account of
partitioning of the compound between octanol and water.
This type of octanol to water partitioning is well described by
the log P group contribution model. Tabulated log P values
have been compiled for many molecular groups, for example
by Rekker and De Kort.[17]


Here, partitioning is taken as being from an ideal saturated
solution of known concentration, Sideal , in octanol (1m stand-
ard state) to a saturated solution of unknown concentration in
water (1m standard state). Figure 4 shows the thermodynamic
cycle.


Figure 4. Thermodynamic route for prediction of aqueous solubility.


The free energy change of aqueous solution can now be
described by Equation (17).


DGaq�DGideal�DGpart(1m octanolÿ1m water) (17)


The standard states of DGaq and DGideal are not explicitly
defined here, since in practice we need only consider the final
partitioning term.


The partitioning term is given by Equation (18), where
log P� log (Coctanol/Cwater).


DGpart(1m octanol-1m water)� 2.3RTlog P (18)
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Importantly, since the solutions are ideally dilute, this ratio
will also hold at the solubility limit so that Equation (19) is
valid.


log P� log (Sideal/Saq) (19)


Substituting Equation (16) into Equation (19) and rear-
ranging then gives Equation (20).


log Saq�ÿ log Pÿ DSfusion�Tm ÿ T�
2:3RT


ÿ log Voctanol (20)


Equation (20) can be used to estimate the aqueous
solubility limit of a compound, starting from the melting
point, the molecular flexibility number and tabulated log P
values. The individual solubilities predicted are usually
accurate within one and always within two orders of
magnitude of experimental values (see below). When ratios
of solubilities are considered, these inaccuracies largely cancel
out, as explained below. Predictions of Zsat , using the model,
therefore tend to be quite accurate.


From solubilities to mass action ratios and feasibility pre-
dictions : Prediction of the mass action ratio involves straight-
forward substitution of the reactant and product solubilities
into the equilibrium constant expression. Interestingly, since
the numerator (product) and denominator (reactants) neces-
sarily exhibit many molecular similarities, some of the small
errors introduced by simplifying the above thermodynamic
cycle tend to cancel out. For example, with the log P group
contributions the only residual difference between the
reactants and product will be in the small region in which
the covalent bond is formed. Also, the molecular flexibility
number of the product will simply be the sum of the molecular
flexibility numbers of the substrates with an extra SP2 for the
terminal free amino group that is converted into an internal
peptide nitrogen atom.


After Zsat has been obtained, the final step simply involves
comparison of its magnitude with the equilibrium constant Keq


as described above. If Zsat<Keq, then precipitation-driven
synthesis is thermodynamically possible and should generate
high yields. The reaction feasibility then reduces to one of
kinetics and consideration of whether a suitable (bio)catalyst
is available.


Complicating factors: ionisa-
tion effects: In the above treat-
ment, we have assumed that the
species A, B and C do not
ionise on dissolution in water.
In such cases it is safe to assume
that the species present in the
crystalline solid are the same as
those present in solution. In
many real systems, however,
one or more of the species can
ionise in water. In this case the
treatment is more complex, be-
cause these ionisation processes
must be taken into account. For


example, a carboxylic acid may exist as a neutral species in the
solid phase and be partially or nearly completely ionised in
aqueous solution, depending upon the pH. To allow for this it
needs to be ensured that Zsat and Keq are self-consistent and
calculated using concentrations of species in the same
ionisation state. For example, in the case of dipeptide
formation from protected neutral amino acids (vide infra),
the above thermodynamic cycle would predict the limiting
aqueous solubility of the neutral forms of acid and amine,
since these occur in the crystalline state. The value of Zsat must
then be compared with the equilibrium constant for neutral
species: obtained from the overall equilibrium constant using
simple ionisation calculations.


Application of the model to amide synthesis


Synthesis of an amide from an amine and an unactivated
carboxylic acid is a simple and potentially commercially
important reaction. However, in aqueous solution reaction
yields are generally expected to be poor unless precipitation-
driven synthesis is favoured. The model provides a simple way
of assessing when this option is thermodynamically viable.


For the reaction of interest equilibrium (21) applies and the
true thermodynamic equilibrium constant Kth will be given by
Equation (22).


RCO2H�R'NH2 >H2O�RCONHR' (21)


Kth�
aRCONHR'aH2O


aRCO2HaR'NH2


(22)


However, since in aqueous solution the reactants and amide
will tend to be present at dilute concentration, we can assume
aH2O equals 1 and use the concentration-based equilibrium
constant Keq derived from Equation (23).


Keq�
�RCONHR'�


�RCO2H� �R'NH2�
(23)


Precipitation-driven amide synthesis will be feasible when
this is greater than the saturated mass action ratio Zsat given
by Equation (24).


Zsat�
SRCONHR'


SRCO2HSR'NH2


(24)


Solubility predictions: assessing the model: Figure 5 illus-
trates how aqueous solubilities, predicted using the model,


Figure 5. Predicted and measured solubilities on a logarithmic scale. Light bars are predicted values, dark bars
are experimental values (see footnote [a] in Table 1 for abbreviations).
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compare with data from the literature for a range of neutral
dipeptides, ionisable amino acid derivatives and zwitterionic
species (beta lactam antibiotics and their building blocks).
The experimental solubility data have been reported in terms
of non-ionised molecules[11] for the dipeptides and protected
amino acids and in terms of the zwitterionic species for
antibiotics and their building blocks.[18, 19]


Details of the values used in the calculations are given in
Table 1. The melting points required for the solubility
predictions were mainly obtained from the Beilstein Crossfire
database. In cases where more than one melting point was
available the highest (indicating high purity) or most recently
reported value was chosen. When selecting melting points for
ionisable species, it is important to ensure that values for the
free base or free acid are selected and not those of complexes,
hydrochlorides or other salts. The number of torsion angles
(t), as introduced in Equation (10), can be calculated using
Equations (11) and (12). Finally, log P values were deter-
mined by summation of the relevant group contribution
values listed by Rekker et al.[11]


From Figure 5 it can be seen that predicted aqueous
solubilities are usually underestimated, but show a good
correlation with experimental values for the different types of
ionisable molecules. This confirms the supposition that the
model predicts the aqueous solubility of protected amino
acids and dipeptides in their neutral state. It is interesting that
for zwitterions the predicted values much more closely
resemble the reported solubilities of the zwitterionic species
(according to Equation (26) the solubility concentration of
the neutral species will be lower by a factor of 10 EDpKa).
This is consistent with these molecules remaining as zwitter-
ions within the solid crystal lattice.


Calculating the saturated mass action ratio for amide syn-
thesis: We could use Equation (20) to predict the solubility of
each component separately prior to substitution in the mass
action ratio. However, the process can often be simplified,
since on substitution into the mass action ratio many of the
log P group contribution terms cancel out. In this case, the


residual log P terms will simply be those relating to formation
of the amide bond: log P(CONH), log P(CO2H) and
log P(NH2). These combine to give an overall log P change
for amide bond formation which is independent of the
reactants used.


Hence, Dlog Pamide formation� 2.446ÿ 0.938ÿ 1.420� 0.088.
Substituting into Equation (20) and combining all the terms


then gives Eqaution (25) , which describes log Zsat for amide
synthesis, where Dlog Pamide formation and log Voctanol are constants
with values 0.088 and ÿ0.81.


log Zsat�Dlog Pamide formation� log Voctanol


� log cRCONHR'ÿ log cRCO2Hÿ log cR'NH2
(25)


Equation (25) will apply, provided that none of the species
are zwitterionic. It predicts the saturated mass action ratio of
neutral reactants and products and so must be compared to
the pH-independent equilibrium constant based on these
species.


Dealing with zwitterions: When a zwitterionic species R''� is
involved, the model predicts the solubility of the zwitterionic
form. To be able to still make comparisons with the pH-
independent equilibrium constant, this must be adjusted to
give the solubility of the neutral form, R'', by applying
Equation (26).


[R'']� Ka�basic group�
Ka�acidic group� [R''� ] (26)


This gives Equation (27).


log cR''� log cR''� ÿDpKa (27)


Hence for each zwitterion in the reaction mixture we need
to introduce an additional DpKa term into Equation (25).


Comparison of predicted and experimental values of log Zsat :
Table 2 shows the predicted log Zsat values for some systems
for which experimentally determined values are available for


comparison. As discussed pre-
viously, it is expected that
some of the inaccuracies in-
troduced in solubility predic-
tions will cancel out in the
mass action ratio. This is
found to be the case (note
the good predictions for
amoxicillin and cephalexin,
for which solubility predic-
tions were very poor) and,
gratifyingly, log Zsat predic-
tions are correct to within an
order of magnitude. This will
generally be good enough to
predict accurately when prod-
uct precipitation synthesis is
feasible. The exception, of
course, will be when Zsat and
Keq are very close.


Table 1. Data required for solubility predictions. Entries 1 ± 4 contain one ionisable group, 5 ± 7 are neutral, 8 ± 13
are zwitterions.[a]


Tm T t log P Solubility [m]
predicted measured


1 Ac-Phe 172 40 3 0.013 1.3 Eÿ 01 3.5 Eÿ 02[11]


2 For-Phe 169 40 2.5 ÿ 0.688 8.8 Eÿ 01 5.3 Eÿ 02[11]


3 Z-Phe 88 40 5.5 2.193 6.7 Eÿ 03 2.8 Eÿ 03[11]


4 Leu-NH2 106 40 2.5 ÿ 0.8 6.5 E� 00 2.7 E� 00[11]


5 Ac-Phe-Leu-NH2 253 40 7 ÿ 0.875 5.3 Eÿ 03 1.2 Eÿ 03[11]


6 For-Phe-Leu-NH2 198 40 6.5 ÿ 1.576 3.7 Eÿ 01 4.2 Eÿ 03[11]


7 Z-Phe-Leu-NH2 195 40 9.5 1.305 1.1 Eÿ 04 1.9 Eÿ 05[b]


8 Phg 263 25 1 ÿ 0.181 3.4 Eÿ 02 2.0 Eÿ 02[21]


9 pOH-Phg 245 25 1 ÿ 0.495 1.1 Eÿ 01 1.1 Eÿ 01[18]


10 7-ADCA 240 25 0 ÿ 0.782 5.0 Eÿ 01 2.0 Eÿ 02[21]


11 6-APA 209 25 0 ÿ 0.964 1.4 E� 00 1.4 Eÿ 02[18]


12 cephalexin 190 25 2.5 ÿ 1.051 6.0 Eÿ 01 4.7 Eÿ 02[19]


13 amoxicillin 212 25 2 ÿ 1.547 9.9 Eÿ 01 1.3 Eÿ 02[19]


[a] Abbreviations: Ac: acetyl; For: formyl; Z: carbobenzyloxy; 7-ADCA: 7-aminodeacetoxy cephalosporinic
acid; 6-APA: 6-aminopenicillanic acid; Phg: phenylglycine; p-OH-Phg: para-hydroxyphenylglycine. [b] The
literature solubility value for Z-Phe-Leu-NH2 was 4.4 Eÿ 4m[11]. Our experiments gave 1.9 Eÿ 5m and this was
used in the calculation.
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Equilibrium constants for amide synthesis: Values for Keq can
be obtained from literature values, measured experimentally
or else estimated. In general, equilibrium constants reported
in the literature are ªapparentº values (Keq values), measured
under defined conditions of pH and temperature. These
cannot be compared directly to Zsat because the model
predicts solubilities of neutral species. Instead, the equilibri-
um constants need first to be converted to pH-independent
equilibrium constants Kref, based on non-ionised COOH and
NH2 forms, at a given temperature. This conversion is
straightforward, provided ionisation constants (Ka values)
for the reactants are available.


Specifically for amide synthesis, the concentration of un-
charged RCO2H can be calculated from the total (measured)
concentration of acid, [RCO2H]total , using Equation (28).


[RCO2H]� �RCO2H�total


1�Ka�RCO2H�
H�


� � (28)


The concentration of uncharged R'NH2 can be calculated
using Equation (29).


[R'NH2]�
�R'NH2�total


1� H�


Ka�R'NH2�


" # (29)


The concentration of a zwitterion, R''� , in its neutral form,
R'', can be obtained using Equations (26) and (30).


[R''� ]� �R''��total


1�Ka�basic group�
H� � H�


Ka�acidic group�


(30)


Literature values of equilibrium constants: The US Na-
tional Institute of Standards and Technology[20] provides an
electronically accessible database in which equilibrium con-
stants from the literature are listed along with the conditions
under which these were measured. Values for amide synthesis
were processed by using Equations (26) and (28) to (30) in
order to calculate the pH-independent equilibrium constants
(Kref) in terms of non-ionised species. The resulting values are
summarised in Table 3.


Significantly, it can be seen that Kref values differ by less
than an order of magnitude over a wide range of substrates.
This holds across many different reactions from synthesis of
protected dipeptides to the synthesis of beta lactam anti-
biotics. Similarly, it was found that equilibrium constants show
only slight temperature variations in the range 25 8C to 30 8C.
This is because the enthalpy change associated with amide
bond formation is relatively low. For example, DHr�
ÿ5 kJ molÿ1 for the synthesis of Bz-l-Tyr-Gly,[20] correspond-
ing to a change of 0.01 in log Kref per Kelvin. Because the
range of Kref values is so small, when evaluating the feasibility
of product precipitation-driven amide synthesis we simply
used an average value, log Kref� 3.5.


Results and Discussion


Selected examples of feasibility predictions


To illustrate practically how the model is used to predict the
feasibility of product precipitation-driven reactions, we con-
sider three typical examples of amide syntheses. As discussed,
such reactions will be favourable when log Zsat is less than 3.5.


Firstly, let us consider the thermolysin-catalysed synthesis
of dipeptide Z-Phe-Leu-NH2 (entry 20 in Table 4). The
melting points were found in the Beilstein database (Z-Phe


Table 2. Comparison of theoretical and measured log Zsat values. Meas-
ured Zsat values were obtained from aqueous solubility data reported in the
literature (references in table). All solubilities were recalculated in terms of
the neutral species.


Log of the saturated mass action ratio (log Zsat)
predicted measured


Ac-Phe-Leu-NH2 ÿ 2.2 ÿ 1.9[11]


For-Phe-Leu-NH2 ÿ 1.2 ÿ 1.5[11]


Z-Phe-Leu-NH2 ÿ 2.6 ÿ 2.6[11]


amoxicillin 4.2 4.3[18, 19]


cephalexin 5.9 6.5[19, 21]


Table 3. Log Kref values calculated for selected amide syntheses.


AOH pH Keq pKa (AOH) BH pKa (BH) pKa (AB) log Kref T [K]
COOH NH2 COOH NH2 COOH NH2


Phg 5.5 0.4[a] 2 9 7-ADCA 2.5 4.8 2.3 7.2 2.8[b] various
p-OH-Phg 5.5 0.16[a] 2.5 9.2 6-APA 2.5 4.5 2.3 7.5 2.3 298
Ac-Phe 5.5 0.5[20] 3.6 Gly-NH2 7.5 3.6 293


7.3 0.4[20] 3.7 293
8.2 0.2[20] 3.9 293


Bz-Tyr 8 0.2[20] 3.6[c] Gly-NH2 7.5 3.8 298
Bz-Tyr 6.5 0.1[20] 3.6[c] Gly-anilide 7.5[c] 2.9 296
Ac-Phe 4.1 0.4[20] 3.6 di-Br-Tyr-OEt[c] 7.3 3.4 293
Ac-Phe 4.6 0.8[20] 3.6 Phe-Gly-OMe 7.3 3.6 293
Z-Gly 7.2 0.6[20] 3.7 Phe-NH2 7.3 3.6 various


7.1 0.7[20] 3.7 various
7 1.0[20] 3.8 various


Ac-Phe 4.6 0.2[20] 3.6 Phe-Gly 3.7 7.7 3.7 3.4 293
average 3.5


[a] The NIST database [20] also lists Keq values for a range of antibiotics calculated by Svedas et al.[22] Log Kref values calculated from these values were often
an order of magnitude higher than the values in Table 2. The more recently published values[18, 21] are much closer to the values reported for peptides.
[b] Average of the available Keq values. [c] pKa values were, when available, taken from the Beilstein Crossfire database. If they were not available, values
were taken from similar compounds, as in Bz-Tyr (value of Bz-Phe), di-Br-Tyr-OEt (value of Tyr-OEt) and glycylanilide (GlyNH2).
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88 8C; Leu-NH2 106 8C; Z-Phe-Leu-NH2 195 8C). Taking a
reaction temperature, Tr,� 40 8C, R� 8.314 Jmolÿ1 Kÿ1 and
molecular flexibility values of t� 5.5 and 2.5 for the reactants
and t� 9.5 for the product, these data can be inserted into
Equations (10), (11) and (14) and the resultant log c values
used in Equation (25). Since none of the reactants are
zwitterions, DpKa values are not needed for the prediction.
The calculated value of log Zsat�ÿ2.6. This value is much
lower than the log Kref value of 3.5, so product precipitation-
driven synthesis is expected to be feasible. Halling et al[11]


have confirmed this experimentally.
Secondly, let us take the synthesis of Z-His-Leu-NH2


(entry 14). Here, one of the reactants, Z-His, is zwitterionic,
so we now also need to include DpKa(ZÿHis) in the calculation.
For the Z-His side chain, pKa� 6 and for the a-carboxyl
pKa� 4, giving DpKa(ZÿHis)� 2. With the aid of substitution
into Equation (27) and subsequently into Equation (25), we
see that this will change log Zsat by �2. Inserting the melting
points (162, 106, 200 8C) and flexibility numbers of t� 5.5, 2.5
(reactants) and 9.5 (product) into Equations (10), (11) and
(14), and substituting into Equation (25), gives an overall
value of log Zsat� 0.5. This is again well under the value of 3.5,
suggesting that product precipitation can be expected. This
was confirmed experimentally.[11]


Finally in the case of amoxicillin synthesis (entry 28,
Table 4), both the reactants and product are zwitterions so,


besides the melting points, three DpKa values are needed (see
Table 3) (2 for 6-APA, 6.7 for pOHÿPhg, and 5.3 for
amoxicillin). Overall, this changes log Zsat by 2�6.7ÿ 5.3�
�3.4, and produces an overall predicted value of 4.2. Hence,
ªsolid-to-solidº synthesis is predicted to be unfavourable, as
confirmed experimentally[18] . Diender et al.[18] also attempted
the synthesis in the presence of organic solvent, which again
did not lead to precipitation of the product.


When product precipitation-driven synthesis is to be expected
in peptide synthesis: Table 4 summarises the predicted and
experimental results for 28 enzyme-catalysed peptide synthe-
ses in which product precipitation-driven reaction has been
studied. It can be seen that the feasibility of such a reaction is
generally predicted correctly. For dipeptides formed between
non-zwitterionic N-protected and C-protected amino acids,
log Zsat was found to be always much smaller in value than
log Kref. This was similar for tripeptide examples (Table 4,
entries 3 and 12). For an additional 66 predictions of di- and
tripeptide formation, for which the experimental outcome was
not available, we found successful product precipitation-
driven reactions were predicted. Since Zsat was always many
times smaller than the Kref, it is probable that product
precipitation-driven reactions are always feasible for the
synthesis of protected di-, tri- and possibly oligopeptide
synthesis, provided that the reactants are not zwitterionic


Table 4. Experimental and predicted mass action ratios for a variety of amide syntheses. Experimental log Zsat values were calculated from measured
solubilities.


Entry AOH BH Tm t[a] T log Zsat Product precipitation?
AOH BH AB AOH BH predicted experimental


1 Z-Ala Leu-NH2 83 106 189 4 2.5 40 ÿ 2.3 yes yes[11]


2 Z-Ala Phe-NH2 83 119 215 4 2 40 ÿ 2.6 yes yes[23]


3 Z-Ala Phe-Leu-NH2 83 126 226 4 6 25 ÿ 3.3 yes yes[23]


4 Fmoc-Asp Tyr-OMe 191 135 172 5.5 3 35 0.0 yes yes[b]


5 Z-Asp Leu-NH2 165 106 210 5.5 2.5 40 ÿ 1.6 yes yes[24]


6 Z-Asp Phe-NH2 165 119 203 5.5 2 40 ÿ 1.3 yes yes[24]


7 Z-Asp Phe-OMe 165 liq. 135 5.5 3 37 ÿ 0.9 yes yes[c][7]


8 Z-Gln Leu-NH2 136 105 232 6.5 2.5 40 ÿ 2.8 yes yes[5]


9 Bz-Gly Tyr[d] 185 325 200 2 2 40 7.3 no no[e]


10 Bz-Gly Phe[d] 185 319 177 2 2 40 7.2 no no[e]


11 Z-Gly Leu-NH2 121 106 123 4 2.5 40 ÿ 0.4 yes yes[24]


12 Z-Gly Phe-Leu-NH2 121 126 210 4 6 37 ÿ 3.9 yes yes[f][7]


13 Z-Gly Phe-OMe 121 Liq. 158 4 3 40 ÿ 2.0 yes yes[24]


14 Z-His[d] Leu-NH2 162 106 200 5.5 2.5 40 0.5 yes yes[11]


15 Z-His[d] Phe-NH2 162 119 177 5.5 2 40 1.2 yes yes[25]


16 Ac-Phe Leu-NH2 172 106 253 3 2.5 40 ÿ 2.2 yes yes[c][7,11]


17 Ac-Phe Val-NH2 172 269 275 3 1.5 25 ÿ 0.6 yes yes[c, f][26]


18 For-Phe Leu-NH2 169 106 198 2.5 2.5 40 ÿ 1.2 yes yes[11]


19 Z-Phe Ala-NH2 88 75 213 5.5 0.5 40 ÿ 3.0 yes yes[24]


20 Z-Phe Leu-NH2 88 106 195 5.5 2.5 40 ÿ 2.6 yes yes[11]


21 Z-Phe Met-NH2 88 51 220 5.5 3.5 40 ÿ 4.0 yes yes[24]


22 Z-Phe Phe-NH2 88 119 230 5.5 2 40 ÿ 3.1 yes yes[24]


23 Z-Ser Leu-NH2 118 106 182 5 2.5 40 ÿ 1.8 yes yes[11]


24 Z-Ser Phe-NH2 118 119 186 5 2 40 ÿ 1.6 yes yes[24]


25 Mand[g] 7-ADCA[d] 118 240 186 1 0 25 2.6 yes no[21],[h]


26 Phac[i] 7-ADCA[d] 76 240 194 1 0 25 2.1 yes no[21],[h]


27 Phg[d] 7-ADCA[d] 263 240 190 1 0 25 5.9 no no[21]


28 pOH-Phg[d] 6-APA[d] 245 209 212 1 0 25 4.2 no no[18]


[a] Note that t for the product is simply the sum of the t values for the substrate plus 1.5. [b] Unpublished result, P. Clapes. [c] Liquid phase was (in part) non-
aqueous. [d] These are zwitterionic species. [e] Unpublished results, M. Erbeldinger, for method see ref. [5]. [f] Neither substrate saturated; product
precipitation was observed. [g] Mand: mandelic acid. [h] Acyl substrate was not saturated. [i] Phac: phenylacetic acid.
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(N-protected basic amino acids or C-protected acidic resi-
dues).


In cases in which one of the substrates is zwitterionic
(Table 4, entries 9, 10, 14, 15, 25 ± 28) the feasibility depends
largely on the DpKa value of the zwitterion. We have
previously considered Z-His, which has a DpKa of 2. Although
small, this is sufficient to put the feasibility of product
precipitation-driven dipeptide synthesis in the balance. With
both Phe-NH2 and Leu-NH2, successful synthesis is predicted
to occur and has been observed experimentally (Table 4,
entries 14 and 15). When the nucleophile is an oil, such as
Phe-OMe, Ala-OEt and Gly-Oet, synthesis is also predicted
to occur but has not as yet been reported. With higher melting
point nucleophiles such as Tyr-OEt (Tm 109 8C) and His-OMe
(Tm 213 8C), synthesis is predicted to be unfavourable. For
most other cases of zwitterionic amino acids, DpKa is found to
be much greater than 2. For example, free amino acids such as
Tyr and Phe have DpKa values of around 6 (Table 4, entries 9
and 10). Precipitation-driven amide synthesis using zwitter-
ionic reactants with such large DpKa values is predicted
always to be highly unfavourable. A possible exception to this
will be where the product is also zwitterionic, in which case
synthesis may still be possible.


There is much current interest in developing efficient
enzyme-catalysed routes to antibiotics made from cephalo-
sporin derivatives. The cephalosporin nuclei 6-APA and
7-ADCA are zwitterions with a DpKa of only around 2.[18]


Many of the beta lactam antibiotics, such as cephalexin,
cephadroxin, amoxicillin and ampicillin, require acylation of
this nucleus with unprotected amino acids with DpKa values of
around 7. Since the resultant product antibiotics generally
have a DpKa around 5,[18, 22] the overall effect on log Zsat� 2�
7ÿ 5��4. This means product precipitation-driven synthesis
is 104 times less favourable, simply because of ionisation
effects. With non-zwitterionic acylating agents such as phenyl-
acetic acid (Table 4, entry 26) and mandelic acid (Table 4,
entry 25) (note that the product will not be zwitterionic in
these cases), it is predicted that product precipitation may
occur (log Zsat just below log Kref). SchroeÈn et al.[21] studied
biocatalysis of these reactions in acid solution, starting with
excess 7-ADCA present as a suspension. No product precip-
itation was observed. The prediction suggests the situation
might change if the other reactant were to be presented as a
solid as well.


We now consider cases in which only the product is
zwitterionic. An example would be a dipeptide formed from
a doubly acidic acyl donor such as Z-Asp and a doubly basic
nucleophile such as Arg-OMe. Since Z-Asp-Arg-OMe has a
DpKaAB of around 8, log Zsat will be reduced by this amount,
and product precipitation-driven synthesis will become ex-
tremely favourable. This effect should be quite general and it
may well be possible to design precipitation-driven coupling
reactions in which ionisation effects are the predominate
driving force.


Since mass action ratios are based on the crystal lattice
energy of the reactants, they are theoretically expected to
hold for syntheses carried out in any solvent. This leads to a
valuable rule of thumb for optimising yields in a batch type
reaction. If precipitation-driven synthesis is predicted to be


favourable, the highest yields in terms of solid product will be
reached in a solvent in which both reactants and products
show poor solubility. This is because the minimum amount of
reactant will then be left in solution when equilibrium is
reached. Conversely, if product precipitation cannot be
achieved, then the best possible solvent for maximising yield
will be the one in which the product is most soluble.


When utilising the model developed here it should be noted
that it is only the thermodynamically favoured direction of a
precipitation that is predicted. Practical feasibility will
depends on factors such as finding a suitable (bio-)catalyst
and rates of dissolution and precipitation. It is, however,
worth noting that if product precipitation-driven reaction is
not favourable in the forward direction then it must, by
default, be favourable in the reverse direction.


The model presented here can easily be applied to other
condensation reactions, provided the change in log P upon
reaction and the reference equilibrium constant are known.
We are currently studying feasibility predictions with a variety
of other reactions, including esterifications, glycosidations and
isomerisations.


Conclusion


A general model that predicts the feasibility of product
precipitation-driven reaction was developed. It gives values
for saturated mass action ratios that are well within an order
of magnitude of those obtained from experimental data. The
model provides a general tool for exploring the scope of
product precipitation-driven reactions and a simple method
for preexperimental planning. Importantly, in addition to
solubilities, we have found that the ionisation behaviour of the
reaction components must be taken into account. For
example, although precipitation-driven amide formation was
found to be favourable for most neutral reactants, with
zwitterionic species the feasibility depended strongly on
ionisation constants.
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[Ru(HNO)('pybuS4')], the First HNO Complex Resulting from Hydride
Addition to a NO Complex ('pybuS4'2ÿ� 2,6-Bis(2-mercapto-
3,5-di-tert-butylphenylthio)dimethylpyridine(2ÿ ))**
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Abstract: Treatment of the nitrosyl
complex [Ru(NO)('pybuS4')]Br (1 a) with
NaBH4 in CH3OH yielded [Ru(HNO)-
('pybuS4')](2), which could be completely
characterized. The X-ray structure de-
termination of 2 confirmed the N coor-
dination of the HNO ligand. Density
functional theory calculations enabled
us to assign the n(NO) IR band of 2,
which appears in KBr at 1358 cmÿ1 and
in THF at 1378 cmÿ1. The unprecedented


hydride addition to nitrosyl complexes
yielding HNO complexes fills a white
spot on the map of chemical reactions,
represents the as yet unknown counter-
part to the well-established formyl com-
plex formation from CO complexes and


hydrides, and distinctly differs from the
formation reaction of [Os(HNO)-
(CO)Cl2(PPh3)2], the only other HNO
complex characterized structurally. The
HNO complex 2 is oxidized stepwise by
[Cp2Fe]PF6 in the presence of NEt3 and
directly by Brùnsted acids to give
[Ru(NO)('pybuS4')]� in 2eÿ oxidations.
H�/D� exchange indicates acidity of the
HNO proton.


Keywords: density functional calcu-
lations ´ hydrogenation ´ nitrogen
oxides ´ ruthenium ´ S ligands


Introduction


The activation of stable molecules and the stabilization of
unstable intermediates through bonding to metals are key
features of numerous industrial and biological catalyses.
Identification of the unstable intermediates has enabled in
numerous cases the elucidation of reaction pathways and
mechanisms. A textbook example is the hydride reduction of
CO to give formyl (HCO) complexes, considered important
intermediates in the Fischer ± Tropsch and other industrial CO
processes.[1] The analogous reduction of NO to HNO com-
plexes, although isoelectronic and frequently postulated has
remained unknown. In addition, HNO complexes are ex-
tremely rare and only one example has ever been charac-
terized structurally.[2]


HNO, termed nitroxyl, nitroso hydrogen, nitrosyl hydride,
or monomeric hyponitrous acid, is extremely unstable in the
free state. It has spectroscopically been detected as a reactive
intermediate in gas-phase radical and photochemical reac-
tions.[3a±d] The formation and decomposition of intermediary
HNO have been discussed for the combustion of nitrogen-
containing fuels,[3a] the oxidation of atmospheric nitrogen,[4a]


the reduction of HNO2
[4b] and metal ± NO2 complexes,[4c] the


biological nitrate reduction to N2 or NH3,[4d] the rich bio-
logical chemistry of NO,[3e±f] and the hydride addition to
[CpRe(NO)(CO)(PR3)]�[5] which yields the formyl complex
[CpRe(NO)(HCO)(PR3)]. Recently, the HNO adduct of
myoglobin (Mb-HNO), formed by electrochemical or chem-
ical reduction of Mb-NO, was identified spectroscopically.[6]


However, all attempts to trap and to characterize unam-
bigously HNO as a hydride reduction product of NO com-
plexes have remained unsuccessful. Herein we report the first
example of such a reaction which occurred during chemical
reactions of the nitrosyl complexes [Ru(NO)('pyRS4')]Br (1)
and (1 a).[7]


These complexes contain hexacoordinate 18-valence-elec-
tron Ru centers and strongly bound NO ligands which are
substitution inert under normal conditions. To study the
binding properties of the coordinatively unsaturated [Ru-
('pyRS4')] cores towards small molecules such as N2, H2, and
other nitrogenase-relevant substrates, methods were needed
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to remove the NO ligands in 1 and 1 a. Substitution of ligands
in hexacoordinate 18-valence-electron RuII complexes is
notoriously difficult, however, a couple of experiments
indicated that the NO ligands of 1 and 1 a could be removed
under reducing conditions.[7] For example, when 1 was treated
with LiBEt3H, dinuclear [{Ru('pyS4')}2] formed. The latter
contains thiolate-bridged [Ru('pyS4')] fragments, is practically
insoluble in all common solvents, and is inert toward cleavage
reactions. Since [{Ru('pyS4')}2] clearly could not result from a
one-step reaction but had to be formed via coordinatively
unsaturated and potentially highly reactive [Ru('pyS4')]
monomers, we carried out detailed investigations of the
reactions of hydrides with 1 a, which proved to be more
soluble than those of 1.


Results


The reduction of [Ru(NO)('pybuS4')]Br (1 a) with LiBEt3H in
THF under standard conditions always yielded a mixture of
products which could not be separated as yet. Replacing the
solvent THF by MeOH and the hydride reagent LiBEt3H by
NaBH4, however, led to a different result. When the red
solution of 1 a in MeOH was treated with NaBH4, dark green
crystals immediately precipitated from the reaction mixture.
They could be isolated in analytically pure form, proved
soluble in THF, CH2Cl2, and DMF, and their elemental
analyses and spectroscopic data (IR, 1H, 13C, NMR, mass
spectra) were compatible with the formation of [Ru(HNO)-
('pybuS4')] (2) according to Equation (1).


For example, the 1H NMR spectrum of 2 in [D8]THF
exhibited the typical pattern of the C2-symmetrical [Ru-
('pybuS4')] fragments[7b] and, in addition, a strongly down-field
shifted singlet at d� 19.56, which indicated the presence of a
HNO ligand.[2, 8]


The X-ray structure analysis of 2 confirmed the spectro-
scopic results. Figure 1 a depicts the molecular structure of
2 ´ 2 CH2Cl2 ´ MeOH. Figure 1 b illustrates the hydrogen bonds
between two molecules of 2 and the CH3OH solvate
molecules in the unit cell. The Ru center of 2 is surrounded
pseudo-octahedrally by four sulfur and two nitrogen donor
atoms. The thioether, thiolate, and N-donor atoms pairwise
adopt trans positions. Distances and angles within the


Figure 1. a) Molecular structure of 2 ´ 2 CH2Cl2 ´ MeOH (50 % thermal
probablility ellipsoids; solvate molecules and C-bound H atoms omitted).
b) Hydrogen bonds between two molecules of 2 and the MeOH solvate
molecules (3,5-ditertiarylbutyl-o-phenylene units and C-bound H atoms
omitted). Selected distances [pm] and angles [8]: Ru1ÿN1 212.9(7),
Ru1ÿN2 187.5(7), Ru1ÿS1 238.2(2), Ru1ÿS2 232.0(2), Ru1ÿS3 232.7(2),
Ru1ÿS4 235.8(2), N2ÿO1 124.2(9), H2A ´´´ S1Ba 262, H3A ´´´ O1Bb 216,
N2A ´´´ S1Ba 347.0(8), O3A ´´´ O1Bb 290(1); S1-Ru1-S2 86.36(7), S2-Ru1-S4
91.10(7), S4-Ru1-S3 86.97(8), N1-Ru1-N2 179.5(3), Ru1-N2-O1 130.0(6),
N2A-H2A ´´´ S1Ba 172, O3AÿH3A ´´´ O1Bb 149; a: ÿxÿ 1, y, ÿzÿ 3/2; b:
ÿxÿ 1, yÿ 1, ÿzÿ 3/2.


[Ru('pybuS4')] core exhibit no anomalies and are comparable
with those in previously characterized [Ru(L)('pyRS4')] com-
plexes.[7] The Ru1ÿN2 and N2ÿO1 distances of 2 (187.5(7) and
124.2(9) pm, respectively) are distinctly longer than the
corresponding distances in the linear RuNO moiety of 1 a
(172.1(6) and 115.6(6) pm, respectively).[7b] The Ru1-N2-O1
angle of 130.0(6)8 and likewise the N2ÿO1 distance of
124.2(9) pm indicate the sp2 hybridization of the N atom
and a N�O double bond in the HNO ligand. Similar values
had been observed for the M(HNO) entity in [Os(HNO)-
(CO)Cl2(PPh3)2].[2]


The position of the HNO proton could be determined from
the difference Fourier synthesis. The bonding of the HNO
proton to the N atom is further corroborated by the hydrogen
bonds found in 2 ´ 2 CH2Cl2 ´ MeOH. In the solid state, two
molecules of 2 form a dimer through NÿH ´´´ S(thiolate)
bridges (d(H2 ´´ ´ S1)� 262 pm). The dimer possesses crystal-
lographically imposed C2 symmetry. Additional hydrogen
bonds exist between the O atoms of the HNO ligands and the
OH protons of the two CH3OH solvate molecules. Hydrogen
bonds between the HNO ligand and solvent molecules
presumably also form in polar solvents. The major reason
for the extreme down-field shift of the HNO signal in the
1H NMR spectrum, however, is presumably the nitrogen sp2
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hybridization. Comparably large proton shifts have previously
been observed for diazene and ketimine complexes.[9]


Density functional theory (DFT) calculations enabled the
identification of the n(NO) IR band of 2, which appears in
KBr at 1358 cmÿ1 and in THF at 1378 cmÿ1. The unambigous
assignment of n(NO) bands in XÿNO compounds is difficult
because their frequencies cover a large range from, for
example, 1410 cmÿ1 in [Os(HNO)Cl2(CO)(PPh3)2],[2, 8] to
1570 cmÿ1 in matrix-isolated HNO,[3b] up to 1844 cmÿ1 in
FNO.[10a] In particular, the n(NO) bands of large molecules are
frequently discussed controversially.[10b]


The DFT calculations for 2 in the gas phase yielded a n(NO)
frequency of 1513 cmÿ1. Hydrogen bonds to the HNO ligand
of 2 led to a drastic change in this frequency. Association of
one methanol molecule by a CH3OÿH ´´´ ONH bond de-
creased the n(NO) frequency to 1397 cmÿ1, whereas associa-
tion of a THF molecule through a C4H8O ´´´ HNO bond
decreased the n(NO) frequency to 1420 cmÿ1. The simulta-
neous formation of both hydrogen bonds resulted in a n(NO)
frequency of 1377 cmÿ1. In all cases, the n(NO) vibration
yielded the most intensive band of the IR spectrum (see
Experimental Section).


Reactions of [Ru(HNO)('pybuS4')] (2)


Although the HNO ligand in [Ru(HNO)('pybuS4')] (2) is
stabilized by coordination, it is still highly reactive. In the solid
state, 2 can be stored at ÿ20 8C for a couple of weeks.
However, in THF or CH2Cl2 solutions at room temperature, 2
decomposes in the course of 24 h, yielding a mixture of
products. To gain more insight into these decomposition
reactions, the deuterium derivative [Ru(DNO)('pybuS4')] (3)
was synthesized from [Ru(NO)('pybuS4')]Br (1 a) and NaBD4


in CD3OD, and its decomposition was monitored by NMR
spectroscopy. With the exception of the lack of the HNO
signal, the 1H NMR spectrum of 3 proved identical with that
of 2. In the course of 12 h, however, the appearance of a signal
at d� 19.56 indicated the formation of 2. This formation of 2
can plausibly be traced back to a D�/H� exchange of 3 with
traces of H2O in the solution. This indicates slight acidity of
the HNO or DNO protons and deuterons, respectively. (The
2H-NMR spectrum of 3 dissolved in THF showed only the
DNO signal at d� 19.56.)


Attempts to deprotonate 2 with Brùnsted bases to obtain
the [Ru(NO)('pybuS4')]ÿ ion were unsuccessful, similarly no
reaction was observed when 2 was treated with NEt3, and
treatment of 2 with LiOMe or BuLi gave only mixtures of
decomposition products which have so far proved unchar-
acterizable.


Treatment of [Ru(HNO)('pybuS4')] (2) with Brùnsted acids
HX (X�H2PO3


ÿ, Brÿ, CF3SO3
ÿ) led to oxidation of 2 and the


formation of [Ru(NO)('pybuS4')]� . When 2 in THF was
treated at ÿ80 8C with one equivalent of HX, the dark green
color of the solution turned bright green. Upon warming up to
room temperature, the color changed to red, and the formation
of the [Ru(NO)('pybuS4')]� ion was established by 1H NMR
and IR spectroscopy. The reaction can be described as a 2eÿ/
H� oxidation of 2, the reversal of the formation reaction of 2,
and is probably accompanied by the formation of H2.


The 2eÿ oxidation of 2 to give [Ru(NO)('pybuS4')]� could be
divided into two separate steps by using the 1eÿ oxidant
[Cp2Fe]PF6 (FcPF6) and NEt3 as proton acceptor. Addition of
one equivalent each of FcPF6 and NEt3 to solutions of 2 in
THF resulted in a color change from green to red. The IR
spectrum of the solution showed a strong band at 1610 cmÿ1


(Figure 2) which can be assigned to the formation of the 19-


Figure 2. Monitoring the oxidation of 2 in solution by IR spectroscopy:
a) Complex 2 in THF (n(NO): 1379 cmÿ1), b) after addition of one
equivalent of FcPF6, indicating the formation of [Ru(NO)('pybuS4')]0


(n(NO): 1600 cmÿ1), and c) after addition of a second equivalent of FcPF6


or direct addition of one equivalent of HX (n(NO): 1877 cmÿ1; X�H2PO3
ÿ,


Brÿ, CF3SO3
ÿ).


valence-electron nitrosyl complex [Ru(NO)('pybuS4')]. This
complex proved too labile to be isolated. Upon the subse-
quent addition of a second equivalent of FcPF6, the band at
1610 cmÿ1 disappeared and was replaced by the n(NO) band of
[Ru(NO)('pybuS4')]� at 1877 cmÿ1 (Figure 2 c).


These findings could be corroborated by the cyclic voltam-
mograms of [Ru(NO)('pybuS4')]Br (1 a) and [Ru(HNO)-
('pybuS4')] (2) (Figure 3). The cyclic voltammogram of 1 a
shows three redox waves (A ± C). The redox waves A and B
become reversible when the current is reversed between
0.86 V and ÿ0.50 V. They indicate that in analogy to related
nitrosyl complexes, the neutral 19-valence-electron species
[Ru(NO)('pybuS4')] is present in solution at 0.0 V. The anodic
wave A at 0.52 V can be assigned to the [Ru(NO)('pybuS4')]0/�1


couple and the cathodic wave B at ÿ0.32 V to the [Ru-
(NO)('pybuS4')]0/ÿ1 redox couple. The [Ru(NO)('pybuS4')]ÿ


species corresponds with the anion resulting from deproto-
nation of 2 and is irreversibly reduced atÿ1.30 V (redox wave
C).


At first sight, the cyclic voltammogram of 2 looks very much
different from that of 1 a. However, it can be rationalized
when the irreversible wave E in the anodic region is assigned
to the oxidation of 2 yielding [Ru(HNO)('pybuS4')]� , which
subsequently loses a proton to give the 19-valence-electron
species [Ru(NO)('pybuS4')]0. This 19-valence-electron com-
plex is reversibly oxidized at �0.77 V (redox wave D)
and reduced at ÿ0.43 V (redox wave F) to give [Ru-
(NO)('pybuS4')]� and [Ru(NO)('pybuS4')]ÿ , respectively. The
irreversible cathodic wave G at ÿ1.70 V can be assigned
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Figure 3. Cyclic voltammograms of a) 1 a in DMF and b)2 in THF.


to the reduction of 2 yielding [Ru(HNO)('pybuS4')]ÿ , which
decomposes.


Taken into account that for solubility reasons the cyclic
voltammogram of 1 a and 2 had to be recorded in different
solvents (DMF and THF), the redox potentials of the
[Ru(NO)('pybuS4')]�1/0/ÿ1 couples resulting from 1 a on the
one and from 2 on the other hand are in good agreement.


Discussion and Conclusion


[Ru(HNO)('pybuS4')] (2) has been synthesized and completely
characterized. Complex 2 is only the second example of a
HNO nitroxyl complex whose structure has been elucidated
by X-ray structure analysis. The formation of 2 is, to the best
of our knowledge, the first conversion of a metal nitrosyl into
a metal HNO complex by hydride addition and represents the
as yet unknown counterpart to the well-established hydride
addition to metal carbonyl complexes yielding metal formyl
species.


The [M(NO)]�! [M(HNO)] conversion corresponds with
a 1H�/2eÿ reduction and clearly differs from the previously
reported two methods that yielded HNO complexes. These
methods comprise the oxidation of NH2OH complexes and
the HX addition to coordinatively unsaturated NO com-
plexes. Hillhouse et al. showed that oxidation of [Re-
(NH2OH)(CO)3(PPh3)2]OTf (OTf�OSO2CF3) yields [Re-
(HNO)(CO)3(PPh3)2]OTf.[11] Roper et al. achieved the addi-
tion of HCl to [Os(NO)(CO)Cl(PPh3)2] yielding [Os(HNO)-
(CO)Cl2(PPh3)2],[8] which represents the as yet only HNO
complex characterized by X-ray structure determination.[2]


Since the formation reactions of both 2 and [Os(HNO)-
(CO)Cl2(PPh3)2] involve the conversion of NO into HNO
ligands, their principal differences need to be discussed
briefly. Complex 2 is the result of a hydride addition to a
(coordinatively saturated) six-coordinate nitrosyl complex,


the formation of [Os(HNO)(CO)Cl2(PPh3)2] comprises coor-
dination of an additional ligand to the Os center, an increase
of the formal Os oxidation state, and the �hydrogenation� of
the NO ligand. It can be taken for granted that the formation
of the HNO ligand in this case requires the addition of
chloride as a sixth ligand to the Os center, because the
reaction of [Os(NO)(CO)(Cl)(PPh3)2] with HX acids such as
HBF4 containing only weakly coordinating Xÿ ions did not
yield a HNO complex.[2]


The essentiality of coordinating additional ligands to the
metal center in HX conversions of NO ligands is further
underlined by the reactions of [Ir(NO)(PPh3)3], which is
closely related to [Os(NO)(CO)Cl(PPh3)2]. [Ir(NO)(PPh3)2]
reacts with HCl to give the hydroxylamine complex
[Ir(NH2OH)Cl3(PPh3)2],[8] with HPF6, however, the Ir center
is protonated to give [Ir(H)(NO)(PPh3)3]PF6.


[12]


These findings strongly suggest that the formation of
[Os(HNO)(CO)Cl2(PPh3)2] involves the well-established con-
version of linear into bent MNO entities, when additional
ligands coordinate to the metal centers of nitrosyl complexes
which obey the 18-valence-electron rule.[13] One example,
substantiated by X-ray crystallography, is the addition of
Xÿ�NCSÿ, Clÿ, Brÿ, Iÿ to the electronically saturated (but
coordinatively unsaturated) 18-valence-electron complex
[Co(NO)(das)2]2�, which has linear CoNO groups (das�
o-phenylenebis(dimethylarsane)). The resulting [Co(NO)-
X(das)2]� complexes exhibit bent CoNO entities.[14] This
MNO bending corresponds with a change of the NO ligand
from a three-electron into a one-electron donor, or, from a
different point of view, with an intramolecular metal to NO
electron transfer and NO�!NOÿ reduction.[13]


When applied to the formation of [Os(HNO)(CO)-
Cl2(PPh3)2] from [Os(NO)(CO)Cl(PPh3)2], these considera-
tions suggest the (simplified) reaction pathway according to
Equation (2),[8] which had been suggested as one possibility
also by Roper et al.


Addition of HX acids containing nucleophilic Xÿ ions to
nitrosyl complexes also yielded the very few other HNO
complexes reported, for example, [Rh(HNO)Cl3(PPh3)2],[15a]


[Mo(HNO)F(dppe)2]PF6 (dppe� 1,2-bis(diphenylphospha-
nyl)ethane),[15b] [Re(HNO)(NO)Cl2(PPh3)2],[15c] and [Co-
(HNO)Br(das)2](ClO4)4.[14] In most cases, these complexes
could be characterized by spectroscopic methods only.
Formally related to these complexes is [Mo(HNO)(NO)-
(terpy)(CN)] (terpy� 2,2':6',2''-terpyridine). It forms by de-
protonation of [Mo(H2NO)(NO)(H2O)(terpy)]2� in the pres-
ence of CNÿ and contains the h2-hydroxylamido(2ÿ ) li-
gand.[16]


While the formation of [Os(HNO)(CO)Cl2(PPh3)2] cannot
be considered a hydrogenation of a nitrosyl complex, the
formation reactions of both [Ru(HNO)('pybuS4')] and Mb-
HNO represent such hydrogenations. Also these two hydro-
genations, however, are distinctly different from each other.
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Cyclic voltammetry indicates that Mb-HNO forms by a 1H�/
1eÿ reduction of Mb-NO.[6] In contrast, [Ru(HNO)('pybuS4')]
clearly results from a (formal) 1H�/2eÿ reduction of [Ru-
(NO)('pybuS4')]� .


Experimental Section


General methods : Unless noted otherwise, all reactions and spectroscopic
measurements were carried out at room temperature under argon using
standard Schlenk techniques. Solvents were dried and distilled before use.
As far as possible, reactions were monitored by IR, UV/Vis, and NMR
spectroscopy. Spectra were recorded on the following instruments: IR (KBr
discs or CaF2 cuvettes with compensation of the solvent bands): Perkin
Elmer 983, 1620 FT IR; NMR: JEOL-JNM-GX 280, EX 270 with the
protio-solvent signal used as an internal reference. Chemical shifts are
quoted on the d scale (downfield shifts are positive) relative to tetra-
methylsilane. Mass spectra: JEOL MSTATION 700 spectrometer. Ele-
mental analysis: Carlo Erba EA 1106 or 1108 analyzer. Cyclic voltammetry
was performed with a PAR 264A potentiostat using a three-electrode cell
with a glassy carbon ROTEL working electrode and Pt reference and
counter electrodes. Solutions were 10ÿ3 m in the substance under inves-
tigation; NBu4[PF6] (10ÿ1m) was used as the supporting electrolyte.
Potentials were referenced to the normal hydrogen electrode (NHE) using
Fc/Fc� as internal standard (EFc/Fc


�� 0.4 V vs. NHE).[17] [Ru(NO)-
('pybuS4')]Br (1a) was prepared as described in the literature.[7b]


Syntheses and reactions


Synthesis of 2 : Solid NaBH4 (0.78 mg, 2.06 mmol) was added to a red
solution of 1a (337 mg, 0.41 mmol) in methanol (15 mL) at 0 8C. Vigorous
evolution of gas occurred, and green microcrystals precipitated. After the
mixture had been stirred for 30 min at 0 8C, the microcrystals were
separated by filtration at ÿ5 8C, washed with cold MeOH (30 mL), and
dried in vacuo at room temperature. Yield: 255 mg (82 %). The compound
can be stored under argon at ÿ20 8C for several weeks without decom-
position. 1H NMR (269.6 MHz, [D8]THF, 20 8C): d� 19.56 (s, 1 H; HNO),
7.62 (d, 4J� 2 Hz, 2H; C6H2), 7.35 (m, 1H; H4-C5H3N), 7.24 (d, 4J� 2 Hz,
2H; C6H2), 7.10 (m, 2H, H3; H5-C5H3N), 4.79 (d, 2J� 16 Hz, 2H; CH2),
4.57 (d, 2J� 16 Hz, 2H; CH2), 1.48 (s, 18 H; CH3), 1.33 (s, 18H; CH3);
13C{1H} NMR (67.8 MHz, [D8]THF, 20 8C): d� 157.7, 151.1, 149.3, 145.7,
136.8, 134.6, 128.1, 125.0, 121.7 (Car), 57.2 (CH2), 38.2, 35.0 (Cq), 31.8, 29.9
(CH3); IR (KBr): nÄ � 1358 cmÿ1 (N�O); MS (FD, CH2Cl2): m/z : 742 [M]� ;
elemental analysis calcd for 2 ´ 0.5MeOH (C35.5H50N2O1.5RuS4)(%): C
56.24, H 6.65, N 3.70, S 16.92; found: C 56.21, H 7.05, N 3.74, S 16.91.


DFT calculations: The density functional and frequency calculations were
carried out with the programs TURBOMOLE[18] and NUMFREQ.[19] The
BP86 density functional[20] in RI approximation (resolution of the
identity[21]) with a triple-zeta-valence basis including a polarization
function (TZVP[22]) was used. All structures considered were characterized
as minima on the respective potential hypersurface. Unscaled frequencies
were given.


X-ray structure analysis of 2 ´ 2CH2Cl2 ´ MeOH : A suitable green-black
single crystal (0.62� 0.40� 0.12 mm3) was grown from a CH2Cl2 solution of
2, which was layered with MeOH at ÿ80 8C and stored at ÿ40 8C for seven
days. The crystal was embedded in perfluoropolyalkylether oil. Data were
collected on a Siemens P4 diffractometer at T� 200 K. C38H56Cl4N2O2-
RuS4: monoclinic, space group C2/c, a� 3.429.3(4), b� 996.8(1), c�
2858.1(4) pm, b� 112.99(1)8, V� 8.994(2) nm3, Z� 8, 1calcd�
1.394 g cmÿ3,m(MoKa)� 0.806 mmÿ1, graphite monochromator, MoKa radi-
ation (l� 71.073 pm), w scan 4.08minÿ1, 10095 measured reflections
(4.28� 2q� 52.08), 8593 independent reflections, 4527 observed reflections
(Fo� 4.0s(F)). The structure was solved by direct methods (SHELXTL NT
5.10) and refined using full-matrix least-squares procedures on F 2


(SHELXTL 5.10). All non-hydrogen atoms were refined anisotropically.
One of the tert-butyl groups (C44 ± C47) and one of the CH2Cl2 solvate
molecules are disordered. The position of the hydrogen atom at N2 was
located in a difference Fourier synthesis. Because not all hydrogen atom
positions could be determined unambiguously, geometry-optimized posi-
tions for all hydrogen atoms were used in the final refinement cycles. The
hydrogen atoms were allowed to ride on their carrier atoms during
refinement; their isotropic diplacement parameters were tied to those of


the adjacent atoms by a factor of 1.2 or 1.5. For 500 parameters the
refinement converged at wR2� 0.1924, R1� 0.0734 for [Fo� 4.0s(F)].
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Center as supplementary publication no. CCDC-143363.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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Abstract: A preorganized cationic re-
ceptor 2 for cytosine (C) is described
which is composed of trans-a2PtII (a�
NH3 or CH3NH2) cross-linked modules
with adenine (A), guanine (G), and
uracil (U) or thymine (T) model nucle-
obases. The functions of these three
modules are as follows: i) Adenine ori-
entates the two other bases at right
angles, thus producing the L-shape of
the receptor. ii) Guanine is the primary


receptor. iii) Uracil or thymine act as
coreceptors. Compared with the normal
Watson ± Crick pair between G and C,
the association constant between 2 and
C increases by a factor of 3 (in DMSO).
As deduced from 1H NMR spectroscopy


and confirmed by the X-ray crystal
structure of the C adduct 4 b, cytosine
is fixed through five hydrogen bonds to
the receptor, one of which involves the
aromatic H(5) of C. A comparison of C
binding is made with a structurally
related linkage isomer receptor as well
as the precursor molecule trans-
[a2PtAG]2�. The potential of modular,
cationic receptors is illustrated.


Keywords: hydrogen bonds ´ nu-
cleobases ´ platinum ´ receptors ´
solid-state structures


Introduction


The simple concept of replacement of a weakly acidic proton
of a hydrogen bond between nucleobases by a metal entity of
suitable geometry (linear, trans-square-planar, trans-octahe-
dral) yields ªmetal-modified base pairsº or larger aggre-
gates.[1, 2] The metal complexes obtained in this way may be
considered models of temporary or permanent interstrand
cross-links of metal ions with nucleic acids.[3] If extended to


N H N N M N
+ M n+


− H +


metalated oligonucleotides, targeting single-stranded or dou-
ble-stranded nucleic acids is relevant to antisense and
antigene approaches for gene silencing.[4] Finally, regular
metal cross-linking of duplex DNA (M ± DNA) can lead to a
situation in which DNA behaves as a molecular wire.[5]


In the course of our studies on metal-modified base pairs
and triplets of model nucleobases, it occurred to us that the
ability of metalated nucleobases to act as hydrogen-bonding
partners for suitable molecules,[1a, 1h] together with the struc-
tural variations possible in such systems,[1d, 1f] might make
them interesting as receptors. The design of artificial recep-
tors for biomolecules is an area of active research,[6] examples
being hosts for biologically interesting guests such as barbi-
turic acid derivatives,[7] creatinine,[8] or purine nucleobases,[9]


among others. The multitopic receptor molecules frequently
utilize donor ± acceptor hydrogen-bonding interactions be-
tween NH, OH, or NH2 groups and N- or O-sites, sometimes
combined with p stacking, and only these scenarios will be
considered here. Metal ions have been included only rarely in
these studies, but from available data it is clear, that the role of
the metal ion can be manifold. i) If positioned at the periphery
of the (organic) receptor,[10, 11] the metal may just modulate
the receptor properties. However, if located close to the
recognition surface, the metal may ii) either facilitate
recognition (e.g., through coordinative bond formation[12])
or iii) effectively prevent docking of the guest molecule
through allosteric inhibition[13] and general steric blockage
(e.g., by other ligands of the metal). The 908 angular building
block provided by the purine base adenine (A), when
metalated simultaneously at N1 and N7,[1f, 14] and the possi-
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bility of varying the ligands L1 and L2 and hence their
hydrogen-bonding properties, proved a good starting point for
this study.
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Here we study in more detail the hydrogen-bonding
interactions between a N7 platinated guanine (G) model
nucleobase (L1) and its complementary nucleobase 1-methyl-
cytosine (1-MeC). We have previously demonstrated that PtII


coordination to the N7 position of guanine strengthens the
Watson ± Crick pair,[15] a finding originally put forward by
theoreticians,[16] and therefore we decided to investigate in
more detail the role of the ancillary ligand L2 as a potential
coreceptor. Specifically, a comparison between the mixed
nucleobase complex trans-[(NH3)2Pt(9-EtA-N7)(9-MeGH-
N7)]2� (1) (9-EtA� 9-ethyladenine; 9-MeGH� 9-methylgua-
nine) and the diplatinated base triplet complex trans,trans-[(9-
MeGH-N7)Pt(NH3)2(N7-m-9-RA-N1)Pt(a)2(L2)]3� (2) (a�
ammine or methylamine; 9-RA� 9-alkyladenine; L2� 1-meth-
yluracilate or 1-methylthyminate) with regard to their affin-
ities for 1-MeC was made (Scheme 1).


Results and Discussion


Platinated base pair trans-[(NH3)2Pt(9-EtA-N7)(9-MeGH-
N7)](ClO4)2 ´ H2O (1): The mixed adenine, guanine complex 1
was prepared by exchanging the nitrate ion in the corre-
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Scheme 1. Schematic representation of cytosine receptors consisting of Pt-
modified base pair 1 and Pt2-modified base triplets 2.


sponding complex trans-[(NH3)2Pt(9-EtA-N7)(9-MeGH-
N7)](NO3)2 ´ 1.4 H2O with perchlorate. The latter complex
has recently been described by us.[1f] Our special interest in
this platinated base pair was the relative orientation of the
cations in the solid state and whether these (partially) self-
complementary cations might dimerize by means of hydro-
gen-bond formation.[1d] However, the solid state structure of
the nitrate compound revealed that formation of a diplati-
nated nucleobase quartet is prevented by hydrogen bonding
between a nitrate oxygen atom and N(1)H of guanine.[1f]


Therefore, we decided to prepare complex 1 with perchlorate
as counter ion, in particular, with the corresponding 9-meth-
ylhypoxanthine (9-MeHxH) compound trans-[(NH3)2Pt-
(9-MeA-N7)(9-MeHxH-N7)](ClO4)2 the proposed self-asso-
ciation to a quartet indeed takes place in the solid state.[17]


Unfortunately crystals of 1 suitable for X-ray analysis could
not be obtained.


Scheme 2 provides a view of the cation of 1. In aprotic
solvents such as [D6]DMSO and [D7]DMF the two purines
adopt a head,head-conformation which is stabilized by an
intramolecular hydrogen bond between the exocyclic 9-EtA-
N(6)H2 and 9-MeGH-C(6)O groups. This arrangement is
verified by 1H NMR spectroscopy. The simplicity of the
spectrum at ambient temperature (single sets of resonances,
also in D2O) and the characteristic chemical shift of the
adenine NH2 resonance (d�
8.57, [D6]DMSO, Table 1) are
consistent with a single rotamer
form (Scheme 2). As we have
previously observed,[1d, 1f] the
NH2 resonance is particularly
sensitive, and its chemical shift
permits insight into the platina-
tion/protonation state of the
base and into the involvement
of NH2 in intramolecular hy-
drogen bonding. Table 1 gives
an overview of the NH2 chem-
ical shift data of all the com-


Abstract in German: Es wird ein kationischer Rezeptor 2 für
Cytosin (C) vorgestellt, der aus drei über zwei trans-a2PtII-
verknüpften Einheiten, bestehend aus Adenin (A)-, Guanin
(G)- und Uracil (U)- oder Thymin (T)-Modellnukleobasen,
aufgebaut ist. Diese drei Module besitzen folgende Funk-
tionen: i) Adenin orientiert die beiden anderen Basen (G und
U bzw. T) derart, dass ein L-förmiger Rezeptor entsteht.
ii) Guanin stellt den Primärrezeptor dar. iii) Uracil bzw.
Thymin fungieren als Corezeptoren. Die Assoziationskonstan-
te des o.g. Rezeptors mit C ist im Vergleich zum Watson ± Crick
G,C-Basenpaar ca. dreimal gröûer (DMSO). Aus 1H NMR-
Untersuchungen geht hervor, dass vom Corezeptor zusätzlich
zu den drei ªnormalenº H-Brücken nach Watson ± Crick zwei
weitere H-Brücken beigesteuert werden, C also über insgesamt
fünf Wasserstoffbrücken gebunden wird. In eine dieser
H-Brücken ist das aromatische H(5)-Proton von C involviert.
Die Röntgenstrukturanalyse des C-Addukts 4b bestätigt diesen
Sachverhalt. Weiterhin wird die Assoziation von C mit einer
Vorstufe des Rezeptors 2 untersucht und ein Vergleich zwi-
schen 4b und einem isomeren Basenquartett angestellt. Ab-
schlieûend erfolgt eine Diskussion über potenzielle Anwen-
dungsmöglichkeiten des vorgestellten Konzepts.
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Scheme 2. Solution structure
of the platinated base pair 1 as
deduced from 1H NMR spec-
troscopy (a�NH3).
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pounds prepared and discussed in this study. Neither the NH
nor the NH2 resonances of 1 displayed any concentration
dependence in [D6]DMSO, thus measurable association in
this solvent was ruled out.


Platinated base triplets trans,trans-[(9-MeGH-N7)Pt(NH3)2-
(N7-m-9-MeA-N1)Pt(NH3)2(1-MeT-N3)](ClO4)3 ´ 5.5H2O (2a)
and trans,trans-[(9-MeGH-N7)Pt(NH3)2(N7-m-9-EtA-N1)Pt-
(CH3NH2)2(1-MeU-N3)](ClO4)3 ´ 5 H2O (2 b): Reaction of the
nitrate salt of 1 (or the corresponding 9-MeA analogue in the
case of 2 a) with the 1:1 complexes trans-[(NH3)2Pt(1-MeT-
N3)Cl][1c] and trans-[(CH3NH2)2Pt(1-MeU-N3)Cl][1h] in the
presence of AgNO3 and excess NaClO4 leads to the L-shaped,
diplatinated base triplets 2 a and 2 b, respectively. The 1-MeT
compound 2 a has been studied by X-ray diffraction (see
Table 4). Compound 2 a contains two crystallographically
independent cations, one of which is depicted in Figure 1.


Figure 1. View of one of the two crystallographically independent cations
of the metal-modified triplet trans,trans-[(9-MeGH-N7)Pt(NH3)2(N7-m-9-
MeA-N1)Pt(NH3)2(1-MeT-N3)](ClO4)3 ´ 5.5 H2O (2a).


Both cations are structurally similar. They adopt a L-shape,
and the thymine entity is opposite the N1 position of 9-MeA.
The orientation of the 1-MeT ligand with its pseudo C2 axis
through N3 and C(6) is based on crystallographic arguments.
Both rotamers have been tested during refinement and
neither showed significantly better R values. The rotamer
forms presented here (see also Supporting Information) are


those that displayed the most reasonable isotropic (N(1t1)
and N(1t2)) and anisotropic (C(5t1) and C(5t2)) displacement
factors. The head,head-orientation of the two purine bases
and the intramolecular hydrogen bond as seen in the starting
compound[1f] is maintained in the metalated nucleobase
triplet 2 a. The overall geometry of the two crystallographi-
cally independent cations, as measured by the distances
between the exocyclic C atoms of the three bases (C(9g) ´ ´ ´
C(9a), 10.60(2) and 10.63(1) �; C(9a) ´ ´ ´ C(1t) or C(7t),
11.87(2) and 11.90(2) �), is identical within standard devia-
tions. Minor differences between the two cations of 2 a are the
length of the intramolecular hydrogen bond between the two
purines (2.81(1) and 2.86(1) �, respectively, see also crystallo-
graphic data). The two Pt ± N vectors at the adenine nucle-
obase in 2 a are close to perpendicular, that is, 86.0(5)8 and
89.4(4)8. Thus the diplatinated adenine again provides the
desired 908 angular building block. In both cations the three
nucleobases are not coplanar (angles between G/A, 24.3(2)8
and 26.7(4)8 ; between A/T, 25.1(4)8 and 24.1(6)8), a feature
also seen in related compounds.[1f, 1h] These angles appear to
be, at least in part, caused by intercationic base stacking
interactions (Figure 2) between terminal thymine bases about
a center of inversion as well as terminal guanine bases of
crystallographically independent cations.


In the context of right angles generated by the two Pt ±
adenine vectors, it is interesting to compare 2 a with a linkage
isomer, in which the adenine sites are inverted, hence A-N1 is
opposite to G-N7 and A-N7 is opposite to T-N3.[18] In this
case, a marked deviation from 908 is observed (83.0(3)8). It
appears that a major determining factor for this feature is the
difference in intramolecular hydrogen-bonding capacities,
that is, one hydrogen bond for 2 a, and two hydrogen bonds
in the linkage isomer. This conclusion is fully supported by a
large body of structural data of nucleobase complexes of M�
trans-a2PtII (a�NH3 or CH3NH2)[1] and proves that intra-
molecular hydrogen bonding between nucleobases is possible,
in principle, for any of the following combinations: (pu-
N1)M(pu'-N7), (pu-N7)M(pu'-N7), and (pu-N7)M(pym-N3),
but not for (pu-N1)M(pym-N3), (pu-N1)M(pu'-N1) or (pym-
N3)M(pym'-N3) or compounds containing two identical bases
((pu-N1)2M; (pu-N7)2M; (pym-N3)2M), unless the 1808 angle
about the metal M is substantially reduced. A rare example of
this situation is observed in trans-[(CH3NH2)2Pt(1-MeC-
N3)(1-MeU-N3)]NO3 ´ 2 H2O with a Pt angle of 169.7(2)8
and an intramolecular hydrogen bond between C ± NH2 and
U ± O(2) of 3.352(7) �.[19] Thus, in 2 a only a single intra-
molecular hydrogen bond can be formed ((pu-N7)M(pu'-N7))
and consequently, deviation from 908 is minimal.


The solution structures of the metal-modified triplets 2 a
and 2 b have been explored by 1H NMR spectroscopy. From
the spectra of both species in the protic solvent D2O it is
evident that two rotamer forms are present at ambient
temperature. Figure 3 shows the aromatic region of the proton
NMR spectra (25 8C, D2O, 0.02m) of 2 a (top) and 2 b
(middle). The A ± H(2) resonances (assignment of the signals
by 1H,1H NOESY experiments) are split into two equally
intense singlets, and suggest hindered rotation of the 1-MeT/
U ligands about the T/U-N3 ± Pt ± N1-A bonds, as illustrated
in Figure 3 (bottom). A likely explanation for this finding is


Table 1. Chemical shifts of exocyclic NH2 resonances and platination state
of adenine ligands.[a]


Compound Solvent Pt per A d(NH2)


trans-[(NH3)3Pt(9-MeA-N7)]2�[1d] [D6]DMSO 1 8.04
1 [D6]DMSO 1 8.57
{[(dien)Pt]2(m-9-MeA-N1,N7)}4�[14] [D7]DMF 2 9.30
2a [D6]DMSO 2 9.69
2a [D7]DMF 2 9.74
2b [D6]DMSO 2 10.14
2b [D7]DMF 2 10.30
3 [D6]DMSO 1 8.57
4a [D6]DMSO 2 9.74


[a] Ambient temperature, in ppm.







Cytosine Receptors 2104 ± 2113


Chem. Eur. J. 2001, 7, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0710-2107 $ 17.50+.50/0 2107


that intermolecular hydrogen bonds with solvent molecules
slow down nucleobase rotation about these bonds. Indeed, the
solid-state X-ray structure of trans-[(CH3NH2)2Pt(1-MeT-
N3)(9-MeA-N1)]ClO4 ´ 3.25 H2O[1c] reveals the presence of a
water molecule between the exocyclic O(4) group of 1-MeT
and the exocyclic N(6)H2 group of 9-MeA. In the aprotic
solvents [D6]DMSO and [D7]DMF, the 1H NMR spectra of 2 a
and 2 b are very simple, and show only single sets of
resonances without any signal splitting. A similar solvent
dependence has previously been observed with metal-modi-
fied base pairs.[1e, 18] The downfield shifts of the exocyclic
A-N(6)H2 groups of 2 a and 2 b in these solvents strongly
suggest that the head,head-conformation of the two purines,
as known from the solid-state structure of 2 a (Figure 1), is
maintained in solution (Table 1). The fact that the A-N(6)H2


resonance is not split is consistent with rapid rotation of the
NH2 group and signal averaging.


Cytosine adduct of 1: trans-[(NH3)2Pt(9-EtA-N7)(9-MeGH-
N7)�1-MeC](ClO4)2 ´ 3 H2O (3): We have recently shown that


N7 platinated guanine model
nucleobases not only undergo
Watson ± Crick hydrogen bond-
ing with 1-MeC in DMSO sol-
ution, but also that PtII coordi-
nation stabilizes this associa-
tion.[15] Consequently, the
isolation and crystallization of
Watson ± Crick adducts be-
tween platinated guanine and
free cytosine was desirable, be-
cause the number of available
examples is still rather limited
and anything but uni-
form.[1a, 1h, 15b, 20] Therefore, the
metal-modified base pair 1 has
been cocrystallized with an ex-
cess of 1-MeC from D2O, and
leads to the platinated triplet 3,
as verified by X-ray crystallog-
raphy. Figure 4 gives a view of
the cation of 3.


Selected structural details are
listed in Table 2 (see also crys-
tallographic data). The pyrimi-
dine base 1-MeC is bound in a
Watson ± Crick manner to the
N7 platinated 9-MeGH ligand
by three hydrogen bonds with
distances of 2.772(5) � [N(2g) ´´´
O(2c)], 2.958(4) � [N(1g) ´ ´ ´
N(3c)], and 3.021(5) �
[O(6g) ´ ´ ´ N(4c)]. The two bases
are almost coplanar (dihedral
angle 2.3(2)8). The guanine and
adenine bases are likewise close
to coplanar (dihedral angle
4.9(2)8) and are fixed in a head,
head-arrangement through an


Figure 2. Top: view of the intermolecular stacking interactions of the terminal coordinated 1-MeT ligands
between two crystallographically equivalent cations of 2a ; bottom: intermolecular p stacks of the 9-MeGH
ligands of two independent cations.


Table 2. Comparison of selected bond lengths [�], hydrogen bonds [�],
and angles between different nucleobase/nucleobase planes [8] in the two
cytosine adducts 3 and 4 b.


3 4b


Pt(1)-N(7a) 2.004(3) 1.983(8)
Pt(1)-N(7g) 1.999(3) 2.020(8)
Pt(2)-N(1a) ± 2.027(8)
Pt(2)-N(3u) ± 2.036(9)
N(2g) ´ ´ ´ O(2c) 2.772(5) 2.87(1)
N(1g) ´ ´ ´ N(3c) 2.958(4) 2.91(1)
O(6g) ´ ´ ´ N(4c) 3.021(5) 2.88(1)
N(6a) ´ ´ ´ O(6g) 3.003(5) 2.93(1)
N(4c) ´ ´ ´ O(2w) or O(2u) 2.931(6) 2.98(1)
N(6a) ´ ´ ´ O(2w) 3.037(6) ±
C(5c) ´ ´ ´ O(2u) ± 3.51(1)
A/G 4.9(2) 28.0(2)
G/C 2.3(2) 1.8(4)
A/U ± 26.4(3)
U/C ± 15.4(5)
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Figure 3. Top: aromatic region of the 1H NMR spectrum of 2a in D2O
(pD 6.0) at ambient temperature with the assignment of the signals;
middle: aromatic region of the 1H NMR spectrum of 2b in D2O (pD 3.5) at
ambient temperature, the existence of two rotameric forms is observed;
bottom: proposed structure of 2 in D2O solution with the terminal
pyrimidine base rotating about the A-N1-Pt-N3-L2 bonds (R and R1�CH3


for 2 a, R�CH2CH3 and R1�H for 2 b).


intramolecular hydrogen bond (3.003(5) �) between O(6) of
guanine and N(6)H2 of adenine. An unexpected feature of 3 is
the presence of a water molecule, which is hydrogen bonded
to N(4)H2 of 1-MeC (2.931(6) �) and N(6)H2 of 9-EtA
(3.037(6) �). Although hydration of nucleobases in DNA is
not uncommon,[21] it is rare in cases of metal containing
nucleobase associates.[1c] Water molecules often link exocyclic
groups of nucleobases present in two adjacent steps of DNA
base pairs, and there are also examples with H2O bridging two
exocyclic groups in Watson ± Crick base pairs, for example,
A-N(6)H2 and O(4) of Br5U in a double stranded octamer,[22]


Figure 4. X-Ray structure of the cation of trans-[(NH3)2Pt(9-EtA-N7)-
(9-MeGH-N7)�1-MeC](ClO4)2 ´ 3 H2O (3). The water molecule O(2w)
involved in the base pairing pattern is also shown.


in various wobble base pairs of A-DNA duplexes,[21] as well as
in mismatches.[23] Very recently, we have come across another
case of water hydrogen bonding to two cytosine bases which
are involved in the formation of a flat [GC]2 nucleobase
quartet with the two guanines cross-linked by PtII.[20]


The geometry of the Watson ± Crick pair in 3 (Table 2)
contrasts some of the other cases we have studied,[1a, h, 15b, 20]


where a trend to a longer central hydrogen bond (G-N(1)H ´ ´ ´
N(3)-C) is observed. It appears that in 3 the divergence is
caused by the O(2w) water molecule that forms the two
additional hydrogen bonds with the exocyclic amino groups of
9-EtA and 1-MeC. Apart from various intermolecular cati-
on ± anion interactions, the crystal packing of 3 also reveals
some significant base stacking of the metalated adenines (ca.
3.2 �) as well as the 1-MeC�9-MeGH entities (ca. 3.9 �) of
different cations.


Recently, we applied a method for the quantitative
determination of the association constant of Watson ± Crick
GC adducts in DMSO solution by the use of concentration-
dependent 1H NMR measurements.[15] A 1:1 mixture of
1-MeC and complex 1 in [D6]DMSO (20 8C) was successively
diluted (here 73.5 ± 11.8 mm) and spectra were taken at each
concentration. The concentration-dependent change in chem-
ical shifts of the NH protons which are involved in hydrogen
bonding could be fitted with a non-linear least-squares curve-
fit after Newton ± Gauss.[15] For 3 the exocyclic NH2 and
N(1)H of the guanine moiety, as well as the exocyclic NH2 of
1-MeC all show a downfield shift with increasing concen-
tration, as expected for Watson ± Crick pairing (Figure 4). The
change of the chemical shifts of the NH protons is depicted in
Figure 5 as a stackplot of the aromatic part of the 1H NMR
spectra at different concentrations. Since the shifts of CH
protons, for example, H(8) and H(2) of 9-EtA, H(8) of
9-MeGH and H(6) of 1-MeC, are not significantly affected by
the change in concentration of the 1:1 mixture, other
interactions such as stacking can be excluded as they would
cause upfield shifts of the CH protons with an increase in
concentrations.[24] For calculation of the stability constant of
the adduct 3, the chemical shifts of the three mentioned NH
protons were evaluated and fitted as described previously.[15b]
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Figure 5. Stackplot of the aromatic region of the 1H NMR spectra in
[D6]DMSO for a 1:1 mixture of 1 and 1-MeC at the depicted concen-
trations. 9-MeGH-N(1)H (*), 9-MeGH-NH2 (*), and 1-MeC-NH2 (&)
show a downfield shift with increasing concentration.


The results for three independent experiments were K*(1)�
20.86� 5.03mÿ1, K*(2)� 10.30� 3.11mÿ1 and K*(3)� 9.83�
2.04mÿ1, and they correspond to the weighted mean of the
values obtained from the fit of the individual protons in each
experiment, with an error of one standard deviation. The final
stability constant was calculated with the weighted mean of
the K* values to give K(3)� 11.1� 3.2mÿ1 (2s). This result is
in excellent agreement with values obtained for similar
adducts such as [(dien)Pt(9-EtGH-N7)�1-MeC]2� (K�
13.0� 2.0mÿ1)[15b] and appears to be larger than the value for
the association of unplatinated 9-EtGH�1-MeC (K� 6.9�
1.3mÿ1).[15] The fit of the experimental data with the final
value of K(3) is given in the Supporting Information. In
Table 3 the calculated chemical shifts of the monomeric (d0)
and dimeric species (d1) as well as the Dd values from the
differences between d0 and d1 are given. Usually, the change
of the chemical shift (Dd) for N(1)H of the guanine bases is
about twice as large as that for the exocyclic NH2 groups.[15b, 25]


This can be explained by the fact that of the NH2 protons only
one is involved in hydrogen bonding (in Watson ± Crick
pairing) and, because of rapid rotation about the CÿNH2


bond, only an averaged signal for the two protons is observed.
In the case of the cytosine adduct 3 the values of Dd for
9-MeGH-N(1)H and 1-MeC-NH2 are almost identical (col-
umn 4 of Table 3). This observation indicates that the
arrangement of the metal-modified triplet with the additional
water molecule seen in the solid-state structure (Figure 4) is
maintained in [D6]DMSO solution. In contrast, no significant
shift of the 9-EtA-NH2 resonance is observed (Figure 5)
which, on the other hand, points against a strictly identical
structure in solution and in the solid state.


Cytosine adducts of 2 a and 2 b : trans,trans-[(1-MeT-
N3)Pt(NH3)2(N1-m-9-MeA-N7)Pt(NH3)2(9-MeGH-N7)�1-
MeC]3� (4 a) and trans,trans-[(1-MeU-N3)Pt(CH3NH2)2(N1-
m-9-EtA-N7)Pt(NH3)2(9-MeGH-N7)�1-MeC](ClO4)3 ´ 5 H2O
(4 b): As mentioned in the introduction, one aim of this study
was to investigate the influence of the covalently attached
pyrimidine bases 1-MeT or 1-MeU (L2 in Scheme 1) on the
formation of the Watson ± Crick pair between the N7 plati-
nated guanine and 1-MeC. Therefore, we performed analo-
gous concentration-dependent 1H NMR measurements as
shown before for 3 with a 1:1 mixture of 2 a and 1-MeC in
[D6]DMSO (20 8C; 62.0 ± 9.9 mm), in order to determine the
association constant of 4 a. The changes in chemical shifts of
9-MeGH-N(1)H, 9-MeGH-NH2 and 1-MeC-NH2 are consis-
tent with the Watson ± Crick Scheme (see above). In addition,
we found that the C(5)H resonance of 1-MeC undergoes a
significant downfield shift (0.13 ppm in the concentration
range studied) with an increase in concentration. Hence, the
1-MeC-C(5)H proton must be involved in intermolecular
H-bonding with the coreceptor 1-MeT (Scheme 3). The
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Scheme 3. Solution structure of the cytosine adduct of 2 a as determined by
1H NMR spectroscopy in the aprotic solvent [D6]DMSO, to form the metal-
modified quartet 4a in which 1-MeC is fixed to the receptor unit by five
hydrogen bonds, including 1-MeC ± C(5)H.


association constant of 4 a, as determined independently from
the shifts of all four mentioned protons, amounts to K(4 a)�
24.2� 12.4mÿ1. On the one hand the large error (2s of the
arithmetic mean of three independent experiments) is due to
the broad resonances of 9-MeGH-N(1)H, 9-MeGH-NH2, and
1-MeC-NH2 protons in the concentration range applied,
which makes an accurate determination of the chemical shifts


Table 3. Calculated chemical shifts of the NH protons involved in the
formation of the metal-modified base triplet 3.[a]


Proton d0 d1 Dd


9-MeGH-NH2 6.993� 0.007 7.778� 0.051 0.785� 0.10
9-MeGH-N(1)H 11.522� 0.008 12.574� 0.081 1.052� 0.16
1-MeC-NH2 6.968� 0.005 8.065� 0.093 1.097� 0.19


[a] The chemical shifts listed are the weighted means of those obtained in
the individual experiments. d0 corresponds to the chemical shift of the
monomeric and d1 of the associated species. Dd� d1ÿ d0 is given with an
error which corresponds to at least two times the standard deviation. All
other error limits correspond to one standard deviation.
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rather difficult (see Supporting Information). Furthermore,
the singlet of the 1-MeT-C(6)H proton overlaps with the
resonances of the NH2 protons. On the other hand even trace
amounts of water still present in DMSO have a marked
influence on the stability of the Watson ± Crick pair, because
the water molecules will compete for hydrogen-bonding sites
at the nucleobases at the expense of base association.[15b]


Nevertheless, the association constant of 4 a reveals a higher
stability than that between 9-EtGH and 1-MeC in the same
solvent (see above) and it is probably larger than the value
determined for the corresponding linkage isomer trans,trans-
[(1-MeT-N3)Pt(NH3)2(N7-m-9-MeA-N1)Pt(CH3NH2)2(9-
EtGH-N7)�1-MeC]3� (K� 16.4� 4.0mÿ1).[15b] Because of the
large error of K(4 a), no meaningful comparison with the
latter result is possible, but the observed tendency indicates an
enhanced association of 1-MeC in the metal-modified quartet
4 a. Attempts to determine the stability of the analogous
quartet 4 b derived from the triplet 2 b and 1-MeC failed
because of rapid and as yet unexplained decomposition of 2 b
in DMSO following addition of 1-MeC. While 2 a likewise
decomposed in DMSO in the presence of 1-MeC, the reaction
was sufficiently slow (12 h at room temperature) to permit
determination of the association constant.


Repeated attempts to obtain single crystals of the base
quartet 4 a suitable for X-ray diffraction from aqueous
solution were not successful. However, it was clear from
1H NMR spectroscopy, that no decomposition of 2 a took
place in the presence of 1-MeC, hence the mentioned
difficulties were DMSO-specific. Eventually, suitable crystals
were obtained of the base quartet 4 b upon cocrystallization of
the 1-MeU containing triplet 2 b with 1-MeC in D2O. X-ray
analysis of 4 b (Figure 6) reveals that 1-MeC is involved in


Figure 6. Cation of the solid-state structure for the nucleobase quartet 4b
with atom-numbering scheme.


hydrogen bonding with the receptor unit 9-MeGH through
three hydrogen bonds in the normal Watson ± Crick fashion
(Table 2) and in addition a bifurcated hydrogen bond extends
from O(2) of 1-MeU and involves the second amino proton of
1-MeC as well as H(5) of 1-MeC. Distances are 2.98(1) � for
O(2u) ´ ´ ´ N(4c) and 3.51(1) � for O(2u) ´ ´ ´ C(5c) (Table 2).


Furthermore, the H(5c) ´ ´ ´ O(2u) distance is 2.92(1) �, and
the angle at the H(5c) is 123(1)8. The length of the CH ´ ´ ´ O
hydrogen bond, although larger than in typical NH ´ ´ ´ O
systems, is normal, especially if the influence of the dominat-
ing H-bonds of the N(4c) group is considered.[26] The other
well known features of these complexes, such as orthogonality
of the Pt-N1- and Pt-N7-vectors [angle between Pt(2)-N(1a)/
Pt(1)-N(7a) 87.9(3)8] and stabilization of the head,head-
conformation of the two purine bases by the intramolecular
H-bond between the exocyclic 9-MeA-N(6)H2 and 9-MeGH-
C(6)O groups [distance N(6a) ´ ´ ´ O(6g) 2.93(1) �], are also
realized in 4 b. The coordination geometry of the two PtII


centers is square-planar and no unusual bond lengths or
angles can be found (see crystallographic data). Finally,
intermolecular base stacking interactions of the platinated
9-MeGH�1-MeC parts of different cations (distance ca.
3.2 �) of 4 b are responsible for the distinct deviations of
the nucleobases from coplanarity (Table 2, Figure 7).


Figure 7. Top: side view of the cation of 4b ; bottom: intermolecular
p-stacking interactions of the 9-MeGH�1-MeC parts of different cations of
the metal-modified quartet 4 b (distance ca. 3.2 �).


Comparison of 4 b with linkage isomer : The nucleobase
quartet 4 b represents a linkage isomer of the reported
platinated base quartet trans,trans-[(1-MeU-N3)Pt(NH3)2-
(N7-m-9-EtA-N1)Pt(CH3NH2)2(9-EtGH-N7)�(1-MeC)]3�.[1h]


An idealized superposition (differences in angles at A not
considered) of the two metalated parent base triplets in the
two quartet structures (Scheme 4) reveals differences in the
geometries of the L-shaped cations in the lengths of the bars
of the L. Addition of cytosine to the two receptors (not
shown) further indicates that thymine and uracil bases act as
coreceptors for cytosine N(4)H2 through an exocyclic oxygen
atom in both cases, but that only in 4 b this keto oxygen is close
enough to H(5) of cytosine to allow additional hydrogen-bond
formation. Hydrogen-bond lengths of the Watson ± Crick
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Scheme 4. Superposition (idealized) and dimensions [�] of the two
linkage isomers 4b (solid lines) and trans,trans-[(1-MeU-N3)Pt(NH3)2-
(N7-m-9-EtA-N1)Pt(CH3NH2)2(9-EtGH-N7)�(1-MeC)]3� (dashed struc-
ture; data are given for two crystallographically independent cations).
1-MeC nucleobases are omitted for clarity.


pairs in the two compounds do not differ significantly, despite
rather substantial differences in angles between G and C
bases (1.8(4)8 in 4 b ; 14.7(9) and 14.0(6)8 in two crystallo-
graphically different species (I, II) of the linkage isomer).[1h]


For the interaction between 1-MeC and the coreceptor base
1-MeU in the two compounds, the following similarities and
differences exist: Two relatively long hydrogen-bonding
contacts (2.98(1) and 3.51(1) �) and a moderate dihedral
angle of 15.4(5)8 between the two pyrimidine nucleobases in
4 b contrast with one short H-bond (2.82(4) �) and a small
dihedral angle between the bases (5.9(9)8) in one of the two
crystallographically independent cations (I) of the previously
reported compound and a long (3.15(2) �) hydrogen bond
and a large dihedral angle (26.1(7)8) in the second independ-
ent cation (II). It appears that the marked out-of-plane
motion of 1-MeC in 4 b (Figure 7) is, at least in part, caused by
the bulk of the methyl group of 1-MeU, very much as in II of
the linkage isomer quartet. As in the latter, a rotation of the
1-MeU base about the Pt(2) ± N(3u) bond would avoid any
steric clash of the methyl group of 1-MeU while maintaining
the bifurcated H-bond extending from O(4u). It is surprising
to find that this possibility is not realized in 4 b, even though it
is in species I of the related complex.


Comparison of 3 with 4 : Superficially, the oxygen atom of the
water molecule O(2w) in 3 has a function comparable with
that of the carbonyl oxygen O(2u) in 4 b, namely to act as a
H-bond acceptor for the exocyclic amino group of 1-MeC. A
major difference lies in the separation of this oxygen atom
from the exocyclic amino group of the adenine base. It is longer
by about 1 � in the case of 4 b. Still, it is obvious that the
1-MeC guest is ªfollowingº the movement of this oxygen atom as
evidenced by the incline of 1-MeC with respect to the guanine
base. Thus, the angle formed between the three Watson ±
Crick hydrogen bonds (e.g., N(3c) ´ ´ ´ N(1g)) and the Pt(1) ±
N(7g) vector diminishes from 84.6(1)8 in 3 to 80.6(3)8 in 4 b.


The propensity of the Watson ± Crick GC pair to have the
second amino proton of cytosine also involved in hydrogen


bonding,[1h, 20] is confirmed both in 3 and 4 b. The situation is in
a sense reminiscent of that seen in nucleobase quartets
generated by dimerization of two Watson ± Crick pairs.[21a, 27]


As already pointed out, a unique feature of 4 b is the
involvement of H(5) of 1-MeC in hydrogen-bond formation
with the coreceptor 1-MeU. Hydrogen bond formation of
aromatic nucleobase protons is indeed rare,[28, 29] but the fact
that 1-MeC is fixed through five hydrogen bonds utilized by
four different sites is, to the best of our knowledge,
unprecedented. In addition to the receptor properties, the
assemblies of 2 a and 2 b with 1-MeC represent metal-
modified quartets which combine the four different model
nucleobases of DNA (4 a) or RNA (4 b) in a single compound.


Conclusion


The ability of nucleobases to form hydrogen bonds is retained
in their PtII complexes as long as the metal does not impede
hydrogen bonding by steric hindrance. We have previously
shown[17, 18, 29, 30] several examples of partial or complete self-
complementary metal ± nucleobase complexes that enable
dimerization by hydrogen bonds and production of metalated
base quartets or sextets. Here we demonstrate that guanine
containing metal-modified base pairs and triplets interact with
the complementary cytosine and that through use of a suitably
spaced coreceptor, the number of the usual three hydrogen
bonds of the Watson ± Crick pair can be increased to five.
Consequently, the thermodynamic stability of the associate is
enhanced.


It is obvious that the concept presented here can be
extended to modular receptors in general, and, moreover, can
be applied to target molecules other than nucleobases. There
are at least the following three points to be considered. i) In
principle, all available donor/acceptor sites in metal-modified
base pairs and triplets may be utilized for recognition of a
guest. ii) The positive charge of the here described com-
pounds makes these hosts particularly suitable for anionic
species, including nucleotides. iii) Attachment of a reporter
group[31] to the receptor unit is feasible, and eventually a
sensor could be produced.


Compounds 3 and 4 reported here are also of interest in
another context, that is, the potential application of trans-
a2PtII modified oligonucleotides as antigene agents. Thus, the
structure of 3 indicates that a trans-a2PtIICl entity bound to N7
of an adenine base within a suitable antigene oligonucleotide
might form a stable cross-link with N7 of guanine within a
DNA duplex and be supported by a hydrogen bond from
A-N(6)H2 to G-O(6). Similarly, from compounds 4 it may be
possible to prepare an antigene oligonucleotide which recog-
nizes a GC pair rather than an individual G base. If a suitably
positioned adenine is introduced into the oligonucleotide with
a trans-a2PtIICl unit at N7 for cross-linking with G-N7 and
simultaneously a trans-a2PtL2 unit (L2� 1-methyluracilate)
for hydrogen-bond formation with C, such a situation may be
envisaged. We wish to emphasize that the use of trans-a2PtII


modified oligonucleotides as antigene agents, originally
derived from a model compound,[1a] has indeed been demon-
strated.[32]
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Experimental Section


Materials : 1-MeC,[33] trans-[(NH3)2-
Pt(9-MeA-N7)(9-MeGH-N7)](NO3)2 ´
H2O,[1d] trans-[(NH3)2Pt(9-EtA-N7)-
(9-MeGH-N7)](NO3)2 ´ 1.4H2O,[1f]


trans-[(NH3)2Pt(1-MeT-N3)Cl][1c] and
trans-[(CH3NH2)2Pt(1-MeU-N3)Cl][1h]


were synthesized according to litera-
ture methods. For the synthesis of the
other complexes see below. All other
chemicals used (pro analysi) were
purchased from Merck, Darmstadt
(Germany). All aqueous solutions
were prepared with deionized water.
Instrumentation : All 1H and 195Pt
NMR spectra were recorded on a
Bruker AC 200 (200.13 MHz) spec-
trometer at 25 8C or 20 8C in D2O or
[D6]DMSO and [D7]DMF, respective-
ly. D2O, [D6]DMSO, and [D7]DMF
were from Deutero (Kastellaun, Ger-
many) and Cambridge Isotope Labo-
ratories (Andover, USA). Sodium-3-
(trimethylsilyl)propane sulfonate was
used as internal (1H, D2O) and
Na2PtCl6 as external (195Pt) reference.
[D6]DMSO was dried over 4 � molec-
ular sieves for at least one week before
use and the resonance of [D5]DMSO
(d� 2.5025 relative to TMS) was taken
as internal reference. pD values were
obtained by adding 0.4 to the pH
meter reading (Metrohm 632).[34] Elemental analyses were carried out on
a LECO Elemental Analyzer CHNS-932 and a Carlo Strumentazione 1106
instrument. The IR spectra were recorded on a Bruker FT-IR IFS 28 (32
scans in the region between 4000 and 250 cmÿ1, KBr) and evaluated with
the program Opus, version 2.0 (Bruker).


Determination of association constants : The association constants of the
guanine ± cytosine pairs in [D6]DMSO solution were determined according
to the recently published method.[15]


X-ray diffraction studies : Intensity data of 2a, 3 and 4b were collected on
an Enraf-Nonius KappaCCD[35] (MoKa , l� 0.71069 �, graphite mono-
chromator). Sample-to-detector distances were 28.7 (2a), and 29.2 mm (3,
4b), respectively. They covered the whole sphere of reciprocal space by
measurement of 360 frames rotating about w in steps of 18. Exposure times
were 50 (2 a, 4 b), and 60 s (3) per frame. Preliminary orientation matrices
and unit cell parameters were obtained from the peaks of the first ten
frames and refined using the whole data set. Frames were integrated and
corrected for Lorentz and polarization effects using DENZO.[36] The
scaling as well as the global refinement of crystal parameters were
performed by SCALEPACK.[36] Reflections, which were partly measured
on previous and following frames, were used to scale these frames on to
each other. Merging of redundant reflections eliminates in part absorption
effects, and also a crystal decay if present is considered.


All structures were solved by standard Patterson methods[37] and refined by
full-matrix least-squares based on F 2 using the SHELXTL-PLUS[38] and
SHELXL-93 programs.[39] The scattering factors for the atoms were those
given in the SHELXTL-PLUS program. Transmission factors were calculated
with SHELXL-97.[40] Hydrogen atoms were included in calculated positions
and refined with isotropic displacement parameters according to the riding
model. A part of the nonhydrogen atoms in the structures 2a and 4 b were
only refined isotropically in order to save parameter because of the poor
observed reflections to parameter ratios present.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-151 703 ±
151 705. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).


trans-[(NH3)2Pt(9-EtA-N7)(9-MeGH-N7)](ClO4)2 ´ H2O (1): A threefold
excess of NaClO4 (116 mg, 0.954 mmol) was added to an aqueous solution
(30 mL, pH 5 ± 6) of trans-[(NH3)2Pt(9-EtA-N7)(9-MeGH-N7)](NO3)2 ´
1.4 H2O (225 mg, 0.318 mmol). After 12 h at 4 8C under the exclusion of
air, 1 (183 mg, 78 %) was filtered off as a white precipitate, and washed with
water (10 mL) and dried (1 d, 40 8C). 1H NMR (D2O, 0.02m, ambient
temperature, pD 7.7): d �8.82 (A-H8), 8.37 (A-H2), 8.34 (G-H8), 4.39 (q,
A-CH2), 3.78 (G-CH3), 1.53 (t, A-CH3); FT-IR (KBr, cmÿ1): 1089 (ClO4


ÿ);
elemental analysis (%) calcd for C13H24N12PtCl2O10 (774.4): C 20.2, H 3.1, N
21.7; found: C 20.2, H 3.1, N 21.9.


trans,trans-[(9-MeGH-N7)Pt(NH3)2(N7-m-9-MeA-N1)Pt(NH3)2(1-MeT-
N3)](ClO4)3 ´ 5.5 H2O (2 a): trans-[(NH3)2Pt(1-MeT-N3)Cl] (289 mg,
0.715 mmol) was suspended in a weakly acidic (HNO3, pH 3.5) aqueous
solution (80 mL) of trans-[(NH3)2Pt(9-MeA-N7)(9-MeGH-N7)](NO3)2 ´
H2O (490 mg, 0.715 mmol). A solution of AgNO3 (119 mg, 0.7 mmol) in
H2O (10 mL) was added dropwise over a period of 6 h with daylight
excluded and stirred for 6 d at 30 8C. After the mixture was cooled to 4 8C,
AgCl was removed by filtration. The faint yellowish filtrate was concen-
trated to a 25 mL volume and an excess of NaClO4 was added. During
further evaporation a tan crystalline solid precipitated, which was filtered
off, washed with water, and dried in air. The fraction contained 10% of
unreacted trans-[(NH3)2Pt(9-MeA-N7)(9-MeGH-N7)](ClO4)2 (1H NMR).
Recrystallization from H2O yielded 28% of pure 2 a. 1H NMR (D2O, 0.02m,
ambient temperature, pD 7.0): d� 9.15, 9.13 (A-H2 with relative intensities
of 1:1), 8.91 (A-H8), 8.37 (G-H8), 7.39 (T-H6), 4.01 (A-CH3), 3.81 (G-CH3),
3.41 (T-NCH3), 1.91 (T-CCH3); 195Pt NMR (D2O, 0.02m, ambient temper-
ature, pD 7.0): d�ÿ2470 (A-N7-Pt-N7-G), ÿ2519 (T-N3-Pt-N1-A); ele-
mental analysis (%) calcd for C18H43O20.5N16Pt2Cl3 (1308.1): C 16.5, H 3.3, N
17.1; found: C 16.6, H 3.0, N 17.1.


trans,trans-[(9-MeGH-N7)Pt(NH3)2(N7-m-9-EtA-N1)Pt(CH3NH2)2-
(1-MeU-N3)](ClO4)3 ´ 5 H2O (2b): The synthesis of 2b was performed in
analogy to that of 2a, with trans-[(CH3NH2)2Pt(1-MeU-N3)Cl] instead of
the thymine complex. The yield of the yellowish solid was 66%. 1H NMR
(D2O, 0.02m, ambient temperature, pD 3.5): d �9.30, 9.26 (A-H2 with
relative intensities of 1:1), 9.00 (A-H8), 8.36 (G-H8), 7.56 (d, U-H6), 5.81
(d, U-H5), 4.46 (q, A-CH2), 3.80 (G-CH3), 3.45, 3.44 (U-NCH3 with relative
intensities of 1:1), 2.22 (NH2CH3), 1.58 (t, A-CH3); 195Pt NMR (D2O, 0.02m,


Table 4. Crystal data and details of structure refinement for 2 a, 3 and 4b.


2a 3 4b


asymmetric unit C36H86N32O41Pt4Cl6 C18H35N15O13PtCl3 C25H54N19O21Pt2Cl3


formula C18H43N16O20.5Pt2Cl3 C18H35N15O13PtCl3 C25H54N19O21Pt2Cl3


Mr 2616.43 935.60 1453.40
crystal system triclinic triclinic triclinic
space group P1Å P1Å P1Å


a /� 13.347(3) 8.832(2) 10.556(2)
b /� 16.568(3) 13.807(3) 12.586(3)
c /� 20.053(4) 14.161(3) 18.193(3)
a /8 98.71(3) 107.92(3) 78.99(3)
b /8 100.04(3) 97.10(3) 86.60(3)
g /8 104.59(3) 91.27(3) 85.04(3)
V /�3 4135.9(15) 1627.2(6) 2361.4(9)
Z 2 2 2
1calcd /g cmÿ3 2.101 1.910 2.044
m /mmÿ1 7.045 4.560 6.184
F(000) 2536 928 1424
crystal size /mm 0.50� 0.25� 0.23 0.40� 0.11� 0.11 0.29� 0.14� 0.06
2V range for data collection 5.2� 2q� 48.2 4.7� 2q� 58.4 7.2� 2q� 50.9
reflns collected 11350 7601 7558
independent reflns 11350 (Rint� 0.065) 7601 (Rint� 0.063) 7558 (Rint� 0.094)
reflns observed 5976 (Fo > 4s(Fo) 5420 (Fo > 4s(Fo) 3364 (Fo > 4s(Fo)
parameters refined 852 471 481
goodness-of-fit 1.091 1.048 1.028
R1


[a] 0.0532 0.0313 0.0424
wR2


[b] 0.0964 0.0625 0.0665
residuals/e�ÿ3 2.009, ÿ1.534 0.920, ÿ0.695 0.883, ÿ0.839


[a] R1�SjjFoj ÿ jFcjj/S jFo j . [b] wR2� [Sw(F 2
o ÿ F 2


c �2/Sw(F 2
o )2]1/2.
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ambient temperature, pD 3.5): d�ÿ2470 (A-N7-Pt-N7-G), ÿ2587 (U-N3-
Pt-N1-A); elemental analysis (%) calcd for C20H47O20N16Pt2Cl3 (1328.2): C
18.1, H 3.6, N 16.9; found: C 18.0, H 3.2, N 16.9.


trans-[(NH3)2Pt(9-EtA-N7)(9-MeGH-N7)�1-MeC](ClO4)2 ´ 3 H2O (3):
Cocrystallization of 1 (30 mg, 0.04 mmol) with 3 equiv 1-MeC (15 mg,
0.12 mmol) in D2O (5 mL) at 4 8C gave colorless sticks of 3 within 7 d.
Compound 3 was characterized by X-ray crystallography.


trans,trans-[(1-MeU-N3)Pt(CH3NH2)2(N1-m-9-EtA-N7)Pt(NH3)2-
(9-MeGH-N7)�1-MeC](ClO4)3 ´ 5H2O (4 b): Cocrystallization of 2b
(50 mg, 0.04 mmol) with 3 equivalents of 1-MeC (15 mg, 0.12 mmol) in
D2O (5 mL) at 4 8C gave colorless cubes of 4 b within 8 d. Compound 4b
was characterized by X-ray crystallography.
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Abstract: Diphenyliodonium ions
(Ph2I�) form donor ± acceptor ion pairs
with suitable cyanometallates such as
[Mo(CN)8]4ÿ, [W(CN)8]4ÿ, [Ru(CN)6]4ÿ


and [Os(CN)6]4ÿ. Such ion pairs are
characterized by new spectroscopic tran-
sitions due to second-sphere interactions
between donor ([M(CN)x]4ÿ, x� 6, 8)
and acceptor (Ph2I�) ions. Photochem-
ical excitation of these ion-pair charge-
transfer (IPCT) states leads to efficient
electron transfer reactions that yield
short-lived diphenyliodyl radicals


(Ph2I
.) and oxidized cyanometallates


([M(CN)x]3ÿ). Diphenyliodyl radicals
decay to iodobenzene and phenyl radi-
cals. This very convenient source for
generating phenyl radicals was applied
to the photoinduced chain oxidation of
primary and secondary alcohols to the
corresponding aldehydes and ketones,


respectively. However, unexpected side
reactions led to undesired chain-termi-
nating reactions. Adduct formation of
diphenyliodonium ions with a-hydroxy-
alkyl radicals was verified by pulse
radiolysis studies. These relatively long-
lived adducts give rise to chain-termi-
nating reactions because of interactions
with [M(CN)x]4ÿ complexes that lead to
oxidized cyanometallates [M(CN)x]3ÿ


upon regeneration of the starting alco-
hols.


Keywords: cyanometallates ´ radi-
cal ions ´ ion pairs ´ photolysis ´
pulse radiolysis


Introduction


Diaryliodonium salts are widely used as photo initiators in
both radical and cationic polymerization.[1±8]


Because of the relatively high light sensitivity of these
compounds, it is reasonable to search for further photo-
induced chain reactions initiated by photochemical excitation
of diaryliodonium compounds, for example the photoinduced
chain oxidation of alcohols to the corresponding aldehydes or
ketones.


The photolysis of diphenyliodonium salts such as (Ph2I)Cl
in primary and secondary alcohols yields primarily iodoben-
zene, benzene, protons and the corresponding aldehydes and
ketones. Prolonged irradiation leads to secondary photolysis
of the initially formed products, particularly when iodoben-
zene is considered. Photolysis of iodobenzene ends in I3


ÿ,


which, with residual Ph2I� ions, forms the corresponding
diphenyliodonium salt (Ph2I)I3. (Ph2I)I3 itself photodecom-
poses exclusively to iodobenzene and iodine. As a result, a
rather complex product mixture forms, accompanied by
increasing filter effects, which diminish the quantum yield of
the photolysis of (Ph2I)Cl, and carbonyl compounds are no
longer formed. Owing to such side reactions and to the
spectroscopic behaviour of single diphenyliodonium salts with
a main absorption area <350 nm, the photolysis of these
compounds is unsuitable for the initiation of photoinduced
chain reactions for the selective oxidation of alcohols.
Particularly troublesome is the inevitable photolysis of
photochemically generated iodobenzene. These disadvantag-
es can be avoided when aryliodonium ions are used as
acceptor components in ion pairs with electron-donating
anions.


Diphenyliodonium ions form donor ± acceptor ion pairs
with suitable cyanometallates.[9±11] Such ion pairs as [(Ph2I)4]-
[Mo(CN)8] (1), [(Ph2I)4][W(CN)8] (2), [(Ph2I)4][Ru(CN)6] (3),
and [(Ph2I)4][Os(CN)6] (4) are characterized in UV/Vis
spectroscopy by low-energy charge-transfer bands (ion-pair
charge transfer, IPCT) as shown in Figure 1. Photochemical
excitation of these IPCT states leads to very efficient electron
transfer (see Figure 2, below) yielding oxidized cyanometal-
lates and diphenyliodyl radicals. Diphenyliodyl radicals decay
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Figure 1. IPCT transitions of 1, 2, 3 and 4 shown as difference spectra of
the appropriate ion pairs and their components.


very quickly to iodobenzene and phenyl radicals. This
reaction path represents a novel and very convenient source
for generating phenyl radicals, particularly when reaction
(room temperature, or even lower) and irradiation (excitation
in the visible) conditions are considered. An attempt was
therefore made to use that reaction pathway for photoinduced
chain reactions. Oxidation of alcohols to the corresponding
aldehydes and ketones was selected (see Scheme 1) because


Scheme 1. Photoinduced chain oxidation of primary alcohols to the
corresponding aldehydes in the presence of diphenyliodonium ion pairs
with cyanometallates.


selective oxidation of primary alcohols to aldehydes is of
considerable synthetic interest.[12] The photochemical gener-
ation of phenyl radicals and its application to the chain
oxidation of alcohols represents an alternative pathway to
thermal or electrochemical generation of differently substi-
tuted phenyl radicals in the presence of alcohols.[13±15]


Methanol, ethanol, propan-2-ol and benzyl alcohol were
used as substrates to study the efficiency of photoinduced
chain oxidations and to search for causes of the subsequently
occurring chain-terminating reactions.


Results and Discussion


Spectroscopy and photochemistry of the ion pairs 1 ± 4 in the
presence of alcohols : The UV/Vis spectra of solutions of the
ion pairs 1 ± 4 in alcohol/water mixtures show new spectro-
scopic transitions due to second-sphere interactions between
diphenyliodonium ions as acceptors and cyanometallates as
donors, as shown in Figure 1.[16]


Ion-pair charge-transfer bands are low in intensity and
energy, and depend on the standard electrode potentials of
the cyanometallates used. IPCT bands appear in the UV/Vis
spectra if [M(CN)n]4ÿ complexes interact with Ph2I� ions in a
1:1 ratio. The formula {Ph2I� ;[M(CN)n]4ÿ} means, therefore,
that at least one diphenyliodonium ion interacts with one
complex unit.


Photochemical excitation of the IPCT states of 1 ± 4 leads to
an efficient photo oxidation of the corresponding cyanome-
tallates (F� 0.2) with concomitant formation of diphenyliod-
yl radicals. Figure 2 shows the spectroscopic changes during


Figure 2. UV/Vis-spectroscopic control of the photolysis of 1 in methanol,
depending on the irradiation time, tirr ,� 0, 3, 10, 20, 35, 50 or 80 min, with
increasing or decreasing absorbance as shown by the arrows. (5� 10ÿ4m 1,
7.6� 10ÿ2m Ph2ICl; lirr� 475 nm, I0� 2.7� 10ÿ9 E sÿ1, F� 0.21 for Ia�
5.35� 10ÿ10 E sÿ1).


the photolysis of 1 on excitation of the IPCT state. The
wavelength used (lirr� 436 nm) allows selective excitation of
the IPCT state of 1 and excludes light-induced reactions of
both Mo(iv) and photochemically formed Mo(v) cyanide
complexes.


The relatively high product quantum yields of 1 ± 4 (see
Table 1) are caused by suppression of back electron transfer.
That is due to the fast decay of the diphenyliodyl radicals. The
lifetime of these radicals only runs to t� 200 ps.[3, 17, 18]


Because there is almost no influence of the solvent viscosity
on the quantum yield, as shown with the photolysis of 1, it can
be assumed that photochemically formed Ph2I


. ´ ´ ´ [M(CN)x]3ÿ


Table 1. Product quantum yield FIPCT of the photolysis of 1 ± 4 in tert-
butanol/water 1:1 (v/v).[a]


1 2 3 4


FIPCT 0.13 0.16 0.17 0.22


[a] lirr� 436 nm, IA� 1.5� 10ÿ7 E minÿ1, tirr� 5 min, [Ph2I�]� 6� 10ÿ2m,
[[M(CN)x]4ÿ]� 3.5� 10ÿ4m.
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successor pairs decay within the solvent cage and not after
separation to free Ph2I


. radicals and [M(CN)x]3ÿ complexes
(see Table 2). In the other case, a considerable decrease of
FIPCT would be expected, because the quantum yield would
then be strongly influenced by the solvent viscosity (FIPCT� 1/
hSolv). The extremely fast decay of Ph2I


. radicals has been
explained by population of antibonding s*(CÿI)-orbitals.[19]


The course of the photolysis of 1 ± 4 strongly depends on the
light intensity. With moderate light intensity, photoreactions
develop as shown in the upper part of Scheme 1. Higher
intensity (I0> 5� 10ÿ9) leads to a decrease in the quantum
yield, and the photoreaction is accompanied by undesired side
reactions due to increasing stationary radical concentration.
Thus, at higher light intensity, the concentration of photo-
chemically formed octacyanomolybdate(v) no longer corre-
sponds to the consumption of 1 as shown by absorbance
difference diagrams (see Figure 3). The same results were
obtained with the ion pairs 2 ± 4.


Figure 3. Absorbance difference diagram recorded at 475 nm (AD475) and
390 nm (AD390) for the photolysis of 1 in methanol (IA� 6.5� 10ÿ9 E sÿ1,
tirr� 7 min, lirr� 475 nm, [Ph2I�]� 7.6� 10ÿ3m, [[Mo(CN)8]4ÿ]� 5� 10ÿ4m).


Further side reactions have to be considered with increasing
water content, which is used to improve the solubility of the
ion pairs 1 ± 4. Due to decreased ion-pair formation with
increasing water content, photo reactions of [M(CN)x]4ÿ


complexes themselves may occur. With decreased ion-pair
formation, ligand field (LF) transitions become increasingly


dominant and photochemical reactions take place, which are
usually observed upon exciting LF states.[20]


The generation of oxidized cyanometallates upon IPCT
excitation has been detected by UV/Vis (see Figure 2 for 1)
and ESR spectroscopy.[21] Phenyl radicals, the decay product
of Ph2I


. radicals, were identified by ESR spectroscopy with
nitrosodurene as spin trap.[21] Upon H-abstraction in the
presence of H-donors such as primary and secondary alcohols,
phenyl radicals yield benzene. Photochemically induced
H-abstraction is the essential stage for the photoinduced
chain oxidation of alcohols as shown in Scheme 1.


When investigating photoinduced chain reactions with 1 ± 4
in the presence of alcohols, the oxidized cyanometallates
formed in the course of photochemical IPCT excitation are of
particular significance. Because these species absorb in the
region of l� 350 nm, the irradiation wavelength has to be
selected depending on both the absorption maximum of the
IPCT transition and the spectroscopic behaviour of the
oxidized cyanometallates, in order to exclude photoreactions
of these species.[22]


The UV/Vis spectroscopic control of the course of photo-
induced chain reactions should result in a decrease in the
IPCT band, accompanied by a stoichiometrically equivalent
increase in absorption in the region of the oxidized cyano-
metallates. It is a certain indication of the occurrence of side
reactions if there is no simultaneous change in the disappear-
ing and appearing of these absorption bands. Figure 2 shows
UV/Vis spectroscopic changes in the photolysis of 1 in
methanol. The consumption of 1 is equivalent to the
formation of octacyanomolybdate(v). This means the photo-
reaction proceeds as described in Scheme 1.


The course of photoinduced chain reactions of 1 ± 4 with
alcohols : The photochemical primary step that results from
electron transfer between cyanometallates and diphenyliodo-
nium ions proceeds with relatively high efficiency.[9] Diphe-
nyliodyl radicals decay to iodobenzene and phenyl radicals,
the actual chain carriers. Benzene, iodobenzene, oxidized
cyanometallates and aldehydes or ketones form as stable final
products, as shown in Scheme 1. The products should form in
the same ratio, provided that a chain reaction takes place and
no competitive side reactions occur.


The efficiency of the photoinduced chain oxidation of
alcohols to the corresponding carbonyl compounds was
proved with ethanol and benzyl alcohol. Ion pairs 1 ± 4 were
used preferably in solutions of these alcohols. As small a water
content as possible was used to obtain sufficient solubility of
the ion pairs and high ion-pair formation. The main reaction
products were analyzed by gas chromatography, because the
stoichiometry of the product formation clearly indicates
whether undesired chain termination has taken place.


Photochemical reactions of 1 ± 4 in ethanol yield acetalde-
hyde, which is completely converted to the corresponding
diethylacetal. Protons formed during the photoinduced chain
process (see Scheme 1) catalyze this reaction. Results of
photoinduced chain reactions in the presence of 1 in ethanol
are displayed in Figure 4.


Quantum yields of 0.1 were estimated for the consumption
of 1, but only extremely low chain lengths (up to ten cycles)


Table 2. Product quantum yields of the photolysis of 2 obtained at 25 8C in
alcohols of different viscosity.[a]


Alcohol hSolv (in cP)[b] FIPCT


methanol 0.544 0.25
ethanol 1.07 0.21
propan-1-ol/water 1:1 (v/v) 2.65 0.14
propan-2-ol/water 1:1 (v/v) 2.97 0.17
tert-butanol/water 1:1 (v/v) 5.48 0.16
benzyl alcohol 6.75 0.20
butane-1,2-diol 10.4 0.14
pentane-1,2-diol 11.2 0.15
ethane-1,2-diol 16.79 0.15


[a] lirr� 436 nm, IA� 2.5� 10ÿ9 Esÿ1, tirr� 5 min, [Ph2I�]� 6� 10ÿ2m,
[[W(CN)8]4ÿ]� 3.5� 10ÿ4m. [b] Data taken from ref. [37].
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Figure 4. Product distribution of the photolysis of 1 in ethanol: 1) iodo-
benzene, 2) benzene, 3) diethylacetal. (5� 10ÿ4m 1, 7� 10ÿ3m Ph2IHSO4,
lirr� 470 nm, HBO lamp.)


could be observed. Furthermore, only half of the benzene, or
even less, is formed when compared with the yield of
iodobenzene (see Figure 4). These results indicate a fast
termination of the chain growth.


To obtain insight into reasons for the chain-terminating
reactions, possible side reactions of photochemically formed
intermediates and the influence of oxygen were investigated.
To begin with, the influence of oxygen as a chain quencher
could be excluded, because no side reactions due to the
generation of peroxy radicals could be detected. Furthermore,
no difference in the product contribution could be observed in
the photolysis under oxygen compared with irradiation under
a nitrogen atmosphere. Nevertheless, all photolysis experi-
ments were performed under nitrogen and with nitrogen-
saturated solutions.


Secondly, the influence of the cyanometallate complexes on
intermediately formed a-hydroxyalkyl and phenyl radicals
was investigated. Side reactions of a-hydroxyalkyl radicals
may lead to electron transfer processes with [M(CN)x]3ÿ


complexes. However, the permanent stoichiometric forma-
tion of [M(CN)x]3ÿ complexes, as shown by UV/Vis spectros-
copy, excludes electron transfer reactions of these species.
Detailed investigation of the strongest oxidants, [Os(CN)6]3ÿ


and [Mo(CN)8]3ÿ, in ethanol showed no electron transfer with
a-hydroxyethyl radicals. In addition to ethanol, benzyl alcohol
was used because photochemically formed hydroxybenzyl
radicals are stronger reductants than a-hydroxyalkyl radi-
cals.[23] Depending on the redox potentials of the oxidized
cyanometallates,[24] these radicals can be consumed, and photo-
induced chain reactions may therefore be terminated. Thus,
the photolysis of 2 permanently yields [W(CN)8]3ÿ, whereas
no generation of [Mo(CN)8]3ÿ occurs upon the photolysis of 1
(see Figure 5). This is due to the higher oxidation potential of
[Mo(CN)8]3ÿ compared with [W(CN)8]3ÿ. Photo reactions of
[Mo(CN)8]3ÿ itself, and thermal reactions of that species with
benzyl alcohol, have been excluded by appropriate control
experiments. This means that side reactions can only be
observed with the strongly reducing hydroxybenzyl radicals
and strongly oxidizing [M(CN)n]3ÿ complexes such as [Os-
(CN)6]3ÿ and [Mo(CN)8]3ÿ. Therefore this reaction pathway
can also be excluded as a general reason for the chain-
terminating reactions observed.


Figure 5. UV/Vis spectroscopic control of the photolysis of 1 in benzyl
alcohol; tirr : 0, 10, 20, 120 or 600 s, decreasing absorbance as shown by the
arrow (9.5� 10ÿ4m 1, 6� 10ÿ2m Ph2ICl, lirr� 475 nm).


Phenylation reactions that yield phenyl ethers or phenyl
alcohols could be excluded because only traces of these
species form. Furthermore, the UV/Vis spectra of the
photolysis products of 1 ± 4 showed no formation of the
corresponding phenyl isocyanide complexes, and phenyl
isocyanide could only be detected in traces.


Biphenyl forms in traces, but only upon polychromatic, long-
time irradiation. Biphenyl generation under such extreme irrad-
iation conditions is due to phenylation of diphenyliodonium
salts, which, additionally, should yield differently substituted
iodobiphenyls. However, isomeric iodobiphenyls could not be
detected. These results certainly indicate that this reaction
pathway plays no role in the chain-terminating reactions.


Side reactions of a-hydroxyalkyl radicals may further
consist of radical-combination reactions;[25] however, radical
combination leading to glycol derivatives could not be observed.


Summarizing these results, it can be concluded that the
radical-scavenging reactions usually expected could not be
identified as a reason for the low efficiency of photoinduced
chain reactions according to Scheme 1. Pulse radiolysis studies
were therefore performed for an independent and clean
generation of chain carriers derived from Ph2I� ions and
alcohols.


Pulse radiolysis studies : In aqueous solution, radiolysis
generates primarily solvated electrons and hydroxyl radicals
in comparable amounts, while the small hydrogen yield can
usually be neglected [Eq. (1)].


H2O eÿaq � OH . � (H .) (1)


Hydroxyl radicals and solvated electrons can be separated
by rapid scavenging of the undesired species by conversion
into a nonreactive and, therefore, nondisturbing one [Eq. (2)]
or by transformation into the intermediate of interest
[Eq. (3)].[26, 27]


OH . � (H3C)3CÿOH!H2O � (H3C)2(H2C
.)CÿOH (2)


eÿaq � N2O!OH . � OHÿ � N2 (3)


Solvated electrons and hydroxyl radicals generated by pulse
radiolysis are particularly interesting with respect to a
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selective generation of such intermediates that control the
photoinduced chain reactions under discussion.


Pulse radiolysis experiments with aqueous solutions of
diphenyliodonium salts were performed to control the com-
petition between the addition of OH radicals to phenyl
residues of Ph2I�, Scheme 2, (which generates intermediate


Scheme 2. Intermediate cyclohexadiene-like radicals generated in aque-
ous solution.


cyclohexadienyl-type radicals[28]) and H-abstraction reactions
from the alcohols used.[27] In aqueous solution, hydroxycyclo-
hexadienyl(phenyl)iodonium radicals form due to the addi-
tion of OH radicals to phenyl residues of Ph2I� (Scheme 2), as
to be seen from the fast part of the time profile 1 in Figure 6.


Figure 6. Quenching of the pulse radiolytic generation of hydroxycyclo-
hexadienyl-(phenyl)iodonium radicals in aqueous solutions of Ph2IBF4 by
addition of tert-butanol monitored at 340 nm. 1) aqueous solution, 2) 10ÿ2m
tert-butanol added, 3) 10ÿ1m tert-butanol added, 4) 1m tert-butanol added.
(4� 10ÿ3m Ph2IBF4 in H2O, N2, 18 krad.)


Addition of tert-butanol (or other alcohols) suppresses the
generation of hydroxycyclohexadienyl(phenyl)iodonium rad-
icals because H-abstraction from tert-butanol by OH radicals
becomes increasingly dominant [cf. Eq. (2)] as seen from the
diminishing of the fast part of the time profiles in Figure 6. In
the presence of 0.1m tert-butanol, the reaction path according
to Scheme 2 is suppressed to less than 40 %. It can be
neglected at concentrations higher than 1m. The constant
growth of the time-dependent absorption after complete OH-
radical scavenging is due to cyclohexadienyl-type radical
generation, caused by adding phenyl radicals to the aromatic
moiety of Ph2I� ions. That reaction proceeds as a subsequent
step in the interaction with solvated electrons (see below).


Considering the results of these pulse radiolysis experi-
ments, it can be concluded that hydroxycyclohexadienyl-
(phenyl)iodonium radicals do not have to be considered in
further mechanistic discussions because all studies were
performed in solutions containing a high excess of alcohols.


To study reactions with solvated electrons (Scheme 3),
diphenyliodonium salts dissolved in tert-butanol/water were
treated with high-energy electron pulses. For this reaction, a


Scheme 3. Effect of solvated electrons on the reaction of PhI�.


diffusion-controlled rate constant k1� 3.5� 1010mÿ1 sÿ1 was
determined from the decay of the transient absorption of
solvated electrons (l� 600 nm). Diphenyliodyl radicals, the
primary product of this reaction, could not be detected.
Instead, the generation of a secondary product was observed,
characterized by a growing absorption at 340 nm. Its forma-
tion followed a pseudo-first-order time law depending on the
diphenyliodonium salt concentration (k2� 1.8� 108mÿ1 sÿ1). By
analogy with other cyclohexadienyl-type radicals,[28] this tran-
sient was assigned to phenylcyclohexadienyl(phenyl)iodoni-
um radicals formed by the addition of intermediate phenyl
radicals to Ph2I� ions (Scheme 4); this explains the constant
time-resolved part of the time profiles given in Figure 6.


Scheme 4. Transient radical formation from the phenyl intermediate.


Figure 7 shows the growth of the transient depending on the
concentration of Ph2I� ions. In Figure 7, curve 1 shows the
absorption of solvated electrons in the pure solvent, which


Figure 7. Formation of a new transient at 340 nm on pulse radiolysis of
Ph2IBF4 in tert-butanol/water mixtures dependent on the concentration:
1) no Ph2IBF4, 2) 10ÿ4m, 3) 10ÿ3m, 4) 2� 10ÿ3m, 5) 4� 10ÿ3m. (18 krad, N2


atmosphere.)


disappears with increasing Ph2I� concentration (curves 2 ± 5).
It is quite evident that a time gap between reduction
(Scheme 3) and product formation (Scheme 4) appears be-
cause phenyl radicals form intermediately by the fast decay of
diphenyliodyl radicals (Scheme 3). Under the experimental
conditions used, the lifetime for phenyl radicals was estimated
approximately to 1 ms.
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Converting solvated electrons into OH radicals by using
N2O [Eq. (3)] allows scavenging of hydroxyl radicals by
propan-2-ol; this results in 2-hydroxypropyl radicals [Eq. (4)].[29]


OH . � (H3C)2CHÿOH!H2O � (H3C)2C
.ÿOH (4)


Surprisingly, these radicals do not spontaneously react with
Ph2I� ions to form acetone, phenyl radicals and iodobenzene
as expected. Instead, relatively long-lived adducts form (t�
100 ms), see Scheme 5, as shown by a growing absorption at
360 nm.


Scheme 5. Formation of long-lived 2-hydroxypropyl-based radicals.


Of significance with respect to the chain-terminating
processes is the finding that the adduct formed from
2-hydroxypropyl radicals and Ph2I� ions is reduced by
cyanometallates ([M(CN)x]4ÿ) with regeneration of diphenyl-
iodonium ions and transformation of the chain carrier into
alkoxides (Scheme 6).


Scheme 6. Chain terminating reduction of 2-hydroxypropyl-based radicals
by cyanometallates.


This finding is strongly supported by the UV/Vis spectro-
scopic detection of oxidized cyanometallates ([M(CN)x]3ÿ).
Furthermore, in the absence of PH2I� ions, no oxidation of
[M(CN)x]4ÿ complexes by hydroxyl radicals occurs. Scheme 7
shows the observed reaction pathway in the presence and
absence of cyanometallates.


Scheme 7. Influence of [M(CN)x]4ÿ complexes on the reaction pathway of
2-hydroxypropyl/Ph2I� radical adducts.


Figure 8, which shows spectra taken at different time after
the electron pulse, indicates the reduction of 2-hydroxyprop-
yl/Ph2I� radical adducts with [Os(CN)6]4ÿ as seen by the decay
of its absorption at 360 nm. Because 4 absorbs in the same
region, the decreasing of the absorption is due to the decay of
2-hydroxypropyl/Ph2I� radical adducts (dominating at
360 nm) and to the consumption of {Ph2I� ;[Os(CN)6]4ÿ}


Figure 8. Bleaching of 2-hydroxypropyl/Ph2I� radical adducts in the
presence of [Os(CN)6]4ÿ : 1) 2 ms, 2) 8 ms, 3) 25 ms, 4) 50 ms. (5� 10ÿ5m
K4[Os(CN)6], 2� 10ÿ3m Ph2IBF4, 1m propan-2-ol, N2O, 5 krad.)


as shown by an absorption minimum at 410 nm. To reduce this
disturbing depletion effect, an excess of NaCl was added to
suppress the ion-pair formation. The presence of NaCl is very
helpful in avoiding most of the depletion, that is, reducing the
base line drift to negative absorption.


The addition of NaCl has only negligible influence on the
reaction mechanism as shown in Figure 9. For high NaCl
concentration, the small difference in the time profiles can be


Figure 9. Influence of the NaCl concentration on the decay of the
2-hydroxypropyl/Ph2I� radical adduct: 1) 0.1m NaCl, 2) 0.5m NaCl. (2�
10ÿ3m Ph2IBF4, 1m propan-2-ol, N2O, 5 krad, detection wavelength
360 nm.)


understood in terms of a possible conversion of OH radicals
into Cl radicals.[30] It is assumed that these radicals, generated
only in small yields, react quite similarly to OH radicals.


The decay of the 2-hydroxypropyl/Ph2I� radical adduct to
phenyl radicals, iodobenzene and acetone should be favoured
by increased pH, as shown in Scheme 7, whilst the competitive
reaction, the reduction of that radical adduct by [M(CN)x]4ÿ


complexes, is preferred at low pH values. The influence of the
pH value is shown in Figure 10. At pH 7, the 2-hydroxypropyl/
Ph2I� adduct is relatively long-lived. Increasing the pH value
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Figure 10. Dependence of the lifetime of the 2-hydroxypropyl/Ph2I�


radical adduct on pH, KOH added up to: 1) pH 7, 2) pH 10, 3) pH 10.3,
4) pH 10.5. (1.8� 10ÿ3m Ph2IBF4, 1m propan-2-ol, N2O, 5 krad, detection
wavelength 360 nm.)


up to ten substantially shortens the lifetime of this radical.
Because the chain reaction proceeds accompanied by increas-
ing proton concentration, chain-terminating reactions become
favoured when [M(CN)x]4ÿ complexes are present.


Summarizing the results of pulse radiolysis studies, it
follows that rather uncommon radical reactions, such as the
adduct formation of a-hydroxyalkyl radicals with Ph2I� ions
and their reduction by [M(CN)x]4ÿ complexes, give rise to
consumption of the chain carriers required for efficient
photoinduced chain reactions according to Scheme 1.


Conclusion


The results presented herein demonstrate that photochemical
excitation of IPCT states of {Ph2I� ;[M(CN)x]4ÿ} ion pairs
represents a novel source for the convenient generation of
phenyl radicals. Utilization of that source for photoinduced
chain oxidations of alcohols is considerably restricted, how-
ever, because chain carriers are consumed by unexpected and
uncommon side reactions.


The findings of pulse radiolysis studies show that a hitherto
uninvestigated formation of relatively long-lived addition
products between 2-hydroxypropyl radicals and Ph2I� ions
occurs. The reduction of these radical adducts by [M(CN)n]4ÿ


complexes leads to rather uncommon side reactions which
finally result in the termination of photoinduced chain
oxidations of primary and secondary alcohols. Recently we
were able to show that in the presence of suitable sensitizers,
like a-diketones, such chain-terminating reactions can be
efficiently quenched. In this way it is possible to considerably
improve the efficiency of photoinduced chain reactions based
on the ion pairs 1 ± 4.[31, 32]


Experimental Section


Methods : Pulse radiolytic experiments were performed by means of an
electron accelerator (Elit 1 M, Institute of Nuclear Physics, Novosibirsk).
The absorbed dose of electron impulses (pulse width 10 ± 15 ns, energy


1 MeV) amounts to 5 ± 20 krad (50 ± 200 Gy) and yields 5� 10ÿ6 to 2�
10ÿ5 mol Lÿ1 radicals (G-value� 1). Sample solutions were pumped
through the cuvette upon concomitant gassing with argon and N2O.
Time-resolved UV/Vis absorption spectroscopy with a pulsed xenon lamp
(XB� 900, Osram), a Spectra Pro-500 monochromator (Acton Research
Corporation), a photomultiplier (1P28, RCA) and 500 MHz digitizing
oscilloscope (TDS 640, Tektronics) was used as detection system. Further
details of the equipment and the data analysis are described elsewhere.[33]


The gas chromatograph used (HP 5890 II A) was equipped with a flame
ionization detector (HP 19231) and columns of higher (HP-5) and medium
polarity (CP-Sil-19-CB). Photolysis products up to 10ÿ4m benzene,
iodobenzene and benzaldehyde could be analyzed after extraction with
n-pentane.


Water-free samples with low Ph2I� concentrations were analyzed directly.
In most cases, however, they were extracted with n-pentane. Hexafluoro-
benzene, n-decane and n-tetradecane were used as internal standards.


UV/Vis spectra were recorded with a Lambda900 (Perkin-Elmer) or Cary 3
(Varian) spectrometer.


Irradiation experiments were performed with AMKO apparatus with a grid
monochromator (LTi 01-001). Mercury/xenon lamps (XBO 150, Osram) or
mercury lamps (HBO 100, Osram) were used as light sources. 3 mL quartz
cuvettes with an optical path length of 10 mm were used. Spectrograde
solvents were used as obtained commercially (Uvasol, Merck), while
methanol was dried with magnesium and purified by distillation.


Preparative photoreactions were performed in 30 mL quartz cuvettes or by
means of a 300 mL water-cooled quartz photo reactor (Normag). The
reactor was equipped with a mercury medium-pressure lamp (TQ 150).
Usual filter solutions were partially used to cut off wavelengths lower than
350 nm.
Quantum yields were estimated by actinometry with [Fe(ox)3]3ÿ. Fe2�


formed photochemically was analyzed spectrophotometrically by using
phenanthroline as chelate former.[34] Actinochrome was used as an
actinometric standard for quantum yield estimation at lower energy
(lirr> 460 nm).


Syntheses : Diphenyliodonium chloride was prepared according to Bering-
er.[35] Tetrakis-(diphenyliodonium)octacyanomolybdate(iv) (1), tetrakis(di-
phenyliodonium)octacyanotungstate(iv) (2), tetrakis(diphenyliodonium)-
hexacyanoruthenate(ii) (3) and tetrakis(diphenyliodonium)hexacyanoos-
mate(ii) (4) were synthesized as described elsewhere.[36]
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Enhanced Intersystem Crossing in Donor/Acceptor Systems Based
on Zinc/Iron or Free-Base/Iron Porphyrins


Kristine KilsaÊ ,[a] Johan Kajanus,[b] Sven Larsson,[a] Alisdair N. Macpherson,[c]


Jerker MaÊrtensson,[b] and Bo Albinsson*[a]


Abstract: The deactivation pathways of
the singlet excited state of a series of
zinc or free-base donor porphyrins co-
valently linked by a bridge to a para-
magnetic iron(iii) chloride porphyrin
acceptor have been studied. These do-
nor-bridge-acceptor systems all share a
similar geometry (25 � donor ± acceptor
center-to-center distance), but the
bridges vary in electronic structure. In
previously reported investigations of
zinc/iron porphyrin systems, the fluores-
cence quenching of the donor has pre-
dominantly been assigned to electron
transfer. However, for the porphyrin
systems studied in this paper, we show


that the dominant deactivation channels
are enhanced intersystem crossing and
singlet energy transfer. In both series,
the intersystem crossing rate (S1!T1)
of the donor moiety is almost doubled in
the presence of a paramagnetic high-
spin metal-porphyrin acceptor. The sig-
nificant spectral overlap of the donor
fluorescence and acceptor absorption in
both series allows for efficient singlet


energy transfer (Förster mechanism).
Furthermore, the bridging chromo-
phores mediate energy transfer and the
enhancement is inversely dependent
upon the energy gap between the donor
and bridge excited states. Although
Marcus theory predicts thermodynami-
cally favorable electron transfer to occur
in the systems investigated, the quench-
ing rate constants were found to be
independent of solvent polarity, and no
charge-separated state could be detect-
ed, indicating very small electronic cou-
pling for electron transfer.


Keywords: donor ± acceptor systems
´ electron transfer ´ intersystem
crossing ´ mediated energy transfer
´ porphyrinoids


Introduction


To efficiently capture, store, and beneficially use solar energy
is a goal of numerous projects, which involve, for example, the
construction of artificial light-harvesting complexes,[1±4] pho-
tosynthetic reaction-center mimics,[5±8] and opto-electronic
devices.[9, 10] Much of this work has been inspired by Nature�s
transportation of excitation energy[11, 12] and conversion into


long-distance charge-separated states.[13] In order to under-
stand the primary photophysical processes involved, it is
important to gain knowledge, and thereby control, of the
parameters that influence energy- and electron-transfer rates.
To investigate the mechanisms of photoinduced excitation
energy and electron transfer,[14, 15] various supramolecular
complexes have been constructed, with particular emphasis
on the effects of donor ± acceptor distance[16±18] and orienta-
tion,[19±21] free energy of reaction,[22, 23] temperature,[24±27] and
electronic coupling.[28, 29] The success of such investigations
depends on the ability to separate and isolate factors that
influence the transfer processes. In the work presented here,
the increased fluorescence quenching of the singlet excited
donor state in donor-bridge-acceptor systems, relative to the
reference donor-bridge compounds, are investigated and
related to possible deactivation pathways.


The systems we have studied are geometrically well-defined
donor-bridge-acceptor (D-B-A) systems (Figure 1). Both
donor and acceptor are porphyrins and they are covalently
connected by four different bridging chromophores. In
addition to acting as an intervening medium, the bridging
chromophores serve as rigid spacers between the donor and
acceptor and place geometrical constraints on the system. The
donor is either 5,15-diphenyl-2,8,12,18-tetraethyl-3,7,13,17-
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Figure 1. Structure of the donor-bridge-acceptor (D-B-A) systems and the
reference compounds (donor-bridge or acceptor-bridge) studied. The D-B-
A systems (M�Zn or 2H) are denoted ZnP-RB-FeP or H2P-RB-FeP,
respectively. The reference compounds (M�Zn, 2H, or Fe) are denoted
ZnP-RB, H2P-RB, or FeP-RB, respectively. RB is the bridging chromo-
phore in which R is the central unit, which is either bicyclo[2.2.2]octane
(O), benzene (B), naphthalene (N), or anthracene (A).


tetramethylporphyrin (H2P), or the corresponding zinc por-
phyrin (ZnP), and the acceptor is the similar high-spin iron(iii)
chloride porphyrin (FeP). Three of the four bridging chro-
mophores are fully conjugated systems: bis(phenylethynyl)-
1,4-phenylene (BB), bis(phenylethynyl)-1,4-naphthylene
(NB) or bis(phenylethynyl)-9,10-anthrylene (AB), while the
fourth bridging chromophore, bis(phenylethynyl)-1,4-bicy-
clo[2.2.2]octylene (OB), is non-conjugated.


Scheme 1 shows the possible deactivation pathways of the
singlet excited donor state in the D-B-A systems. In addition
to energy and electron transfer from the lowest singlet excited
state of the donor moieties to the acceptor, intramolecular


Scheme 1.


deactivation processes such as fluorescence, internal conver-
sion, and intersystem crossing also contribute to the deacti-
vation of the donor. Since one part of the D-B-A system is a
paramagnetic (high-spin) metal porphyrin, it has not only the
possibility of acting as an energy or electron acceptor, but
potentially it may also be able to influence intersystem
crossing in the donor.[30, 31] Several other donor ± acceptor
systems with zinc and iron(iii) porphyrins have been studied
recently and in these systems, it was concluded that electron
transfer is the major deactivation pathway for the zinc-


porphyrin singlet excited state.[16, 18, 21, 32±35] Long-range elec-
tron transfer from a triplet excited zinc porphyrin to an iron
porphyrin has also been shown to occur in systems with 25 �
donor ± acceptor distance, in which it was believed that
electron transfer from the singlet excited donor state could
not occur.[36] Systems containing free-base and iron(iii)
porphyrins are not commonly investigated.[37] We have,
however, made a comparative study of both systems: zinc/
iron and free-base/iron porphyrin. Attempts have been made
to study electron transfer and other possible photophysical
pathways of singlet-excited donor deactivation.


Results


Synthesis : The syntheses of the ZnP-RB-H2P systems and the
corresponding reference compounds (ZnP-RB, H2P-RB, ZnP
and H2P), used in studies of excitation energy transfer, have
been described previously.[28, 38] These systems were prepared
by using a palladium-catalyzed cross-coupling reaction be-
tween terminal alkynes and aromatic iodides,with [Pd2(dba)3]
as the catalyst precursor and AsPh3 as ligand.[39]


The ZnP-RB-FeP dimers were prepared in one step from
the ZnP-RB-H2P analogues by iron insertion into the free
base part of the dimer. We also prepared the separate
acceptor (FeP) and the acceptor-bridge compounds (FeP-RB)
from H2P and H2P-RB, respectively. These latter compounds
were prepared to determine the effect of the connected bridge
on the optical properties of the acceptor. This effect was
shown to be small (vide infra). The FeP and FeP-RB
compounds were also useful in the interpretation of the
1H NMR spectra (Figure 2).


Figure 2. Downfield region of the 1H NMR spectra of FeP, FeP-BB, and
ZnP-BB-FeP in CDCl3. Downfield shifts are given a positive sign. The peak
of highest intensity at d� 10 is due to the meso-protons of ZnP in ZnP-BB-
FeP.


The zinc-porphyrin moiety is rapidly de-metalated under
acidic conditions and so iron insertion into the free-base part
of the ZnP-RB-H2P dimer needs to be performed under basic
conditions. The method used by Young and Chang[40] (treat-
ment of a free-base porphyrin with FeBr2 in toluene/THF by
using collidine as base) proved satisfactory for the preparation
of FeP and FeP-RB. The axial bromide ligand was exchanged
for chloride by treatment with 10 % hydrochloric acid.
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The same procedure was used for the preparation of the
ZnP-RB-FeP dimers, with FeCl2 as the metalating agent; this
allowed direct preparation of the iron porphyrin moiety as the
iron(iii) chloride complex without acid treatment. The crude
product was purified by chromatography on alumina to
remove a strongly colored byproduct that is as yet unidenti-
fied, but is of porphyrin origin. The product was further
purified by chromatography on silica to remove starting
material. Occasionally, a small fraction of the ZnP-RB-FeP
dimers was de-metalated to the H2P-RB-FeP dimer during
chromatography on silica; this was only detectable by
fluorescence measurements. Therefore, zinc insertion was
routinely performed as a final step in the preparation of the
ZnP-RB-FeP dimers. It was evident in the 1H NMR spectra
that some ligand scrambling of the iron(iii) porphyrin
occurred during workup. The axial chloride ligand could,
however, be re-established by washing a solution of the dimer
in ethyl acetate with saturated aqueous ammonium chloride.
Following recrystallization from dichloromethane/hexane, the
ZnP-RB-FeP dimers were obtained in about 40 % yield. The
H2P-RB-FeP dimers were prepared from the ZnP-RB-FeP
dimers by treatment with 10 % hydrochloric acid.


1H NMR spectroscopy of iron porphyrins : The ZnP/FeP
bisporphyrins prepared previously have generally not been
characterized by 1H NMR spectroscopy.[16, 18, 21, 32±35] However,
we found it useful to utilize the proton signals of the ring-
methyl and -ethyl groups of the porphyrins investigated here
as diagnostic tools to establish that the iron porphyrin was the
high-spin iron(iii) chloride porphyrin. The 1H NMR spectrum
of FeP is indicative of a high-spin complex, showing a strong
resemblance to the proton spectra of high-spin etioporphyrin
chlorides[41] and diphenyletioporphyrin chlorides (Fig-
ure 2).[40] Based on a comparison with such porphyrins, we
assign the peak at d� 54 (downfield shifts are given a positive
sign) in the spectrum of FeP to the ring-methyl group and the
peaks at d� 40 and 37 to the CH2 group of the ring-ethyl
groups. The spectra of the unsymmetrical FeP-RB porphyrins
show the same general features, but the ring-methyl signal is
split into two peaks at d� 54
and 53, and one of the CH2


signals is also split. The same
pattern is again observed for
the ZnP-RB-FeP dimers. In the
spectra of FeP-RB and ZnP-
RB-FeP there are additional
peaks with downfield shifts at
d� 12 and 13. We assign these
signals to the protons in a meta
position, relative to the por-
phyrin, on the 1,4-substituted
phenyl ring attached to the iron
porphyrin. The signals from the
protons in the ortho position
are probably too severely
broadened to be detectable.


The 1H NMR spectra of the
dimers recorded before treat-
ment with ammonium chloride


contain peaks of low intensity centered at d� 30 and 40. This
indicates that the iron porpyrin moiety has to some extent
been converted to the OHÿ[40] or possibly an alkoxide
complex. There is also the possibility of the formation of a
m-oxo-bridged complex with an oxygen linking two iron(iii)
porphyrins together forming a porphyrin tetramer. However,
m-oxo dimers of iron porphyrins are known to be too strongly
coupled to give rise to such large downfield shifts as d� 30 to
40.[40, 41] In the 1H NMR spectra of the final products there are
no signals indicating the presence of any iron porphyrin
species other than the iron(iii) chloride porphyrin.


Structural considerations : Since the systems investigated here
are similar in structure to the previously studied excitation-
energy-transfer systems (ZnP-RB-H2P),[28, 42] we believe that
the following structural properties of the latter are applicable:
i) The center-to-center distance from donor to acceptor is
constant (25 �) throughout the series. ii) The low rotation
barriers (<1 kcal molÿ1) of the bridging chromophores make
all relative orientations of bridge and porphyrin planes
energetically attainable at room temperature and the relative
orientation of the donor and the acceptor independent of the
bridging chromophore. iii) Simple p conjugation through the
system is minimized by placing methyl groups on the
porphyrin rings adjacent to the phenyl substituents, thereby
placing steric constraints on the dihedral angle (w) between
the porphyrin and phenyl planes. From PM 3 calculations on
H2P with fixed dihedral angles, w can be estimated to be 908�
188 at 300 K, narrowing down to 908� 118 at 100 K (90% of
the conformers according to the Boltzmann distribution). This
helps to preserve the identities of the donor, bridge, and
acceptor chromophores, which is confirmed by the fact that
the D-B-A absorption spectra can be resolved into the
spectral sum of the three chromophores, or equally well into
the sum of D-B and A (Figure 3). The spectra of FeP-RB
reference compounds are, for l> 500 nm, identical to the
spectrum of FeP (data not shown); however, the internal
charge-transfer bands are sharper than those found for the
FeP chromophore in the D-B-A systems. This is probably due


Figure 3. Absorption spectra of D-B-A systems (ÐÐ), donor (- - - -) and acceptor (±± ±) references in CHCl3,
20 8C. From top to bottom, with D�ZnP (left) and D�H2P (right): a) D-OB-FeP, D-OB, and FeP; b) D-BB-FeP,
D-BB, and FeP; c) D-NB-FeP, D-NB, and FeP; d) D-AB-FeP, D-AB, and FeP.
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to the presence of a near-degenerate porphyrin in the D-B-A
systems. For systems containing the AB bridge, the resolution
into spectral compounds is only valid in the Q-band region
(l> 500 nm), since the excited states of the porphyrin Soret
band and AB are isoenergetic. Therefore, the samples were
always excited at a wavelength longer than 500 nm at which
the absorption of donor dominated. However, excitation of
the acceptor will not influence the analysis, since the acceptor
is nonfluorescent and has a very short excited-singlet-state
lifetime (ca. 2.7 ps, data not shown).


Total deactivation rate of the donor singlet excited state :
Figure 4 shows the steady-state fluorescence spectra in CHCl3


of all the D-B-A systems compared to the fluorescence


Figure 4. Fluorescence emission spectra of the D-B-A systems compared
with the fluorescence spectrum of the donor (scaled to equal donor optical
density) in CHCl3, 20 8C. a) D�ZnP, b) D�H2P: D(±**±), D-OB-FeP
(****), D-BB-FeP (±± ±), D-NB-FeP (ÐÐ), and D-AB-FeP (±*±).


spectra of ZnP and H2P. The fluorescence spectra of the
donors (D) are almost indistinguishable from the spectra of
D-B (not shown), and the acceptor is nonfluorescent. It is
clear that for both series of four D-B-A systems, the donor
fluorescence is quenched, and that the smallest degree of
quenching is found for the system with bicyclo[2.2.2]octane


(OB) as the central unit in the bridging chromophore. The
decrease in the fluorescence intensity and in the donor
fluorescence lifetime were used to calculate the efficiency (E)
and the total rate constant (kDBA) for quenching of the donor
singlet excited state in the D-B-A systems [Eq. (1)]


kDBA�
E


�1ÿ E�t0
f


:E� 1ÿ F


F0


� 1ÿ tf


t0
f


(1)


F and F0 are the total donor fluorescence intensities in the
D-B-A systems and in the D-B references, respectively, and tf


and t0
f are the corresponding fluorescence lifetimes.


Since FeP is nonfluorescent, the donor lifetimes in D-B-A
and in D-B were determined by using a single-exponential
model in the analysis of the time-resolved data. The fluo-
rescence lifetimes of the reference compounds were, within
experimental error, independent of the bridging chromo-
phore. The efficiencies calculated from steady-state and time-
resolved measurements were the same (within 15 %), and
kDBA was calculated from an average E value.[28] Both the
steady-state and time-resolved measurements were per-
formed in seven different solvents, and the calculated kDBA


values are compiled in Tables 1 and 2.
The results in Tables 1 and 2 indicate that the rate constant


for quenching by the acceptor is affected by the change of
electronic structure of the bridging chromophore, with the
quenching rate constant increasing in the order D-OB-A<D-
BB-A<D-NB-A<D-AB-A for both sets of systems. The
change in quenching rate is not dramatic, and for the ZnP-
RB-FeP systems it is in the range of 1 ± 4� 109 sÿ1, and for the
H2P-RB-FeP systems the quenching is an order of magnitude
less, in the range of 1 ± 7� 108 sÿ1. It is also notable that the
rate constants in our systems show essentially no solvent
dependence. The total quenching rate constants observed for
our ZnP/FeP systems are comparable to those previously
reported for other rigid ZnP-bridge-FeP systems with similar
donor ± acceptor distances.[18, 33, 35]


Fluorescence, internal conversion, and intersystem crossing :
The spectroscopic properties of D-B are very similar to those
of D, regarding the fluorescence lifetime (t0


f �, quantum yield
(f0


f �, and fluorescence and absorption spectra. Assuming that
the quantum yield for triplet formation (f0


isc� is the same for
diphenyl-substituted porphyrins as for tetraphenyl-substitut-
ed porphyrins, one can calculate the rate constant for


Table 1. The refractive index (n), dielectric constant (e), calculated driving force (DG0) and reorganization energy (l), observed total rate constants (kDBA
[a]),


and calculated Förster rate constants (kFörster
[b]) for ZnP-RB-FeP in different solvents at 20 8C.


Solvent n[c] e[c] DG0 l DG0 � l ZnP-OB-FeP ZnP-BB-FeP ZnP-NB-FeP ZnP-AB-FeP ZnP/FeP
[eV] [eV] [eV] kDBA [sÿ1] kDBA [sÿ1] kDBA [sÿ1] kDBA [sÿ1] kFörster [sÿ1]


1,4-dioxane 1.422 2.219 ÿ 0.22 0.21 ÿ 0.01 1.0� 0.1� 109 1.5� 0.2� 109 1.9� 0.2� 109 2.7� 0.5� 109 0.4� 0.1� 109


toluene 1.496 2.379 ÿ 0.30 0.16 ÿ 0.14 1.1� 0.1� 109 1.5� 0.2� 109 1.8� 0.2� 109 2.5� 0.5� 109 0.4� 0.1� 109


CHCl3 1.446 4.807 ÿ 0.82 0.76 ÿ 0.06 1.0� 0.1� 109 1.5� 0.2� 109 2.0� 0.2� 109 2.8� 0.6� 109 0.3� 0.1� 109


THF 1.405 7.52 ÿ 0.98 1.01 � 0.03 1.0� 0.1� 109 1.4� 0.1� 109 1.9� 0.2� 109 3.8� 0.8� 109 0.5� 0.1� 109


CH2Cl2 1.424 8.93 ÿ 1.05 1.03 ÿ 0.02 1.1� 0.1� 109 1.7� 0.2� 109 2.0� 0.2� 109 4.2� 0.8� 109 0.4� 0.1� 109


butanol 1.399 17.84 ÿ 1.16 1.21 � 0.05 0.7� 0.1� 109 1.1� 0.1� 109 1.7� 0.2� 109 2.6� 0.5� 109 0.2� 0.1� 109


DMF 1.431 38.25 ÿ 1.23 1.22 ÿ 0.01 0.7� 0.1� 109 1.3� 0.1� 109 1.8� 0.2� 109 ±[d] 0.3� 0.1� 109


[a] Uncertainties based on differences in steady-state and lifetime measurements. [b] Uncertainties based on uncertainties in lifetime, quantum yield, and
molar absorptivity. [c] From ref. [50]. [d] Not determined due to electron transfer from ZnP to AB in DMF (see ref. [59]).
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fluorescence (k0
f �, for non-radiative deactivation to the


ground state (k0
ic�, and for triplet formation (k0


isc� for the
donor moieties (Scheme 1; the superscript ª0º indicating the
absence of acceptor). The quantum yields for intersystem
crossing of free-base tetraphenylporphyrin (H2TPP) and zinc
porphyrin (ZnTPP) in polar solvents are 0.88 and 0.90,
respectively.[43] For ZnP this gives k0


f �f0
f /t0


f �2� 107 sÿ1,
k0


isc�f0
isc/t0


f �6� 108 sÿ1 yielding k0
ic �7� 107 sÿ1, and the


corresponding data for H2P are k0
f �f0


f /t0
f �5� 106 sÿ1, k0


isc�
f0


isc/t0
f �8� 107 sÿ1 yielding k0


ic �6� 106 sÿ1. Assuming that
the intrinsic rate constants for deactivation of the singlet
excited donor state to the ground state do not change in the
D-B-A systems, the quantum yield for intersystem crossing
can be estimated by using nanosecond transient absorption.
For ZnP-RB-FeP systems this was done by comparing the
initial DA of 3ZnP in ZnP-OB-FeP with that of ZnP-OB at
470 nm (Figure 5). The substitution pattern of the investigated


Figure 5. Kinetic traces (lpump� 532 nm, lprobe� 470 nm) of 3ZnP in ZnP-
OB (****), ZnP-OB-FeP (ÐÐ), and the expected trace (- - - -) of ZnP-OB-
FeP assuming kisc� k0


isc.


porphyrins results in a nonplanar ring conformation in the
triplet excited state that in turn leads to an unusual fast decay
to the ground state for both ZnP and H2P samples.[44] The
decay times of the ZnP triplet state in ZnP-OB-FeP and ZnP-
OB are approximately equal (�5 ms), indicating that the
donor triplet state is not significantly quenched by the
acceptor. This is in agreement with investigations of ZnP-
OB-H2P, which does not exhibit any triplet energy transfer


from ZnP to H2P.[45] In Figure 5, the expected kinetic trace of
ZnP-OB-FeP is also shown. It has been constructed assuming
that the rates of intersystem crossing are equal in ZnP-OB and
ZnP-OB-FeP, that is, assuming the acceptor has no effect on
the intersystem-crossing rate. In this case, the expected fisc in
the ZnP-OB-FeP system can be calculated as k0


isc� tf� 0.35,
where tf is the fluorescence lifetime of the donor in the D-B-A
system. In contrast, the quantum yield determined by
comparison of the initial DA�s is fisc�DADBA/DADB�f0


isc�
0.67. The difference suggests an increase in the rate constant
for intersystem crossing from k0


isc� 6� 1� 108 sÿ1 to kisc�
11� 2� 108 sÿ1 due to the presence of FeP. The same propor-
tional increase in kisc was found for the H2P-OB-FeP system,
and, again, the decays of 3H2P in H2P-OB and H2P-OB-FeP
were found to be the same (�10 ms). The measured and
expected quantum yields were 0.49 and 0.26, respectively,
giving an increase from k0


isc� 8� 1� 107 sÿ1 to kisc� 16� 2�
107 sÿ1. The reliability of the method can be estimated from
measurements of the ZnP-OB-H2P system, which gave a
calculated quantum yield of 0.59 and a measured quantum
yield of 0.67, corresponding to k0


isc� 6� 108 sÿ1 and kisc� 7�
108 sÿ1, respectively.


Förster theory for energy transfer : In the systems investigat-
ed, long-range energy transfer from ZnP or H2P to FeP is
thermodynamically favorable. For systems with D ± A dis-
tances >10 �, Förster theory can be expected to adequately
describe the direct donor ± acceptor energy transfer, neglect-
ing any influence from the bridge.[46, 47] The expected Förster
energy transfer rate constant (kFörster) can be estimated from
the photophysical properties of the separate donor and
acceptor moieties [Eq. (2)].


kFörster� 8.79� 10ÿ25
�0


fk2J


t0
f n4R6 (2)


The orientation factor (k2) depends on the orientation of
the donor and acceptor transition dipoles.[48] We expect the
transition dipoles of both ZnP and FeP to be degenerate in the
porphyrin plane,[28, 49] and since the planes are almost freely
rotating with respect to each other, the average k2� 2/3 for
random orientation can be used. For H2P the transition
dipoles are directed along the N ± N axes (making a 458 angle
with the porphyrin connecting axis), which changes the
orientation factor to k2� 5/6.[28, 48] The donor ± acceptor cen-
ter-to-center distance (R� 25.3 �; estimated by molecular


Table 2. The refractive index (n), dielectric constant (e), calculated driving force (DG0) and reorganization energy (l), observed total rate constants (kDBA
[a]),


and calculated Förster rate constants (kFörster
[b]) for H2P-RB-FeP in different solvents at 20 8C.


Solvent n[c] e[c] DG0 l DG0 � l H2P-OB-FeP H2P-BB-FeP H2P-NB-FeP H2P-AB-FeP H2P/FeP
[eV] [eV] [eV] kDBA [sÿ1] kDBA [sÿ1] kDBA [sÿ1] kDBA [sÿ1] kFörster [sÿ1]


1,4-dioxane 1.422 2.219 � 0.13 0.21 � 0.34 1.6� 0.3� 108 2.7� 0.7� 108 3.4� 0.9� 108 5.9� 1.8� 108 0.5� 0.1� 108


toluene 1.496 2.379 � 0.05 0.16 � 0.21 1.6� 0.3� 108 3.1� 0.8� 108 3.7� 0.9� 108 5.6� 1.7� 108 0.4� 0.1� 108


CHCl3 1.446 4.807 ÿ 0.46 0.76 � 0.30 1.4� 0.3� 108 2.8� 0.7� 108 3.4� 0.9� 108 6.3� 1.9� 108 0.6� 0.1� 108


THF 1.405 7.52 ÿ 0.64 1.01 � 0.37 2.0� 0.4� 108 3.2� 0.8� 108 4.3� 1.1� 108 6.6� 2.0� 108 0.6� 0.1� 108


CH2Cl2 1.424 8.93 ÿ 0.69 1.03 � 0.34 1.2� 0.2� 108 2.1� 0.5� 108 2.6� 0.7� 108 4.6� 1.4� 108 0.6� 0.1� 108


butanol 1.399 17.84 ÿ 0.83 1.21 � 0.38 1.2� 0.2� 108 1.5� 0.4� 108 2.1� 0.5� 108 3.6� 1.1� 108 0.6� 0.1� 108


DMF 1.431 38.25 ÿ 0.90 1.22 � 0.32 2.4� 0.5� 108 4.2� 1.1� 108 4.0� 1.0� 108 4.5� 1.4� 108 0.4� 0.1� 108


[a] Uncertainties based on differences in steady-state and lifetime measurements. [b] Uncertainties based on uncertainties in lifetime, quantum yield, and
molar absorptivity. [c] From ref. [50].







Intersystem Crossing in Porphyrin Systems 2122 ± 2133


Chem. Eur. J. 2001, 7, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0710-2127 $ 17.50+.50/0 2127


mechanics) is the same for all D-B-A systems. n is the
refractive index of the solvents used,[50] and f0


f and t0
f are the


fluorescence quantum yield and lifetime, respectively, of the
donor in the absence of the acceptor. The spectral overlap
integral, J, is calculated from the acceptor absorption spec-
trum (e(l)) and the normalized donor fluorescence spectrum
(F(l)) [Eq. (3)].


J�
Z1


0


e(l)F(l)l4dl (3)


The rate constants for the calculated Förster energy
transfer in the ZnP-RB-FeP systems varies between 0.2 ±
0.5� 109 sÿ1, depending on the solvent, and between 0.4 ±
0.6� 108 sÿ1 for the H2P-RB-FeP systems (Tables 1 and 2).


Marcus theory for electron transfer : The generally accepted
theory for diabatic electron transfer (ET) is that of Marcus,
which relates the rate constant for electron transfer (kET) to
the electronic coupling (V), the driving force (DG0) for the
reaction, and the reorganization energy (l) due to structure
(li) and solvent (ls). If V is small relative to l and the energy of
the promoting vibration, the rate constant is given by
Equation (4):[51±53]


kET�
����������������


p


�h2lkBT


r
jV j 2 exp


ÿ�DG0 � l�2
4lkBT


 !
(4)


As a result of the quadratic form of (DG0� l), this
expression leads to both a normal region in which kET


increases with more negative DG0, as well as an inverted
region where kET decreases with more negative DG0 after the
maximum in kET is reached at ÿDG0� l.


According to Equation (4), kET depends, in addition to the
electronic coupling, upon the driving force and reorganization
energy. DG0 and l can be calculated from the donor/acceptor
redox potentials (Eox and Ered), the 0 ± 0 excitation energy of
the donor (E00), the donor-acceptor distance (RDA) and radii
of donor and acceptor (RD, RA), and finally the dielectric
constant (es) and refractive index of the solvent (n) used in the
ET measurements, together with the dielectric constant of the
solvent used in the electrochemical measurements (eref


s �
[Eqs. (5) and (6)]:[54±58]


DG0� e(EoxÿEred)ÿE00ÿ
e2


4pe0esRDA


� e2


4pe0


1


es


ÿ 1


eref
s


� �
1


2RD


� 1


2RA


� �
(5)


l� li � ls� li �
e2


4pe0


1


2RD


� 1


2RA


ÿ 1


2RDA


� �
1


n2
ÿ 1


es


� �
(6)


The redox potentials of H2P, ZnP, and FeP were determined
in CH2Cl2 by cyclic voltammetry [H2P: Eox� 0.56 V, ZnP:
Eox� 0.38 V, FeP: Ered�ÿ0.72 V vs Ag/Ag� electrode (10 mm
in acetonitrile, E� 0.45 V vs SHE)],[59] and are in fair
agreement with other reported data for etio- and tetraphen-
ylporphyrins.[60] By using these redox potentials, E00� 2.12 ±
2.15 eV for ZnP (depending upon solvent) and E00� 1.97 eV
for H2P, RD�RA� 4.8 �, lI� 0.1 eV,[22] and the appropriate
solvent properties, DG0 and l were calculated and the results
are summarized in Tables 1 and 2. Since negative DG0 values
were determined for both systems in most solvents, electron
transfer should be thermodynamically favorable. Further-


more, for the ZnP-RB-FeP systems (Table 1), ÿDG0� l in all
solvents and, therefore, these systems are expected to show
the maximum rate constant for electron transfer without
solvent dependence. For the H2P-RB-FeP systems (Table 2),
however, the donor oxidation potential is higher, so electron
transfer should be in the normal region (ÿDG0< l), resulting
in a slower rate.


Electronic coupling : In order to predict the rate constant for
ET from Marcus theory [Eq. (4)], the value of the coupling
constant is needed. We have estimated a value for the
electronic orbital coupling between the porphyrin moieties by
a method introduced by Larsson.[61, 62] The electronic coupling
was calculated for ZnP-RB-ZnP systems, which are structur-
ally identical to the ZnP-RB-FeP and H2P-RB-FeP systems
studied. By using symmetric structures we may take the
energy difference between LUMO�yleft � yright and
LUMO#�yleftÿyright (yleft and yright are LUMOs on the left
and right porphyrin, respectively). The influence of the
bridging chromophores on V is found indirectly from the
effect it has on the energy gap between the near-degenerate
LUMO and LUMO#. The minimum energy gap between
LUMO and LUMO# is calculated by perturbing the system by
a point charge (in our case H3O�), which forms the reaction
field necessary to reach the point of avoided crossing between
the energy curves of the porphyrin moieties. At this point, the
smallest LUMO/LUMO# energy splitting appears when
LUMO and LUMO# are distributed equally between the
porphyrin moieties. The coupling element for photoinduced
electron transfer can then be calculated, using Koopmans�
theorem, as V� (ELUMO#ÿELUMO)/2. The calculations were
performed for a selected range of conformations by changing
the dihedral angle (w) between the porphyrin and adjacent
phenyl group and the orientation (f) of the central unit
relative to the porphyrin planes (Figure 6). The electronic
couplings for the different conformations were averaged and
statistically weighted according to the Boltzmann distribution
of the conformations.[28]In the systems containing conjugated
bridging chromophores (BB, NB, AB), the electronic coupling
was dependent on the orientation of the central unit with
respect to the phenyl groups. Maximum coupling was found
when the central unit was coplanar with the phenyl groups,
and the coupling followed a cos2 dependence to the minimum
(zero) coupling, which was found when the central unit was
perpendicular to the plane of the phenyl groups. Furthermore,
the coupling was dependent on the dihedral angle (w)
between the porphyrin moiety and the connected phenyl
group in all systems. For perpendicular phenyl and porphyrin
planes (w� 908), the coupling is zero, but as w is changed
towards a more planar porphyrin/phenyl conformation, the
coupling increases. The average V from a Boltzmann distri-
bution of the different conformations at room temperature is
0.05, 2.2, 3.5, and 8.1 cmÿ1 for the systems with OB, BB, NB,
and AB bridging chromophores, respectively. According to
the Marcus equation [Eq. (4)], these average electronic
couplings result in electron transfer rates of approximately
7� 105 sÿ1, 1� 109 sÿ1, 3� 109 sÿ1, and 2� 1010 sÿ1, respectively,
for the ZnP-RB-FeP systems.
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Figure 6. Plot of the variation in the calculated electronic coupling
constant (V) with the dihedral angles (w and f) for the ZnP-AB-ZnP
system.


Detecting the ZnP radical cation, ZnP.� : Although the
calculations suggest electron transfer to be feasible, the only
direct proof of the occurrence of ET lies in the detection of
the charge-separated state. Transient absorption measure-
ments of ZnP-AB and ZnP-AB-FeP in a highly polar solvent
(DMF) have shown that fast (�4� 1010 sÿ1) electron transfer
ZnP!AB occurs, along with stepwise electron transfer,
ZnP!AB!FeP.[59] Figure 7 shows the transient absorption


Figure 7. Transient absorption spectra of ZnP-NB-FeP (± ±±) and ZnP-
AB-FeP (ÐÐ, scaled �2) at 1.6 ns in DMF (lpump� 545 nm).


spectra of ZnP-NB-FeP and ZnP-AB-FeP in DMF at 1.6 ns.
We chose this solvent because ET is most likely to occur in a
solvent of high polarity. For ZnP-NB-FeP, bleaching/stimu-
lated emission features are superimposed on the broad
absorption of the ZnP excited singlet state, and there is no
clear positive peak at 680 nm. In contrast, no stimulated
emission at about 645 nm is observed for ZnP-AB-FeP, and
we assign the clearly visible peak at 680 nm to the ZnP.�


radical cation.[16, 63, 64] This spectral feature is observed in
solutions of both ZnP-AB-FeP and ZnP-AB in DMF. The
kinetics differ significantly though, with fast forward (�20 ps)
and back (�50 ps) transfer in ZnP-AB, but a long-lived
nanosecond transient is detected for ZnP-AB-FeP. This has
been interpreted as a stepwise charge separation, ZnP!
AB!FeP, followed by a slow recombination reaction,
FeP!ZnP.[59]


However, in the other bridged systems, ZnP-RB-FeP (R�
O, B, N), no ZnP.� peak was observed, as shown for ZnP-NB-
FeP in Figure 7, indicating that long-range ET is not an
important deactivation process of the singlet excited donor. In
addition, no ZnP.� signal was detected for ZnP-AB-FeP in
solvents with lower polarity than DMF. The transient
absorption spectra of all compounds in which the ZnP.� peak
was not detected are essentially the same as the spectrum of
ZnP-NB-FeP shown in Figure 7. By simulating the 1ZnP*-AB-
FeP!ZnP.�-AB-FeP.ÿ!ZnP-AB-FeP reaction and com-
paring with the efficiency for the step-wise process,[59] we find
that for kET< 2� 108 sÿ1, the population of ZnP.� would most
likely be too small to detect. This rate was estimated by
assuming that the recombination rate of <2� 108 sÿ1, ob-
served for ZnP.�-AB-FeP.ÿ in DMF, is independent of the
bridging chromophore and solvent.


Temperature effects : The temperature dependence of the
quenching of the excited singlet state of the donor was
measured in 2-methyl-THF in the temperature range 300 ±
100 K. The largest temperature dependence was observed for
systems that contained AB as the bridging chromophore, and
a decrease in kDBA with decreasing temperature was observed.
Only minor temperature effects were found for the other
systems, with sensitivity to temperature decreasing from NB
to BB to OB (Figure 8). This behavior is very similar to what
was observed for the corresponding systems showing only
energy transfer (ZnP-RB-H2P).[65]


Discussion


Donor ± acceptor systems based on porphyrin moieties have
been extensively studied. In most cases it has been argued that
in systems containing ZnP and FeP, the major mechanism
leading to quenching of donor fluorescence over a wide range
of donor-acceptor distances is photoinduced electron trans-
fer.[16, 18, 21, 32±35] In these previously investigated systems, the
center-to-center distance between donor and acceptor varies
from approximately 10 to 40 �. In the systems investigated
here we intended to study the effect of the bridging
chromophore on electron transfer. However, since we failed
to detect the charge-separated state, we decided to investigate
all likely pathways (Scheme 1) for the deactivation of the
singlet excited donor state on an equal footing. The porphyrin
systems investigated were all geometrically similar, but the
electronic properties of the bridging chromophore varied.
Furthermore, we also investigated the effect of changing the
donor porphyrin to H2P in a similar series. In all our systems,
the D ± A distance was kept constant at 25 �. Based on the
finding that the absorption spectra of the D-B-A systems do
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Figure 8. Temperature dependence of kDBA. a) D�ZnP, b) D�H2P:
D-OB-FeP (^), D-BB-FeP (~), D-NB-FeP (*), and D-AB-FeP (&)
(guiding lines (ÐÐ)).


not significantly differ from a spectral sum of D, B, and A, we
consider the systems to be composed of three discrete
chromophores.


For both series, ZnP-RB-FeP and H2P-RB-FeP, the fluo-
rescence of the donor was quenched in all the D-B-A systems
relative to the D-B references. The extent of quenching
followed the order D-AB-A>D-NB-A>D-BB-A>D-OB-
A for both series, but the differences between the bridging
chromophores were not very large. In previous studies of
ZnP-RB-H2P systems that indicated only donor energy
transfer quenching,[28] the bridging chromophore was shown
to play a considerable mediating role, with the effect being
proportional to the inverse energy gap between donor and
bridge excited states. The smaller differences between the
bridging chromophores observed in the FeP-containing sys-
tems suggests that energy transfer may not be the only
quenching process. The energy-transfer rates calculated by
using Förster theory were on the order of 4� 108 sÿ1 for the
ZnP-RB-FeP systems and 6� 107 sÿ1 for the H2P-RB-FeP
systems. Simple Förster theory takes into account only the
dipolar properties of the donor and acceptor, and considers
the bridge to be an electronically inert spacer. However, as
mentioned above, we have previously demonstrated that the
bridging chromophores do have a mediating effect on the
energy transfer, and that the constant (kEET) can be written as
a sum of kmediating and kFörster.


Unfortunately, the mediating effect cannot be measured
directly in the systems investigated here, because, besides
energy transfer, there are additional deactivation pathways.
This being the case, it seems reasonable to use the kmediating


calculated for the ZnP-RB-H2P systems previously investi-
gated (Table 3), because the bridging chromophores, confor-
mational restrictions, and D ± A distances are the same as in
the present ZnP-RB-FeP systems. In particular, an identical
D ± A distance is important, since the dependence of kFörster on


the distance is proportional to R6 and kmediating is also likely to
be distance dependent. In systems devised for the investiga-
tion of distance dependence, it is therefore necessary to take
into account energy transfer as a likely deactivation pathway.
For the systems with H2P instead of ZnP as the donor, we
expect that the mediation will be smaller, but of the same
order of magnitude, since both donors have similar excitation
energies (ZnP �17 400 cmÿ1, H2P �16 000 cmÿ1) and, hence,
similar donor-bridge energy gaps. We anticipate that the
change of donor will have the largest effect on the mediation
through AB, since this bridge is closest in energy to the donor.


It is apparent from both triplet yields (f0
isc� and estimated


intramolecular deactivation rate constants (k0
f , k0


ic, k0
isc� of the


donor porphyrins, that the dominant singlet-state decay
pathway is triplet state formation. Furthermore, in the D-B-
A systems containing a paramagnetic high-spin iron(iii)
chloride porphyrin, the rate constant for intersystem crossing
is almost doubled, regardless of which of the two donors is
present. Enhanced triplet formation has previously been
observed in systems that contain other paramagnetic species,
such as copper porphyrins.[30, 31, 66] In the task of dividing the
total rate constant for the donor quenching (kDBA) into the
different pathways, the enhancement of kisc when the acceptor
is present is the only intramolecular quenching pathway listed
in Table 3. The enhancement of kisc was determined in the
systems with the nonconjugated bridging chromophore (OB),
since in these systems triplet energy transfer does not occur. It
is important to note that the reported increase in kisc is thus
the minimum value for the series, and the effect of FeP on the
intersystem crossing of the donor porphyrin might very well
be stronger in the systems having conjugated bridging
chromophores.


By measuring the total rate of quenching, and estimating
the rate constants of enhanced intersystem crossing and
bridge-mediated singlet energy transfer, it is possible to
calculate rate constants for the remaining pathways: k'�
kDBAÿSkother. Such data are shown in Table 3, where it is
evident that for all the H2P-RB-FeP systems, the directly
observed processes account for the quenching. This is also the
case for ZnP-OB-FeP, but for ZnP-BB-FeP, ZnP-NB-FeP, and
ZnP-AB-FeP, 20 ± 40 % of kDBA is left unaccounted for.
Photoinduced electron transfer is a (thermodynamically)
possible quenching pathway, but since no ZnP.� signal was


Table 3. The average rate constants for additional deactivation pathways
of the singlet excited donor state in the D-B-A systems. k' is the remaining
rate constant calculated as kDBAÿSkother.


Compound kDBA [sÿ1] kiscÿ k0
isc [sÿ1] kFörster [sÿ1] kmediating [sÿ1] k' [sÿ1][a]


ZnP-OB-FeP 0.9� 109 0.5� 109 0.4� 109 0.05� 109 0
ZnP-BB-FeP 1.4� 109 � 0.5� 109 0.4� 109 0.17� 109 0.3� 109


ZnP-NB-FeP 1.9� 109 � 0.5� 109 0.4� 109 0.22� 109 0.8� 109


ZnP-AB-FeP 3.1� 109 � 0.5� 109 0.4� 109 0.87� 109 1.3� 109


H2P-OB-FeP 1.6� 108 0.8� 108 0.6� 108 < 0.5� 108 0
H2P-BB-FeP 2.8� 108 � 0.8� 108 0.6� 108 < 1.7� 108 0
H2P-NB-FeP 3.4� 108 � 0.8� 108 0.6� 108 < 2.2� 108 0
H2P-AB-FeP 5.3� 108 � 0.8� 108 0.6� 108 < 8.7� 108 0


[a] Negative k' is reported as 0 and is due to the uncertainty in all
determined rate constants.
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observed by transient absorption, we were able to estimate
the maximum rate of ET to be less than 2� 108 sÿ1, as charge
separation faster than this should give a detectable signal. This
indicates that ET plays only a minor role in the donor
deactivation, and the remaining k' may be attributed to the
uncertainty in kisc in the systems with conjugated bridging
chromophores. By the use of transient absorption, ET has
previously been shown to occur in ZnP/FeP systems, albeit
with shorter D ± A distances.[16, 32, 34] This suggests that the
rather long distance (25 � center-to-center, 19 � edge-to-
edge) in the systems investigated here is the reason why
electron transfer does not occur. In systems with shorter D ± A
distances, the electronic coupling for electron transfer is
probably large enough for kET to dominate over kEET, making
electron transfer the major deactivation pathway. Our find-
ings of enhanced intersystem crossing and energy transfer as
major deactivation pathways agree with an early study of
flexible ZnP/FeP systems by Brookfield et al.[66]


One further indication that electron transfer plays only a
minor role in the investigated systems is that the quenching is
independent of solvent polarity in both series. The solvents
were chosen on the basis of D-B-A solubility and differences
in polarity. We note that butanol may not be a suitable choice
of solvent for systems containing FeP, since it has been shown
that FeP reacts with alcohols to form a radical species.[67]


However, the quenching results obtained in butanol do not
differ significantly from those obtained in the other six
solvents. According to Marcus theory for electron transfer,
kET is dependent upon the driving force (DG0) and solvent
reorganization energy (ls), which are both a function of
solvent polarity. It may therefore be expected that kET will
change with solvent and, in the normal region, an increase in
rate constant with increasing solvent polarity should be the
result. When ÿDG0� l, no solvent dependence is expected.
The calculations of these parameters for the ZnP-RB-FeP
series suggest that these systems fall into this region and thus
the rate of electron transfer will then be thermodynamically
optimal. However, for the H2P-RB-FeP series normal region
behavior is predicted, because the higher oxidation potential
and lower excitation energy of the donor effectively add
0.3 eV to DG0. Although it may be argued that parameters
such as radii and internal reorganization energy used in the
Marcus theory are only crude estimates, it is unlikely that they
are very different in the two series with ZnP or H2P as the
donor. Thus, if electron transfer is a major deactivation
pathway, at least one of the series should exhibit a marked
solvent dependence of the rate constant.


Using Marcus theory to calculate the rate for electron
transfer, requires estimates of several parameters. The D ± A
distance (RDA) can be obtained from molecular modeling or
quantum mechanical calculations, and the radii of donor (RD)
and acceptor (RA) can be found either from quantum
mechanical calculations, or taken from other investigations
of electron transfer in porphyrin-based systems. We chose the
latter approach, using values for the radii and internal
reorganization energy (li) based on electron-transfer proper-
ties of similar porphyrin systems.[22] The driving force (DG0)
and solvent reorganization energy (ls) were calculated from
the above-mentioned parameters, the solvent properties, and


from experimental measurements. The final parameter, the
electronic coupling (V), which controls the ªcommunicationº
between the donor and acceptor, has previously been
modeled in many ways,[15, 68] but we chose a quantum
mechanical approach that estimates V from the LUMO/
LUMO# energy gap in systems perturbed to reach the point
of avoided crossing for the chromophore potential-energy
curves.[62] Calculations on ZnP-RB-ZnP show that porphyrins
with conjugated bridging chromophores should be able to
couple electronically, but that there are large differences
between the bridging chromophores, following the trend
AB�NB>BB. Since we did not detect the charge-separated
state for any of the systems, the true electronic coupling for
electron transfer must be much smaller than calculated and is
probably less than 1 cmÿ1. In the method we used for
calculating V, errors arise from the neglect of the extensive
configuration interaction in the S1 state as well as in the lowest
charge-transfer states of the porphyrins. This probably lowers
the calculated coupling. Furthermore, for convenience, ZnP
was used as both donor and acceptor in the calculations. This
might account for some of the discrepancy between the
experimental results and the electron-transfer rates predicted
from the calculations, since in the reduced form of ZnP, it is
believed that the charge is located on the ring system, whereas
the reduction of FeP takes place at the metal center.[60]


Furthermore, FeP with chloride as counter ion is a high-spin
complex, that is, it is not a singlet in the excited state, and the
absorption spectra of ZnP and FeP are very different.
Therefore, the calculation of V can be expected to be more
reliable for a system in which the acceptor is more closely
comparable to ZnP. The corresponding gold porphyrin (AuP)
is, in terms of spectra and ring reduction, a suitable candidate
and the ZnP-RB-AuP systems have been prepared. In these
systems we have shown that electron transfer can occur from
the singlet excited ZnP.[69]


Conclusion


The investigated systems have equal donor/acceptor distances
(25 �), but the electronic structure of the bridging chromo-
phore are varied. While it is likely that electron transfer is
efficient in shorter systems, and that the electronic structure
of the donor/acceptor intervening medium can enhance
electron transfer, a charge-separated state was not observed
in the systems studied in this work. However, as previously
argued it is important to take into account other possible
pathways for the quenching of the donor singlet excited
state,[66] even when photoinduced electron transfer in donor-
bridge-acceptor systems is predicted to be thermodynamically
favorable. In summary, fluorescence quenching in itself
should not be regarded as evidence for electron transfer,
unless the charge-separated state can also clearly be detected.


In systems containing a paramagnetic porphyrin, the
intersystem crossing rate in neighboring chromophores may
be greatly enhanced. We have shown that the enhancement
can easily be as large as 100 %, and it might, therefore,
contribute significantly to any observed decrease in donor
fluorescence when comparing systems with and without the
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paramagnetic porphyrin. In donor ± acceptor systems in which
donor fluorescence and acceptor absorbance overlap, excita-
tion energy transfer is also possible and it is important to
know in detail what parameters influence energy transfer. Of
special concern is the influence of the intervening medium.


Experimental Section


Synthesis of D-B-A systems and reference compounds : The synthesis of
ZnP, H2P, the donor reference compounds (ZnP-RB and H2P-RB), and the
ZnP-RB-H2P systems have been described elsewhere.[28, 38]


Materials : Toluene and tetrahydrofuran (THF) were dried by distillation
from sodium/benzophenone under nitrogen and used immediately after
distillation. Commercially available reagents were purchased from Aldrich
and used without further purification.


Methods : Column chromatography of iron porphyrins and ZnP-RB-FeP
dimers was performed over silica gel (Merck, grade 60, 70Ð230 mesh) or
aluminum oxide (activated, neutral, approx. 150 mesh) deactivated by
addition of water to Brockmann grade III or IV. Proton (400 MHz) NMR
spectra were recorded at room temperature with CDCl3 as a solvent, using
a Varian UNITY-400 NMR spectrometer. Chemical shifts are reported
relative to tetramethylsilane (dH� 0). Mass spectra were recorded by using
a VG ZabSpec instrument. The substances were analyzed by positive FAB-
MS (matrix: 3-nitrobenzyl alcohol) and high-resolution FAB-MS (HRMS)
was performed with PEG 1000 as an internal standard. Deaeration of
reaction mixtures was achieved by bubbling argon through the solution for
30 minutes. Iron insertion reactions were performed under argon.


Iron(iii) 5,15-bis(3,5-di-tert-butylphenyl)-2,8,12,18-tetraethyl-3,7,13,17-
tetramethylporphyrin chloride (FeP): Iron(ii) bromide (98 %, 50 mg,
0.23 mmol) was added to a deaerated solution of 5,15-bis(3,5-di-tert-
butylphenyl)-2,8,12,18-tetraethyl-3,7,13,17-tetramethylporphyrin (H2P,
24 mg, 28 mmol) in a 1:1 mixture of toluene and THF (20 mL) also
containing collidine (0.1 mL). The reaction mixture was heated to reflux for
1 h. The solvents were removed under reduced pressure, and the residue
was redissolved in CH2Cl2 (50 mL). The organic phase was washed with
10% HCl (4� 20 mL), dried (Na2SO4), and evaporated. The crude product
was added to an alumina column (grade III, 3� 6 cm), and the iron
porphyrin was eluted with CH2Cl2 leaving a bluish byproduct on the
column. To ensure that the ferric chloride form was obtained, the product
was dissolved in CH2Cl2, washed with saturated NaCl in 0.1m HCl (2�
30 mL), and dried over oven-dried NaCl. The solvent was removed in
vacuo, and the iron(iii) chloride porphyrin was recrystallized from CH2Cl2/
hexane. Filtration gave 16 mg (60 %) of FeP. HRMS calcd for C60H76N4Fe
[MÿCl]�: 908.542; found 908.547; UV/Vis (CHCl3): lmax� 391, 510,
648 nm.


FeP-RB : The free-base porphyrins H2P-RB were converted to the
corresponding iron(iii) porphyrin chlorides using the same procedure as
described for FeP.


FeP-OB : Yield 49%; HRMS calcd for C70H76N4Fe [MÿCl]�: 1028.542;
found 1028.548; UV/Vis (CHCl3): lmax� 391, 510, 648 nm.


FeP-BB : Yield 55%; HRMS calcd for C68H68N4Fe [MÿCl]�: 996.480;
found 996.487; UV/Vis (CHCl3): lmax� 391, 510, 648 nm.


FeP-NB : Yield 59 %; HRMS calcd for C72H70N4Fe [MÿCl]�: 1046.495;
found 1046.495; UV/Vis (CHCl3): lmax� 394, 510, 648 nm.


FeP-AB : Yield 23 %; FAB-MS calcd for C76H72N4Fe [MÿCl]�: 1096.51;
found 1096.54; UV/Vis (CHCl3): lmax� 391, 468, 648 nm.


ZnP-RB-FeP : The ZnP-RB-FeP dimers were prepared according to the
procedure described here for ZnP-NB-FeP: Iron(ii) chloride (99.998%,
5 mg, 39 mmol) was added to a deaerated solution of ZnP-NB-H2P (12 mg,
7 mmol) in THF (20 mL) also containing collidine (0.1 mL). The reaction
mixture was heated to reflux with an oil bath for approximately 1 h. TLC
(SiO2, 1 % MeOH/CHCl3) was used to monitor the reaction, which was
stopped when the starting material (Rf� 0.9) was consumed. The solvent
was removed under reduced pressure, and the residue was redissolved in
CH2Cl2 (30 mL). The organic phase was washed with saturated aqueous
NH4Cl (2� 25 mL) and brine (25 mL), dried (Na2SO4), and evaporated.
The crude product was purified from a bluish byproduct by chromatog-


raphy on alumina (grade III, 2� 5 cm). The ZnP-NB-FeP dimer came off
the column as a broad band eluting with CH2Cl2. A second fraction
containing a mixture of the byproduct and residual ZnP-NB-FeP dimer was
eluted with 1% MeOH/CH2Cl2 and was purified further using alumina
grade IV (2� 7 cm) and eluting with CH2Cl2. Traces of starting material
(ZnP-NB-H2P) were removed from the ZnP-NB-FeP dimer by chroma-
tography (silica, 2� 10 cm, CHCl3 containing ca. 1% of EtOH as
stabilizer). The free-base derivative eluted with the solvent front, whereas
the product eluted slowly.


Zinc insertion was performed as a precaution to exclude the possibility of
any H2P-NB-FeP dimer present in the final product. Zinc acetate dihydrate
(10 mg, 46 mmol) dissolved in MeOH (1 mL) was added to a solution of the
dimer in CH2Cl2 (5 mL). The reaction mixture was stirred at room
temperature for 1 h and diluted with EtOAc (30 mL). The organic phase
was washed with 5 % aqueous NaHCO3 (25 mL), saturated aqueous NH4Cl
(2� 25 mL), and brine (25 mL), dried (Na2SO4), and evaporated. Recrys-
tallization of ZnP-NB-FeP from CH2Cl2/hexane afforded 6 mg (44 %).
FAB-MS calcd for C118H124N8FeZn [MÿCl]�: 1772.9; found 1772.7; UV/
Vis (CHCl3): lmax� 411, 538, 574 nm.


ZnP-OB-FeP : Yield 37%; FAB-MS calcd for C116H130N8FeZn [MÿCl]�:
1754.9; found 1754.9; UV/Vis (CHCl3): lmax� 412, 538, 574 nm.


ZnP-BB-FeP : Yield 41 %; FAB-MS calcd for C114H122N8FeZn [MÿCl]�:
1722.8; found 1722.8; UV/Vis (CHCl3): lmax� 414, 538, 574 nm.


ZnP-AB-FeP : Yield 46%; FAB-MS calcd for C122H126N8FeZn [MÿCl]�:
1822.9; found 1822.9; UV/Vis (CHCl3): lmax� 410, 450, 477, 538, 574 nm.


H2P-RB-FeP : A sample of the ZnP-RB-FeP dimer, approximately 1 mg,
was dissolved in CH2Cl2, and the solution was washed with 10% HCl,
several portions of NH4Cl/NH3 buffer, and brine. The organic phase was
dried over oven-dried NaCl, filtered, and evaporated. The zinc-porphyrin
part of the dimer was quantitatively demetalated by using this procedure
according to fluorescence measurements and FAB-MS.


H2P-OB-FeP : FAB-MS calcd for C116H132N8Fe [MÿCl]�: 1693.0; found
1692.9; UV/Vis (CHCl3): lmax� 413, 508, 542, 574 nm.


H2P-BB-FeP : FAB-MS calcd for C114H124N8Fe [MÿCl]�: 1660.9; found
1660.6; UV/Vis (CHCl3): lmax� 412, 508, 542, 574 nm.


H2P-NB-FeP : FAB-MS calcd for C118H126N8Fe [MÿCl]�: 1710.9; found
1710.8; UV/Vis (CHCl3): lmax� 413, 508, 542, 574 nm.


H2P-AB-FeP : FAB-MS calcd for C122H128N8Fe [MÿCl]�: 1761.0; found
1760.7; UV/Vis (CHCl3): lmax� 410, 476, 450, 506, 542, 574 nm.


The H2P-containing compounds prepared by the method described above
were used in all kinetic measurements. To record the absorption and
steady-state fluorescence spectra, H2P-containing compounds (H2P-RB-
FeP and H2P-RB) were freshly prepared before measurement, by bubbling
HCl(g) through the corresponding ZnP solution and adding triethylamine
in excess to fully convert H4P2� to H2P. The extent of reaction was followed
by absorption spectroscopy.


Spectroscopic measurements


Materials : All solvents [CH2Cl2, N,N-dimethylformamide (DMF), toluene
(Labscan), 2-methyl-THF (Acros), CHCl3, n-butanol, 1,4-dioxane
(Merck)] were used as purchased, except THF (Merck), which was
distilled over sodium. Unless stated otherwise, measurements were made at
20 8C. Low-temperature measurements were made in 2-methyl-THF by
using a temperature-controlled Oxford LN2-cryostat.


Methods : Absorption spectra were recorded on a Cary 4 Bio spectropho-
tometer. Fully corrected steady-state fluorescence spectra were recorded
on a SPEX Fluorolog t2 spectrofluorimeter. The concentration of the
chromophores was kept at approximately 5 mm to exclude the possibility of
intermolecular interactions and to insure that inner filter effects were
negligible. To facilitate immediate comparison of the fluorescence spectra,
the optical densities of the samples were matched at the excitation
wavelength (D�ZnP: l� 538 ± 548 nm, dependent upon solvent; D�
H2P: l� 574 nm). The spectra of the ZnP compounds, and therefore the
choice of excitation wavelength, is dependent upon the solvents ability to
complex with zinc.[59] The fluorescence spectra of the reference compounds
(ZnP-RB and H2P-RB) were scaled to take into account the partitioning of
the incident excitation light between the donor and the FeP acceptor in the
D-B-A systems. Quenching efficiencies were calculated from the decrease
in integrated intensity of the donor fluorescence.
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Fluorescence lifetimes were measured by the phase/modulation technique
by using a SPEX Fluorolog t2 spectrofluorimeter, with a diluted silica sol
scattering solution as reference. Since the acceptor (FeP) is nonfluorescent,
both D-B reference compounds and D-B-A systems were expected to show
a single-exponential fluorescence decay model. On a logarithmic scale in
the range 2 ± 300 MHz, 20 modulation frequencies were selected and, for
room-temperature measurements, the fluorescence was collected through a
550 nm cut-off filter. In the low-temperature measurements, the donor
fluorescence was collected through either a 580 nm (ZnP-samples) or
630 nm (H2P-samples) band-pass filter. Lines from an argon ion laser
(Spectra Physics 165 ± 08) were used for excitation: 528.7 nm for the ZnP-
samples and 514.5 nm for the H2P-samples. For all room temperature
measurements, the observed demodulations and phase shifts could be
satisfactorily fitted to a single-exponential decay model. In frequency
domain measurements it is not the absolute value of c2, but rather the
change in c2 with different models that is used as an indication of goodness-
of-fit.[70] Therefore, the goodness-of-fit was evaluated from the value of c2


and by visual inspection of the fit to the data points. In the low-temperature
measurements, a small component with a much longer lifetime than
expected was found (approximately equal for similar systems at the same
temperature), and was attributed to instrumental artifacts.


Nanosecond transient absorption spectra and kinetic traces were recorded
by using an Applied Photophysics flash-photolysis instrument. The pump
pulse was the second harmonic of a Nd:YAG laser (Spectron Laser
Systems, SL803G, 532 nm) with a pulse width of about 10 ns fwhm. The
pump and probe beams were at right angles, and the excited triplet states
were probed with a xenon arc lamp. The solvent used was 2-methyl-THF,
and all samples were degassed by five freeze-pump-thaw cycles to a final
pressure of 10ÿ4 mbar. The concentrations used were the same as in
absorption and fluorescence measurements. Kinetic traces were recorded
at five different wavelengths from 440 to 480 nm (D�H2P) and 450 to
490 nm (D�ZnP).


Transient absorption spectra on the picosecond timescale were recorded
using the pump-probe technique. Excitation pulses at 545 nm and a 5 kHz
repetition rate were provided by quadrupling the frequency of the idler
output of an optical parametric amplifier (Spectra Physics, OPA-800)
pumped by a Ti:Sapphire regenerative amplifier (Positive Light, Spitfire).
The regenerative amplifier was pumped by a Nd:YLF laser (Positive Light,
Merlin) and seeded by a mode-locked Ti:Sapphire laser (Spectra Physics,
Tsunami), which in turn was pumped by a CW frequency-doubled diode-
pumped Nd:YAG laser (Spectra Physics, Millennia V). The excitation
beam, with a pulse energy of 240 nJ at the sample, was chopped at 170 Hz
and sent through a computer-controlled optical delay line. A fraction of the
output from the regenerative amplifier was focused into a 2 mm sapphire
plate to generate a white light continuum, which was split into probe and
reference beams. The continuum beams were focused onto the sample with
spherical mirrors and then onto the slit of a computer-controlled mono-
chromator (ISA, TRIAX 190) with an achromatic lens. Three silicon
photodiodes (EKSPLA, FD-4) were used to monitor the intensity of the
probe, reference, and pump beams. Transient absorption spectra were
recorded between 490 and 740 nm with a 2 nm step size and monochro-
mator bandwidth of 3.6 nm. The polarization of the pump beam was set at
the magic angle by a Berek compensator (New Focus), and the probe
beams passed through a cube polarizer after the sample. The sample was
held in a static 1 mm path length cuvette and the concentration was
approximately 160 mm.


Quantum mechanical calculations : The molecular orbitals of the D-B-A
systems were calculated by using the PM 3[71] semiempirical method as
implemented in the program package HyperChem.[72] Lacking parameters
for high-spin iron, the molecular orbitals were calculated for ZnP-RB-ZnP
systems, which can be expected to be similar in structure to the ZnP-RB-
FeP and H2P-RB-FeP systems studied. For simplicity, alkyl chains in the
porphyrin moieties as well as tert-butyl groups were omitted in the
calculations. The geometry of the D-B-A systems was taken from the PM3
geometry-optimized components (ZnP and RB), and the phenyl groups
and/or the central unit (R in Figure 1) were then rotated to obtain various
conformations (Figure 6). Potential energy curves of these conformations
were previously calculated on the fully optimized components.[28]
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Rate and Mechanism of the Oxidative Addition of Phenyl Iodide to Pd0


Ligated by Triphenylarsine: Evidence for the Formation of a T-Shaped
Complex [PhPdI(AsPh3)] and for the Decelerating Effect of CH2�CHÿSnBu3
by Formation of [Pd0(h2-CH2�CHÿSnBu3)(AsPh3)2]


Christian Amatore,* Arnaud Bucaille, Alain Fuxa, Anny Jutand,*
Gilbert Meyer, and Alexandre Ndedi Ntepe[a]


Abstract: The oxidative addition of
phenyl iodide to the palladium(0) gen-
erated from [Pd0(dba)2] and n equiva-
lents of AsPh3 (the most efficient cata-
lytic precursor in Stille reactions) pro-
ceeds from [(solv)Pd0(AsPh3)2] (solv�
solvent). However, the latter is present
only in trace concentrations because it is
involved in an equilibrium with the
major, but nonreactive, complex [Pd0-
(dba)(AsPh3)2]. As regards the phos-
phine ligands, dba has a decelerating
effect on the rate of the oxidative
addition by decreasing the concentra-
tion of the reactive species. Relative to
PPh3, the effect of AsPh3 is to increase
the rate of the oxidative addition of PhI
by a factor ten in DMF and seven in


THF, independent of the value of n,
provided that n� 2. In contrast to PPh3,
the addition of more than two equiv-
alents of AsPh3 to [Pd0(dba)2] (dba�
trans,trans-dibenzylideneacetone) does
not affect the kinetics of the oxidative
addition because of the very endergonic
displacement of dba from [Pd0(dba)-
(AsPh3)2] to form [Pd0(AsPh3)3]. The
complex trans-[PhPdI(AsPh3)2], formed
in the oxidative addition, is involved in a
slow equilibrium with the T-shaped
complex [PhPdI(AsPh3)] after appreci-


able decomplexation of one AsPh3.
Under catalytic conditions, that is, in
the presence of a nucleophile, such as
CH2�CHÿSnBu3 which is able to coor-
dinate to [Pd0(AsPh3)2], a new Pd0 com-
plex is formed: [Pd0(h2-CH2�CHÿ
SnBu3)(AsPh3)2]; however, this complex
does not react with PhI. Consequently,
CH2�CHÿSnBu3 slows down the oxida-
tive addition by decreasing the concen-
tration of the reactive species [(solv)-
Pd0(AsPh3)2]. This demonstrates that a
nucleophile may be not only involved in
the transmetallation step, but may also
interfere in the kinetics of the oxidative
addition step by decreasing the concen-
tration of reactive Pd0.


Keywords: As ligands ´ oxidative
addition ´ palladium ´ reaction
mechanisms ´ tin derivatives


Introduction


It has been reported that there is a large rate acceleration in
Stille reactions [Eq. (1)] with tri-2-furylphosphine (tfp) and
triphenylarsine (AsPh3) as palladium ligands, of two and three
orders of magnitude, respectively, relative to PPh3.[1, 2]


ArI � CH2�CHÿSnBu3!Pd
ArÿCH�CH2 � ISnBu3 (1)


The mechanism, described in Scheme 1, involves three main
steps: i) oxidative addition of a [Pd0L2] complex to ArX to
form trans-[ArPdXL2], ii) transmetallation of the nucleophile


Scheme 1. Mechanism of the Pd-catalyzed Stille reaction.


(vinyl)SnBu3 with [ArPdXL2], and iii) reductive elimination
from [ArPd(vinyl)L].[1, 3] The transmetallation is the rate-
determining step.[1, 3] It is affected by the ligand and is
reported to proceed either by a dissociative[1] or an associative
mechanism.[3]
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Although the oxidative addition with aryl iodides is not rate
determining,[1, 3] it is of interest to investigate the effect of the
ligand on this step, that is, i) to characterize the reactive Pd0


species, ii) to measure its reactivity, iii) to characterize the
arylpalladium(ii) complex formed in the oxidative addition,
since this complex is considered to react with the nucleophile,
and iv) to investigate the mechanism of the oxidative addition
in the presence of a nucleophile to test its possible influence
on the kinetics of this reaction, whenever the nucleophile
might be a ligand of the Pd0, as, for example, CH2�CHÿ
SnBu3.


We have reported a mechanistic investigation of the
oxidative addition of PhI to the Pd0 complex generated from
[Pd0(dba)2] (dba� trans,trans-dibenzylideneacetone)[4] associ-
ated with the tfp ligand[5] and established that the oxidative
addition proceeds, as for PPh3


[6] and triarylphosphines PAr3,[7]


from the minor complex [(solv)Pd0(PAr3)2] (solv� solvent) in
THF and DMF, whereas the major species is the unreactive
complex [Pd0(dba)(PAr3)2] (Scheme 2, K0< 0.5 for tfp and
PPh3 in both solvents).[5]


Scheme 2. Oxidative addition of PhI to the Pd0 complex generated from
[Pd0(dba)2] and nPAr3 (PAr3�PPh3, tfp; n� 2).


The following order of reactivity with PhI has been
established in a previous work:[5]


In DMF: [Pd0(dba)2] � n tfp> [Pd0(dba)2] � nPPh3 for all
n� 2 equiv
In THF: [Pd0(dba)2] � n tfp< [Pd0(dba)2] � nPPh3 when
6> n� 2 equiv
This relative order is perfectly coherent with the relative
variation found for the rate constant k3 of the oxidative
addition step (which characterizes the reactivity of [(solv)-
Pd0(PAr3)2]) and the relative variation of K1 and K0 (which
control the [(solv)Pd0(PAr3)2] concentration) as a function
of the ligand and solvent.[5] However, the difference in
reactivity, when in favor of tfp, is too low to be at the origin
of the large acceleration observed in Stille reactions with
TPF as the palladium ligand instead of PPh3.[1] These
results are then in good agreement with the argument
which assumes that transmetallation is the rate-determin-
ing step and that this step is strongly affected by the
ligand.[1, 3]


We now report a mechanistic investigation of the oxidative
addition of PhI to the Pd0 complexes formed from [Pd0(dba)2]
� n AsPh3 (n� 2 equiv).[4, 8] The kinetics of the oxidative
addition has also been investigated in the presence of a
nucleophile, CH2�CHÿSnBu3 (vinyltributyltin). Indeed, this
nucleophile possesses a C�C bond able to coordinate a Pd0


complex, as dba does, and might then affect the rate of the
oxidative addition. This situation is then closer to the real
catalytic conditions of a Stille reaction.


Results and Discussion


Identification of the palladium(0) complexes generated from
[Pd0(dba)2] � nAsPh3 (n� 2 equiv) in THF and DMF as
investigated by cyclic voltammetry and UV spectroscopy : The
cyclic voltammogram of a solution of [Pd0(dba)2] (2 mmol
dmÿ3) and AsPh3 (2 equiv) in THF (containing nBu4NBF4,
0.3 mol dmÿ3) exhibited one oxidation peak O1 at Ep�
�0.83 V (Figure 1a), whereas the oxidation peak of


Figure 1. Cyclic voltammetry of a solution of [Pd0(dba)2] (2 mmol dmÿ3)
and AsPh3 (4 mmol dmÿ3) in THF (containing nBu4NBF4, 0.3 mmol dmÿ3)
at a stationary gold-disk electrode (0.5 mm diameter) with a scan rate of
0.5 Vsÿ1. a) Oxidation first. b) Reduction first.


[Pd0(dba)2] at �1.26 V was no longer detected. In reduction,
the cyclic voltammogram exhibited three peaks R1, R2, R3 at
ÿ1.30, ÿ1.65 and ÿ1.90 V, respectively (Figure 1b). The
reductions peaks R1 and R3 characterize the free dba ligand at
a concentration of 2 mmol dmÿ3, as determined by comparison
with the reduction peak currents of a sample of dba
(2 mmol dmÿ3) obtained under the same conditions (the
currents were proportional to the concentrations of electro-
active species). Therefore, as for phosphine ligands,[7] one dba
remained ligated to the Pd0 center. The oxidation peak O1 and
reduction peak R2 characterize the complex
[Pd0(dba)(AsPh3)2] formed in the reaction given in Equa-
tion (2).


[Pd0(dba)2] � 2AsPh3! [Pd0(dba)(AsPh3)2] � dba (2)


[Pd0(dba)(AsPh3)2] was also characterized by its adsorption
band at l� 387 nm in THF or 394 nm in DMF; this band is
characteristic of the dba ligated to Pd0, as observed with
phosphine ligands.[7, 9]


In contrast to PPh3
[6] or tfp,[5] for which the oxidation peak


of the minor complex [(solv)Pd0(PAr3)2] was detected at less
positive potential than the oxidation potential of [Pd0(dba)-
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(PAr3)2], the oxidation peak of [(solv)Pd0(AsPh3)2] was not
observed, although a kinetic investigation of the oxidative
addition of PhI (vide infra) gave clear kinetic evidence for the
involvement of [(solv)Pd0(AsPh3)2] as the reactive species.
This shows that the equilibrium [Eq. (3)] lies more in favor of
[Pd0(dba)(AsPh3)2] or/and is less labile than in the corre-
sponding equilibria where PPh3


[6] or tfp[5] are palladium
ligands (Scheme 2); therefore, K1(AsPh3)<K1(PPh3)<
K1(tfp).


[Pd0(dba)(AsPh3)2] ÿ!
K1


[(solv)Pd0(AsPh3)2] � dba (3)


In the presence of more than two equivalents of AsPh3 per
[Pd0(dba)2] (however, n is limited to n� 10 because of the low
solubility of AsPh3 in THF), the UV spectrum of
[Pd0(dba)(AsPh3)2] was not modified. This indicates that, in
contrast to PPh3 and tfp (Scheme 2), the dba ligand of
[Pd0(dba)(AsPh3)2] is not significantly displaced by AsPh3 to
yield [Pd0(AsPh3)3] [Eq. (4)].


[Pd0(dba)(AsPh3)2] � AsPh3 ÿ!
K0


[Pd0(AsPh3)3] � dba (4)


However, on the cyclic voltammogram that exhibits the
oxidation peak O1 of [Pd0(dba)(AsPh3)2], a new oxidation
wave O2 was observed at a less positive potential (Figure 2),


Figure 2. Cyclic voltammetry of a solution of [Pd0(dba)2] (2 mmol dmÿ3)
and AsPh3 (20 mmol dmÿ3) in THF (containing nBu4NBF4, 0.3 mmol dmÿ3)
at a stationary gold-disk electrode (0.5 mm diameter) with different scan
rates. a) 2 V sÿ1, b) 0.5 V sÿ1, c) 0.1 V sÿ1. O1: oxidation of
[Pd0(dba)(AsPh3)2]; O2: oxidation of [Pd0(AsPh3)3].


after the addition of AsPh3. When the scan rate was
decreased, there was a relative increase in the oxidation
current of O2 compared to that of [Pd0(dba)(AsPh3)2] at O1,
(Figure 2a ± c). This phenomenon, associated with the pla-
teau-shaped form of O2, is characteristic of a CE mecha-
nism.[6] This establishes that [Pd0(AsPh3)3] (oxidized at O2) is
effectively formed [Eq. (4)], but at a thermodynamic very low


concentration. However, it can be detected by cyclic voltam-
metry performed at low scan rates (i.e., on long timescales)
because the equilibrium is then continuously displaced
towards [Pd0(AsPh3)3], because of the consumption of
[Pd0(AsPh3)3] by oxidation at O2. The oxidation current is
then proportional to the dynamic concentration of
[Pd0(AsPh3)3]. Whereas K0(PPh3) (0.23 in THF; 0.14 in
DMF) and K0(tfp) (0.26 in THF; 0.32 in DMF) have been
determined by UV spectroscopy,[5] the value of K0(AsPh3)
[Eq. (4)] is too low to be determined by this technique. The
value of K0(AsPh3) is only estimated. In the presence of ten
equivalents of AsPh3, [Pd0(AsPh3)3]/[Pd0(dba)(AsPh3)2]�
0.05, then K0(AsPh3) �5� 10ÿ3. Consequently, K0(AsPh3)�
K0(PPh3)<K0(tfp) in THF and DMF (Table 1).


As seen above, in contrast to PPh3 and tfp, the 14-electron
complex [(solv)Pd0(AsPh3)2] cannot be detected in the
mixture [Pd0(dba)2] � 2 AsPh3. Its thermodynamic concen-
tration in the equilibrium in Equation (3) is considerably
lower than that of [(solv)Pd0(PPh3)2] or [(solv)Pd0(tfp)2] in the
corresponding equilibria. Therefore, dba is a much better
ligand for [Pd0(AsPh3)2] than for [Pd0(PPh3)2] or [Pd0(tfp)2].
In the presence of excess AsPh3 (n> 2), the complex
[Pd0(AsPh3)3] is only formed at trace concentration. The dba
ligand in [Pd0(dba)(AsPh3)2] is then considerably less easily
displaced by AsPh3 [Eq. (4)] than for PPh3 and tfp. This
confirms the strong affinity of dba for [Pd0(AsPh3)2]. Since
AsPh3 and PPh3 have a very similar cone angle (142 and 1458,
respectively),[10] this is certainly related to electronic param-
eters. However, to our knowledge, the latter remain unknown
for AsPh3.


Rate and mechanism of the oxidative addition of PhI to the
palladium(0) generated from [Pd0(dba)2]� nAsPh3 (n� 2) in
THF and DMF. Comparative reactivity with PPh3 : In the
previous papers of this series, the mechanism of the oxidative
addition of PhI was established for PPh3


[6] and tfp,[5] and the
reactive species identified as [(solv)Pd0(PAr3)2] (Scheme 2).
As already reported, the reactivity of Pd0 complexes in
oxidative addition can be monitored by amperometry at a
rotating-disk electrode (polarized at �0.8 V on the plateau of
the oxidation wave of [Pd0(dba)(AsPh3)2]) as a function of
time.[6] This takes advantage of the fact that the oxidation
current i of the Pd0 remains proportional to its concentration


Table 1. Equilibrium constants and kinetic parameters for the oxidative
addition of PhI to the palladium(0) complexes generated from [Pd0(dba)2]
and nL (n� 2) according to Scheme 2 (for PPh3)[6] and Scheme 3 (for
AsPh3).


Ligand Solvent T [8C] 102� k3K1 [sÿ1] 102�k3K2 [sÿ1] K0


PPh3 DMF 20 0.63� 0.01 4.6� 0.4 0.14� 0.03
AsPh3 DMF 20 6.6� 0.1 ± � 5� 10ÿ3


PPh3 THF 20 1.10� 0.01 4.7� 0.1 0.23� 0.03
AsPh3 THF 20 7.8� 0.1 ± � 5� 10ÿ3


AsPh3 THF 28 17 ± ±
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during the oxidative addition of PhI. A second analytical
technique at hand is provided by UV spectroscopy,[9] since
[Pd0(dba)(AsPh3)2] exhibits an absorption band which dis-
appears in the presence of excess PhI. Both techniques give
similar results.[9]


Identification of the reactive species generated from
[Pd0(dba)2] � AsPh3 (2 equiv) in THF and DMF : When the
oxidative addition was performed in the presence of excess
dba (10 equiv, 20 mm) and excess PhI, the plot of ln(i/i0)�
ln ([Pd0]/[Pd0]0) versus time was linear (Figure 3a) (i : oxida-


Figure 3. Kinetics of the oxidative addition of PhI to the palladium(0)
complex generated from [Pd0(dba)2] (2 mmol dmÿ3) and AsPh3


(4 mmol dmÿ3) in THF (containing nBu4NBF4, 0.3 mmol dmÿ3) at 28 8C,
monitored by amperometry at a rotating gold-disk electrode (i.d. 2 mm,
W� 105 rad sÿ1). a) Kinetics performed in the presence of PhI
(20 mmol dmÿ3) and dba (20 mmol dmÿ3). Plot of ln (i/i0)� ln ([Pd0]/[Pd0]0)
versus time (i : oxidation current of [Pd0(dba)AsPh3)2] at t, i0 : initial
oxidation current of [Pd0(dba)(AsPh3)2]), ln [Pd0]/[Pd0]0�ÿkexpt. b) Varia-
tion of kexp versus PhI concentration in the presence of dba (41 mmol dmÿ3).


tion peak current at O1 at t, i0: initial oxidation peak current at
O1). This shows that the reaction order in Pd0 is�1. The slope
of the regression line, ln [Pd0]/[Pd0]0�ÿkexpt, gave the value
of the observed rate constant kexp. The latter varied linearly
with PhI concentration (Figure 3b), showing that the reaction
order in PhI is �1. The reaction with five equivalents of PhI
was slower when the dba concentration was increased. The
observed rate constant kexp was determined by UV spectros-
copy from a plot of 0.25 ln [(4� x)/5 x] versus time (Figure 4a)
(x� [Pd0]/[Pd0]0� (DÿD1)/(D0ÿD1); D : absorbance at t ;
D1 absorbance at t1 ; D0: initial absorbance). Thus 0.25 ln
[(4 � x)/5 x]� kexpt.[6] The value of 1/kexp varied linearly with
the dba concentration (Figure 4b), showing that the reaction
order in dba is ÿ1.


This establishes that the oxidative addition does not
proceed from the major complex [Pd0(dba)(AsPh3)2], but


Figure 4. Kinetics of the oxidative addition of PhI (5 mmol dmÿ3) to the
palladium(0) complex generated from [Pd0(dba)2] (1 mmol dmÿ3) and
AsPh3 (2 mmol dmÿ3) in THF at 20 8C, monitored by UV spectroscopy.
a) Plot of 0.25 ln [(4 � x)/5 x] versus time (x� [Pd0]/[Pd0]0� (DÿD1)/
(D0ÿD1); D : absorbance of [Pd0(dba)(AsPh3)2] at t ; D1 absorbance at t1 ;
D0 : initial absorbance); 0.25 ln [(4 � x)/5x]� kexpt. b) Variation of 1/kexp


versus 1/[dba].


Scheme 3. Oxidative addition of PhI to the Pd0 complex generated from
[Pd0(dba)2] and n equivalents of AsPh3 (n� 2).


from the minor complex, [(solv)Pd0(AsPh3)2] (Scheme 3).
Both complexes are involved in a fast equilibrium with dba,
displaced by the slower oxidative addition step. Once again
dba plays an important role by controlling the concentration
of the reactive complex, although the effective oxidative
addition step does not involve a dba-ligated Pd0 species.[7]


In contrast to what was observed for PPh3
[6] and tfp,[5] the


rate of the oxidative addition was not affected by addition of
increasing amounts of AsPh3 to the mixture [Pd0(dba)2] �
AsPh3 (2 equiv). The concentration of the active species,
[(solv)Pd0(AsPh3)2], is, therefore, not controlled by the AsPh3


concentration. This is in agreement with the small value of
K0(AsPh3) [Eq. (4)] estimated above. Consequently, whatever
n� 2, the mechanism of the oxidative addition is described in
Scheme 3, without any significant contribution of the equi-
librium between [Pd0(AsPh3)3] and [(solv)Pd0(AsPh3)2], in
contrast to PPh3


[6] or tfp[5] (Scheme 2). The overall oxidative
addition is thus only controlled by the values of k3, K1, and the
dba concentration (Scheme 3). The value of k3K1 (Table 1)
was determined from the slope of the regression line of
Figure 4b. Indeed, according to the mechanism of Scheme 3,
the rate law is: 0.25 ln [(4 � x)/5 x]� kexpt� k3K1C0t/[dba].[6]
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The overall reactivity of [Pd0(dba)2] � AsPh3 (2 equiv) is
then found higher than that of [Pd0(dba)2]� PPh3 (2 equiv),[6]


k3(AsPh3)K1(AsPh3)> k3(PPh3)K1(PPh3) whatever the sol-
vent, THF or DMF (Table 1). Since K1(AsPh3)<K1(PPh3)
(vide supra), this implies that k3(AsPh3)� k3(PPh3). Even if
the concentration of [(solv)Pd0(AsPh3)2] is smaller than that
of [(solv)Pd0(PPh3)2], its intrinsic reactivity in the oxidation
step is much higher and as a result of these two antagonist
effects, the system involving AsPh3 is more reactive than that
involving PPh3. In the absence of available data on the
comparative basicity of AsPh3 and PPh3, it is usually
considered that AsPh3 is a less effective s-donor but a better
p ± acceptor than PPh3. It is then deduced that a Pd0 complex
ligated by AsPh3 is intrinsically less reactive than a Pd0


complex ligated by PPh3. Our results establish the opposite
order: k3(AsPh3)> k3(PPh3).


Therefore, the system involving AsPh3 is more reactive than
that involving PPh3 by an overall factor of ten in DMF and
seven in THF. However, this difference in reactivity is too low
to be at the origin of the large acceleration (by a factor of 103)
observed in Stille reactions of PhI with AsPh3 as the ligand
instead of PPh3.[1] This confirms that the accelerating effect is
not result of the oxidative addition but of the further
transmetallation step, as established by Farina and Krish-
nan,[1] Casado and Espinet.[3]


Characterization of the PdII complex formed in the oxidative
addition : The phenylpalladium(ii) complex formed in the
oxidative addition of PhI to the Pd0 complex generated from
[Pd0(dba)2] and two equivalents of AsPh3 has been isolated
and characterized by 1H NMR spectroscopy in CDCl3 (Fig-
ure 5a). One observes three signals at d� 6.72 (d, J� 7 Hz,
2 H; o-H), 6.47 (t, J� 7 Hz, 1 H; p-H), 6.37 (t, J� 7 Hz, 2 H;
m-H) that are characteristic of a phenyl linked to a PdII, as in
the trans-[PhPdI(PPh3)2] complex.[11] These signals were then
assigned to trans-[PhPdI(AsPh3)2]. Another unusual set of
three signals at d� 7.13 (d, J� 7 Hz, 2 H; o-H), 6.68 (t, 2 H;
m-H), 6.65 (t, 1 H; p-H) were also detected. They belong to a
single phenyl group, as established from a COSY experiment
(Figure 5a). This shows that a second phenylpalladium(ii)
complex is formed together with trans-[PhPdI(AsPh3)2]. The
formation of a cationic complex trans-[PhPd(solv)(AsPh3)2]� ,
which could be involved in an equilibrium with trans-
[PhPdI(AsPh3)2],[12a] was ruled out since a solution of trans-
[PhPdI(AsPh3)2] (2 mmol dmÿ3 in DMF) did not exhibit any
significant conductivity (2.5 mS).[13] Furthermore, after addi-
tion of AsPh3, the unusual set of three signals disappeared and
only those that featured trans-[PhPdI(AsPh3)2] could be
detected. These 1H NMR experiments establish unambigu-
ously that the main complex trans-[PhPdI(AsPh3)2] is in-
volved in an equilibrium with AsPh3 and a second phenyl-
palladium(ii) complex, which is presumably the so-called
T-shaped complex [PhPdI(solv)(AsPh3)][14] (Scheme 4), as
evidenced by Farina from kinetic investigations.[1, 2]


The equilibrium constant: KL� [PhPdI(solv)(AsPh3)]�
[AsPh3]/[PhPdI(AsPh3)2] (Scheme 4) was then determined
from the respective integration of the 1H NMR signals of
trans-[PhPdI(AsPh3)2] and [PhPdI(solv)(AsPh3)]: KL/C0�
0.07 in CDCl3 at 20 8C (22 % dissociation).


Figure 5. Characterization of the complexes formed in the oxidative
addition of PhI to the palladium(0) complex generated from [Pd0(dba)2]
and two equivalents of AsPh3. a) COSY experiment on [PhPdI(AsPh3)2] in
CDCl3 (400 MHz, TMS). b) Cyclic voltammetry of a solution of
[PhPdI(AsPh3)2] (2 mmol dmÿ3) in DMF (containing nBu4NBF4,
0.3 mmol dmÿ3) at a stationary gold-disk electrode (0.5 mm diameter) with
a scan rate of 0.2 V sÿ1; R1: reduction wave of [PhPdI(solv)(AsPh3)]; R2:
reduction wave of trans-[PhPdI(AsPh3)2]. c) Determination of the equili-
brium constant KL between [PhPdI(solv)(AsPh3)] and trans-
[PhPdI(AsPh3)2] (Scheme 4) by chronoamperometry performed at a
stationary gold-disk electrode (0.5 mm diameter). Plot of iR1/(iR1 � iR2)
versus log q (q : duration of the potential step of the chronoamperometry).


Scheme 4. Equilibrium between [PhPdI(AsPh3)2] and the T-shaped com-
plex [PhPdI(solv)(AsPh3)] ([S]� solvent).


The T-shaped complex [PhPdI(solv)(AsPh3)] was also
characterized by cyclic voltammetry performed in DMF
(containing nBu4NBF4, 0.3 mol dmÿ3). The voltammogram
of a solution of trans-[PhPdI(AsPh3)2] (2 mm) at 0.2 V sÿ1


exhibited two successive irreversible reduction peaks, R1


and R2 at ÿ1.58 and ÿ1.76 V, respectively, versus SCE
(Figure 5b). The reduction current of R1 decreased after
addition of AsPh3, whereas the reduction current of R2


increased. This indicates that R1 characterizes [PhPdI(solv)-
(AsPh3)], whereas R2 characterizes trans-[PhPdI(AsPh3)2].
The ratio of the two reduction currents at short times, which
reflects the ratio of their respective concentration at equilib-
rium, has been determined by chronoamperometry.[12b] The
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plot of iR1/(iR1 � iR2) versus log q (q : duration of the potential
step of the chronoamperometry) is shown in Figure 5c. The
equilibrium is frozen at the shortest times investigated (50<
q< 100 ms), as evidenced by the constant value of iR1/(iR1 �
iR2) in this time range (Figure 5c). This constant value gives
the thermodynamic concentration of [PhPdI(solv)(AsPh3)] in
the equilibrium and provides the equilibrium constant KL


(Scheme 4). Thus KL� 3� 10ÿ4 mol Lÿ1 in DMF at 25 8C and
KL/C0� 0.15 (C0� 2 mm)


This corresponds to 32 % dissociation under the conditions
of Figure 5c. The equilibrium is not very labile since times of
q> 0.5 s are required to shift the equilibrium, as indicated by
the slow increase of iR1/(iR1 � iR2) above this time (Figure 5 c).


To our knowledge, this is the first spectroscopic evidence
for the formation of the so-called T-shaped complex. Its
formation has been deduced by Farina and Roth[2] from
kinetic investigations, with a value of KL� 8.6� 10ÿ4 mol Lÿ1


in THF at 50 8C, which corresponds to KL/C0� 0.27 (40 %
dissociation). All KL values are coherent and establish the
presence of the T-shaped complex [PhPdI(solv)(AsPh3)] in
appreciable concentration. The formation of transient inter-
mediate T-shaped [ArPdBr(PPh3)] complexes has been also
established by Louie and Hartwig,[15] from kinetic investiga-
tions on the reaction of trans-[ArPdBr(PPh3)2] complexes
with organostannanes, for example, PhSnBu3.


Influence of CH2�CHÿSnBu3 on the rate and mechanism of
the oxidative addition of PhI to the palladium(0) generated
from [Pd0(dba)2] � AsPh3 (2 equiv) in THF and DMF : The
influence of a nucleophile, such as CH2�CHÿSnBu3, on the
mechanism of the oxidative addition of PhI has been
investigated. Indeed, this nucleophile possesses a C�C double
bond and might be a ligand of the Pd0. Consequently, a
competition might exist between dba and CH2�CHÿSnBu3


for the complexation of the [Pd0(AsPh3)2] moiety. A com-
petition which will be enhanced by the considerably higher
concentration of CH2�CHÿSnBu3 compared to that of dba,
in a true catalytic reaction. Moreover, it has been recently
reported that PhC�CÿSnBu3 undergoes oxidative addition
to Pd0 complexes through activation of its C ± Sn bond.[16] It
is thus of great interest to determine the mechanism of
the oxidative addition of PhI in the presence of CH2�CHÿ
SnBu3.


Evidence for the formation of [Pd0(h2-CH2�CHÿ
SnBu3)(AsPh3)2]: When the UV spectroscopy of the complex
[Pd0(dba)(AsPh3)2] (1 mmol dmÿ3), formed quantitatively
from [Pd0(dba)2] and AsPh3 (2 equiv) in DMF and THF, was
performed in the presence of excess CH2�CHÿSnBu3, one
observed a rapid partial decay of its absorbance (Figure 6a).
This limiting value decreased again after successive additions
of CH2�CHÿSnBu3 (Figure 6a) and increased after addition
of dba. This indicates that [Pd0(dba)(AsPh3)2] and CH2�CHÿ
SnBu3 are involved in an equi-
librium, whereas dba plays a
role in the reverse reaction.
Since oxidative addition of Pd0


complexes are usually irrever-
sible, the observed reaction is


Figure 6. a) UV spectrum of a solution of [Pd0(dba)2] (1 mmol dmÿ3) and
AsPh3 (2 mmol dmÿ3) in DMF in a 1 mm path cell in the presence of
n' equiv of CH2�CHÿSnBu3. b) Determination of the equilibrium constant
K'0 between [Pd0(dba)(AsPh3)2] and [Pd0(CH2�CHÿSnBu3)(AsPh3)2]
[Eq. (5)] at 20 8C. Plot of (1ÿ x)(2ÿ x)/(n'ÿ 1 � x) versus x (x�
[Pd0(dba)(AsPh3)2]equil/[Pd0(dba)(AsPh3)2]0� (DÿD1)/(D0ÿD1); D : ab-
sorbance at equilibrium; D1 absorbance when the equilibrium was totally
shifted towards [Pd0(h2-CH2�CHÿSnBu3)(AsPh3)2], D0 : initial absorb-
ance). (1ÿ x)(2ÿ x)/(n'ÿ 1� x)�K'0x.


certainly not an oxidative addition of CH2�CHÿSnBu3 to
[(solv)Pd0(AsPh3)2] by activation of the C ± Sn bond, but
rather a reversible complexation of [Pd0(AsPh3)2] by CH2�
CHÿSnBu3 [Eq. (5)]. This is also supported by the fact that no
reaction was observed when a noncomplexing organostan-
nane, such as PhÿSnBu3, was added to a solution of
[Pd0(dba)(AsPh3)2] in THF.


[Pd0(dba)(AsPh3)2] � CH2�CHÿSnBu3 ÿ!
K'0


[Pd0(h2-CH2�CHÿSnBu3)(AsPh3)2] � dba (5)


In Equation (5) K'0� [Pd0(h2-CH2�CHÿSnBu3)(AsPh3)2]�
[dba]/[CH2�CHÿSnBu3][Pd0(dba)(AsPh3)2]. The equilibrium
is an overall equilibrium which results from two successive
equilibria (Scheme 5).


Cyclic voltammetry of a solution of [Pd0(dba)(AsPh3)2]
(2 mmol dmÿ3 in THF) in the presence of increasing amounts
of CH2�CHÿSnBu3 (by 10 equiv at a time) showed in the
successive decay of the oxidation peak current of
[Pd0(dba)(AsPh3)2]. This is further evidence for the establish-
ment of the equilibrium given in Equation (5). However, no
new oxidation peak appeared which featured an oxidation of


Scheme 5. Equilibrium between Pd0 complexes ligated by AsPh3 and/or dba, CH2�CHÿSnBu3.
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[Pd0(h2-CH2�CHÿSnBu3)(AsPh3)2].[17] Therefore, this last
complex is much less oxidizable than [Pd0(dba)(AsPh3)2].


The equilibrium constant K'0 [Eq. (5)] was determined in
DMF and THF by UV spectroscopy which provided the
thermodynamic concentration of [Pd0(dba)(AsPh3)2] in the
equilibrium as a function of the CH2�CHÿSnBu3 concentra-
tion. The plot of (1ÿ x)(2ÿ x)/(n'ÿ 1� x) versus x was linear
(Figure 6b) (n'� equiv of CH2�CHÿSnBu3, x� [Pd0(dba)-
(AsPh3)2]equil/[Pd0(dba)(AsPh3)2]0� (DÿD1)/(D0ÿD1); D :
absorbance at equilibrium; D1 absorbance when the equi-
librium was totally shifted towards [Pd0(h2-CH2�CHÿ
SnBu3)(AsPh3)2], D0: initial absorbance). K'0 was then deter-
mined from the slope of the regression line (Figure 6b,
Table 2) to be (1ÿ x)(2ÿ x)/(n'ÿ 1 � x)�K'0x.


For comparable concentra-
tions of dba and CH2�CHÿ
SnBu3, the affinity of CH2�
CHÿSnBu3 for the [Pd0-
(AsPh3)2] moiety is then small-
er than that of dba. However,
under catalytic conditions,
CH2�CHÿSnBu3 is in large ex-
cess relative to dba. When
[CH2�CHÿSnBu3]/[dba]� 50,[1]


the ratio [Pd0(h2-CH2�CHÿ
SnBu3)(AsPh3)2]/
[Pd0(dba)(AsPh3)2] may be calculated from the value of K'0�
0.21 in DMF, and is found to be �10. This means that the
overall equilibrium lies more in favor of [Pd0(h2-CH2�CHÿ
SnBu3)(AsPh3)2] under realistic catalytic conditions.


A similar complexation of CH2�CHÿSnBu3 to [Pd0(PPh3)2]
to form [Pd0(h2-CH2�CHÿSnBu3)(PPh3)2] occurred upon
addition of CH2�CHÿSnBu3 to [Pd0(dba)2] and two equiv-
alents of PPh3 in THF. The determination of K'0 for PPh3


(Table 2) shows that the overall equilibrium in Scheme 5 lies
more in favor of [Pd0(h2-CH2�CHÿSnBu3)(AsPh3)2] than for
[Pd0(h2-CH2�CHÿSnBu3)(PPh3)2] (K'0(AsPh3)�K'0(PPh3)).
Since K1(AsPh3)<K1(PPh3) (vide supra), this means that
K'2(AsPh3)�K'2(PPh3). In other words, the affinity of CH2�
CHÿSnBu3 for the [Pd0(AsPh3)2] moiety is considerably
higher than that for the [Pd0(PPh3)2] moiety.


Rate and mechanism of the oxidative addition of PhI in the
presence of [Pd0(h2-CH2�CHÿSnBu3)(AsPh3)2]. Determina-


tion of the reactive species in DMF and THF : The oxidative
addition of PhI to the Pd0 complex, generated from
[Pd0(dba)2] (1 mm) and two equivalents of AsPh3, was
investigated in the presence of CH2�CHÿSnBu3 at various
concentrations in DMF and THF. The kinetics were moni-
tored by UV spectroscopy. A preliminary check was made
under our experimental conditions to make sure that the
formation of styrene by the cross-coupling reaction was much
slower than the oxidative addition, so that the regeneration of
the Pd0 complex by the cross-coupling reaction did not
interfere significantly on the timescale of the oxidative
addition. The oxidative addition of PhI was increasingly
slower when the concentration of CH2�CHÿSnBu3 was
increased. This suggests that [(solv)Pd0(AsPh3)2] remains the
reactive species in the presence of CH2�CHÿSnBu3


(Scheme 6).
Indeed, the effect of CH2�CHÿSnBu3 is to decrease the


concentration of the reactive species [(solv)Pd0(AsPh3)2] by
displacing the second equilibrium (equilibrium constant 1/K'2)
towards the formation of the unreactive complex, [Pd0(h2-
CH2�CHÿSnBu3)(AsPh3)2]. If this last complex were the
reactive species, increasing the CH2�CHÿSnBu3 concentra-
tion would have resulted in an increase of the overall rate.
Therefore, these results establish unambiguously that even if
[Pd0(h2-CH2�CHÿSnBu3)(AsPh3)2] is the major Pd0 complex
in the presence of excess CH2�CHÿSnBu3, the oxidative
addition still proceeds via [(solv)Pd0(AsPh3)2] (Scheme 6).


The apparent rate constant kapp of the oxidative addition,
when performed in the presence of excesses of dba and CH2�
CHÿSnBu3, is then given by Equations (6) and (7)[18] (for
simplification, [CH2�CHÿSnBu3] is designated as [Sn]).


1


kapp�Sn� �
1


k3�Sn� �
1


k3K '2�Sn� �
�dba�


k3K1�Sn� (6)


1


kapp�Sn� �
1


k3�Sn� �
1


k3K1


K '0 �
�dba�
�Sn�


 !
(7)


If the dba and CH2�CHÿSnBu3 concentrations are too high,
the oxidative addition will be very slow with the problem that
the timescales of the oxidative addition (reaction order ÿ1 in
CH2�CHÿSnBu3 and dba) and of the transmetallation
(reaction order �1 in CH2�CHÿSnBu3)[1±3] will become close.
Under such conditions, there might be a possible interference
in the oxidative addition of the Pd0 regenerated in the
sequence transmetallation/reductive elimination (Scheme 1).


Table 2. Equilibrium constant K'0 between [Pd0(h2-CH2�CHÿ
SnBu3)(AsPh3)2] and [Pd0(dba)(AsPh3)2], generated from [Pd(dba)2] and
two equivalents of AsPh3, in THF and DMF [Eq. (5), Scheme 5].
Comparison with PPh3.


Ligand Solvent T [8C] K'0


AsPh3 DMF 20 0.21� 0.01[a]


AsPh3 THF 20 0.06� 0.02[a]


AsPh3 THF 28 0.036� 0.002[b]


PPh3 THF 28 0.0001[a]


[a] Determined from UV spectroscopic data. [b] Determined from the
kinetics.


Scheme 6. Mechanism of the oxidative addition of PhI to the Pd0 complex generated from [Pd0(dba)2] and
n equivalents of AsPh3, (n� 2), in the presence of CH2�CHÿSnBu3 ([S]� solvent).
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This is why the kinetics of the oxidative addition of PhI has
been investigated from [Pd0(dba)2] and two equivalent AsPh3,
without added dba, for CH2�CHÿSnBu3 concentrations in the
range 1 ± 10 mmol dmÿ3, or at low concentrations of dba
(8 mmol dmÿ3) and for CH2�CHÿSnBu3 concentrations in the
range 1 ± 20 mmol dmÿ3. The plot of 1/kapp[Sn] versus K'0 �
[dba]/[Sn] [Eq. (7)], with the value of K'0 determined by UV
spectroscopy (Table 2) was linear in DMF (Figure 7) and


Figure 7. Kinetics of the oxidative addition of PhI (1 mol dmÿ3) to the
palladium(0) complex generated from [Pd0(dba)2] (1 mmol dmÿ3) and
AsPh3 (2 mmol dmÿ3) in the presence of various amounts of CH2�CHÿ
SnBu3 in the range 1 ± 10 mmol dmÿ3, and then in the presence of added dba
(8 mmol dmÿ3) and for CH2�CHÿSnBu3 concentrations in the range 1 ±
20 mmol dmÿ3, in DMF at 20 8C monitored by UV spectroscopy. Plot of
1/kapp[Sn] versus K'0 � [dba]/[Sn] [Eq. (7)].


passed through zero. Then, 1/k3[Sn]� 1 and k3� 103mÿ1 sÿ1.
The value of k3K1 was determined from the slope of the
regression line. This allows a second determination of k3K1:
0.19 instead of 0.066 in DMF (Table 1) and 0.068 instead of
0.078 in THF at 20 8C (Table 1).[19]


The effect of the nucleophile, CH2�CHÿSnBu3, is then to
slow down the rate of the oxidative addition. This shows that a
nucleophile may interfere in the oxidative addition step
before the transmetallation step. This has already been
observed with styrene (reagent in Heck reactions), which
was found to slow down the oxidative addition of PhI by
formation of the unreactive complex [Pd0(h2-CH2�CH-Ph)-
(PPh3)2].[20] In another situation, a major and reactive complex
[Pd0(h2-CH2�CH-CO2Me)(dppf)] (dppf� 1,1'-bis(diphenyl-
phosphino)ferrocene) was formed when CH2�CH-CO2Me
was the alkene in a Heck reaction catalyzed by [Pd0(dba)2]
and dppf.[21]


In a comparison of PPh3 and AsPh3, one sees that the effect
of AsPh3 is to increase the rate of the oxidative addition in the
absence of CH2�CHÿSnBu3 in THF and DMF. However, this
accelerating effect is partly canceled out in the presence of
CH2�CHÿSnBu3, that is, under the conditions of a true
catalytic reaction.


Conclusion


Relative to PPh3, the effect of AsPh3 when added to
[Pd0(dba)2] in the ratio 2:1, is to increase the rate of the
oxidative addition of PhI by a factor ten in DMF and seven in
THF. The reactive species is still a 14-electron complex
[(solv)Pd0(AsPh3)2]; however, the complex is present at low


concentrations because it is involved in an equilibrium with
the major but nonreactive complex [Pd0(dba)(AsPh3)2]. Once
again, dba has a decelerating effect on the rate of the
oxidative addition by decreasing the concentration of the
reactive species. In contrast to PPh3, the addition of more than
two equivalents of AsPh3 to [Pd0(dba)2] does not affect the
kinetics of the oxidative addition because of the very ender-
gonic displacement of dba from [Pd0(dba)(AsPh3)2] to form
[Pd0(AsPh3)3]. The higher reactivity observed in the oxidative
addition when the ligand is AsPh3 is not caused by thermody-
namic factors, since the concentration of the reactive species,
[(solv)Pd0(AsPh3)2], is lower than that of [(solv)Pd0(PPh3)2],
but rather it is caused by kinetic factors, which make
[(solv)Pd0(AsPh3)2] intrinsically more reactive in the oxida-
tive addition elementary step than [(solv)Pd0(PPh3)2]. This
may only be caused by electronic factors since both ligands
have very similar cone angles.


The complex trans-[PhPdI(AsPh3)2], formed in the oxida-
tive addition, is involved in a slow equilibrium with a T-shaped
complex [PhPdI(solv)(AsPh3)] after appreciable decomplex-
ation of one AsPh3. Yet, up to now, we do not know whether
the T-shaped complex contributes or not in the transmetalla-
tion step.[1±3]


Under catalytic conditions, that is, in the presence of a
nucleophile such as CH2�CHÿSnBu3, which is able to
coordinate [Pd0(AsPh3)2], a new complex is formed, [Pd0(h2-
CH2�CHÿSnBu3)(AsPh3)2], which does not react with PhI.
CH2�CHÿSnBu3 makes the oxidative addition slower by
decreasing the concentration of the reactive species [(solv)-
Pd0(AsPh3)2]. This shows that a nucleophile may be not only
involved in the transmetallation step, but may also interfere in
the kinetics of the oxidative addition step by modifying the
concentration of the reactive species. The accelerating effect
of AsPh3 relative to PPh3 is then partially canceled by the
decelerating effect of the nucleophile.


As a conclusion of the above study, the mechanism of the
oxidative addition in a [Pd0(dba)2]/nAsPh3-catalyzed Stille
reaction involving PhI and CH2�CHÿSnBu3 may be described
as in Scheme 6. The kinetics of the overall oxidative addition
does not depend on the number of equivalents of AsPh3,
provided that n� 2. However, the thermodynamic concen-
tration of the T-shaped complex is dependent on the AsPh3


concentration.


Experimental Section


31P NMR spectra were recorded on a Bruker spectrometer (101 MHz) with
H3PO4 as an external reference. UV spectra were recorded on a DU 7400
Beckman spectrophotometer. Cyclic voltammetry was performed with a
homemade potentiostat and a waveform generator Tacussel GSTP4. The
cyclic voltammograms were recorded on a Nicolet 301 oscilloscope.


DMF was distilled from calcium hydride under vacuum and kept under
argon. THF was distilled from sodium benzophenone. Triphenylarsine,
phenyl iodide, and vinyltributyltin (Aldrich) were commercially available.
[Pd0(dba)2] was prepared according to a reported procedure.[22]


Synthesis of trans-[PhPdI(AsPh3)2]: Anhydrous THF was added to
[Pd(dba)2] (1 g, 1.74 mmol) and AsPh3 (1.065 g, 3.48 mmol) until complete
dissolution. PhI (387 mL, 3.48 mmol) was then added. After 2 h, the THF
was evaporated. The addition of ethyl ether gave a pale yellow precipitate.
Yield: 1.33g (83 %); 1H NMR (400 MHz, CDCl3): d� 7.45 (d, J� 7 Hz, 2H;
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o-H of AsPh3), 7.37 (t, J� 7 Hz, 1H; p-H of AsPh3), 7.29 (t, J� 7 Hz, 2H;
m-H of AsPh3), 6.72 (d, J� 7 Hz, 2H; o-H), 6.47 (t, J� 7 Hz, 1H; p-H), 6.37
(t, J� 7 Hz, 2 H; m-H); the 1H NMR spectrum also exhibited the signals of
[PhPdI(AsPh3)]: d� 7.45 (d, J� 7 Hz, 2H; o-H of AsPh3), 7.37 (t, J� 7 Hz,
1H; p-H of AsPh3), 7.29 (t, J� 7 Hz, 2 H; m-H of AsPh3), 7.13 (d, J� 7 Hz,
2H; o-H), 6.68 (t, 2 H; m-H), 6.65 (t, 1H; p-H); the single signal of the free
AsPh3 at d� 7.37 overlaps one of the signals of the ligated AsPh3.


UV experiments : Mixtures of [Pd0(dba)2] (1 mmol dmÿ3) and AsPh3


(2 equiv) in DMF or THF and the suitable amount of PhI or CH2�CHÿ
SnBu3 were investigated in a thermostated cell with a 1 mm path length.


Electrochemical set-up and electrochemical procedure for voltammetry :
Experiments were carried out in a three-electrode cell connected to a
Schlenk line. The counter-electrode was a platinum wire of �1 cm2


apparent surface area; the reference was a saturated calomel electrode
(Tacussel) separated from the solution by a bridge filled with THF or DMF
(3 mL) that contained nBu4NBF4 (0.3 mol dmÿ3). THF or DMF (12 mL)
containing nBu4NBF4 (0.3 mol dmÿ3) were poured into the cell followed by
[Pd0(dba)2] (13.8 mg, 0.024 mmol) and AsPh3 (14.7 mg, 0.048 mmol). Cyclic
voltammetry was performed at a stationary gold-disk electrode (i.d.
0.5 mm) with a scan rate of 0.5 V sÿ1. The chronoamperometry was
performed at a stationary gold-disk electrode (i.d. 0.5 mm) every 50 mV
from �1.15 V to �2 V, with duration steps q from 0.05 ± 0.5 s. The kinetics
of the oxidative addition of PhI was monitored at a rotating gold-disk
electrode (i.d. 2 mm) polarized at �0.8 V with an angular velocity of
105 rad sÿ1.


Acknowledgements


This work has been supported in part by the Centre National de la
Recherche Scientifique (CNRS, UMR 8640 ªPASTEURº) and the Minis-
teÁre de la Recherche (Ecole Normale SupeÂrieure).


[1] V. Farina, B. Krishnan, J. Am. Chem. Soc. 1991, 113, 9585 ± 9595.
[2] For a review, see: V. Farina, G. P. Roth, Adv. Metalorg. Chem. 1996, 5,


1 ± 53.
[3] A. L. Casado, P. Espinet, J. Am. Chem. Soc. 1998, 120, 8978 ± 8985.
[4] Farina has used [Pd0


2(dba)3] as a precursor.[2] We used [Pd0(dba)2] to
permit a comparison with our previous work.[5]


[5] C. Amatore, A. Jutand, G. Meyer, H. Atmani, F. Khalil, F.
Ouazzani Chahdi, Organometallics 1998, 17, 2958 ± 2964.


[6] C. Amatore, A. Jutand, F. Khalil, M. A. M�Barki, L. Mottier,
Organometallics 1993, 12, 3168 ± 3178.


[7] For a review see: C. Amatore, A. Jutand, Coord. Chem. Rev. 1998,
178 ± 180, 511 ± 528.


[8] For palladium-catalyzed reactions initiated by the catalytic precursor
[Pd(dba)2] associated with AsPh3, see: a) J. M. Brown, M. Pearson,


T. B. H. Jastrzebski, G. Van Koten, J. Chem. Soc. Chem. Commun.
1992, 1440 ± 1441; b) J. M. Brown, M. Pearson, T. B. H. Jastrzebski, G.
Van Koten, J. Chem. Soc. Chem. Commun. 1992, 1440 ± 1441; c) T.
Watanabe, M. Sakai, N. Miyaura, A. Suzuki, J. Chem. Soc. Chem.
Commun. 1994, 467 ± 468; d) Y. Obora, Y. Tsuji, M. Kobayashi, T.
Kawamura, J. Org. Chem. 1995, 60, 4647 ± 4649; e) J. E. C. Wigel-
mann-Kreiter, U. E. F. Bunz, Organometallics 1995, 14, 4449 ± 4451.


[9] C. Amatore, A. Jutand, G. Meyer, Inorg. Chim. Acta 1998, 273, 76 ± 84.
[10] C. A. Tolman, Chem. Rev. 1977, 77, 313 ± 348.
[11] a) C. Amatore, A. Jutand, F. Khalil, M. F. Nielsen, J. Am. Chem. Soc.


1992, 114, 7076 ± 7085; b) T. I. Wallow, F. E. Goodson, B. M. Novak,
Organometallics 1996, 15, 3708 ± 3716.


[12] a) C. Amatore, E. CarreÂ, A. Jutand, Acta Chem. Scand. 1998, 52, 100 ±
106; b) We have used the same procedure as for the determination of
the equilibrium constant between [PhPd(solv)(PPh3)2]� and trans-
[PhPdI(PPh3)2].[12a]


[13] The conductivity of [ArPd(DMF)(PPh3)]2
�(TfO)ÿ complexes


(2 mmol dmÿ3) in DMF is �80 mS. See: A. Jutand, A. Mosleh,
Organometallics 1995, 14, 1810 ± 1817.


[14] The 1H shifts of the phenyl linked to PdII in [PhPdI(solv)(AsPh3)] are
globally located at lower fields than those corresponding to the trans-
[PhPdI(AsPh3)2]. It is worthwhile to note the very low-field shift of the
doublet of [PhPdI(solv)(AsPh3)] at d� 7.13 relative to the other
signals. This doublet was assigned to the two protons in the ortho
position, relative to PdII, which are then affected more strongly than
the three other protons by the absence of one AsPh3 when compared
to trans-[PhPdI(AsPh3)2].


[15] J. Louie, J. F. Hartwig, J. Am. Chem. Soc. 1995, 117, 11 598 ± 11599.
[16] E. Shirakawa, H. Yoshida, T. Hyima, Tet. Lett. 1997, 38, 5177 ± 5180,


and references therein.
[17] A. Fuxa, Ph.D. Thesis, University of Paris VI, 1999.
[18] The kinetics law is the same as that established for the oxidative


addition performed from [Pd0(dba)(PPh3)2] in the presence of excess
PPh3,[6] namely, when [Pd0(dba)(PPh3)2] is involved in an equilibrium
with [Pd0(PPh3)3] via [(solv)Pd0(PPh3)2] (Scheme 2), CH2�CHÿSnBu3


then acts as extra PPh3.
[19] In THF we used the kinetic law of Equation (6) to obtain the value of


K'0 at 20 8C (Table 2).
[20] a) C. Amatore, E. CarreÂ, A. Jutand, unpublished results; b) E. CarreÂ,


Ph.D. Thesis, University of Paris VII, 1995.
[21] A. Jutand, K. K. Hii, M. Thornton-Pett, J. M. Brown, Organometallics


1999, 18, 5367 ± 5374.
[22] a) Y. Takahashi, Ts. Ito, S. Sakai, Y. Ishii, J. Chem. Soc. Chem.


Commun. 1970, 1065 ± 1066; b) M. M. F. Rettig, P. M. Maitlis, Inorg.
Synth. 1977, 17, 134.


Received: November 24, 2000 [F2893]








Copper(ii) Complexes of Aminocarbohydrate b-Ketoenaminic Ligands:
Efficient Catalysts in Catechol Oxidation


Rainer Wegner,[a] Michael Gottschaldt,[b] Helmar Görls,[a]


Ernst-G. Jäger,*[a] and Dieter Klemm*[b]


Dedicated to Prof. Dr. Dieter Sellmann on the occasion of his 60th birthday


Abstract: Copper(ii) complexes of tri-
dentate dianionic b-ketoenaminic li-
gands derived from differently function-
alized amino-deoxyglucoses were syn-
thesized and characterized with respect
to their structural, spectroscopic, and
catalytic properties. The (probably di-
meric) complex {1,2-O-isopropylidene-
6-N-(3-acetyl-2-oxobut-3-enyl)amino-6-
deoxyglucofuranoso}copper(ii) Cu(3 a)
was a highly efficient catalyst for the
catechol-oxidase-like oxidation of 3,5-
di-tert-butylcatechol (dtbc) into 3,5-di-
tert-butylquinone (dtbq) by molecular
oxygen (kcat� 2.63 sÿ1). In contrast to
this magnetically ªnormalº complex
Cu(3 a), the analogous dinuclear com-


plex [{Cu(2 a)}2], derived from the iso-
meric amino sugar 5-amino-5-deoxyglu-
cofuranose, forms six-membered chelate
rings with the sugar moiety and has very
strong antiferromagnetic-coupled cop-
per atoms (resulting in a diamagnetic
ground state). It has a rather insignif-
icant activity (kcat< 10ÿ3 sÿ1). The ligand
H21 a, derived from a (protected) 6-ami-
no-6-deoxyglucopyranose, forms a tri-
nuclear complex [{Cu(1 a)}2 ´ Cu(OAc)2]
in which two basic formula units are


bridged by one copper acetate. This
compound and the complex derived
from an (isomeric) aminodeoxygluco-
pyranose ([Cu(4 a)]: kcat� 0.03 sÿ1) show
moderate activity. All complexes with a
peripheral ethoxycarbonyl group in-
stead of the acetyl substituent R2,
Cu(1 b) ± Cu(3 b) and Cu(4 c), are inac-
tive. The complexes derived from 2-hy-
droxocyclohexylamine, Cu(5 a) and
Cu(5 c), which were used as models of
the active complex Cu(3 a), have the
typical ªcubane-likeº tetranuclear struc-
ture known from many copper com-
plexes with derivatives of saturated
2-aminoalcohols. They are inactive with
respect to the activation of dioxygen.


Keywords: carbohydrates ´ copper
´ magnetic properties ´ oxidation ´
Schiff bases


Introduction


Di- and oligonuclear copper complexes represent the active
site of many copper proteins involved in transport, storage,
and activation of molecular oxygen. For the four-electron
reduction of dioxygen, nature favors structures such as the
dinuclear center in catechol oxidase[1] or the active site of
ascorbate oxidase[2] with a trinuclear unit and an additional
ªtype Iº copper atom. Intensive studies on oligonuclear


copper model compounds have been undertaken in recent
years to elucidate the relationship between structure and
reactivity of the natural active sites and to develop new
complexes with a useful catalytic performance.[3±7] In most
cases, dinucleating (macrocyclic or open-chain) ligands were
used for the design of such complexes. In our approach
(Scheme 1), we use tridentate ligands derived from conden-
sation products of a primary amine A, which bears an
additional donor (D), such as O, S, and R ± N, with a
substituted 3-oxo-enol B to reach coordinatively unsaturated
formula units of complexes that tend to give oligonuclear
structures. The substituents R1 and R2 can be used to control
the electronic properties of the metal center (redox behavior,
Lewis acidity),[8] whilst the bridges R' mainly determine the
structure, stability, and reactivity of the coordinatively
saturated oligonuclear species.


Even the first examples of copper complexes, I, derived
from 2-hydroxoethylamine, confirmed the high tendency of
such formula units towards spontaneous oligomerization:[9]


they form very stable tetranuclear molecules with a cubane-
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Scheme 1. Coordinatively unsaturated formula units of metal complexes
with tridentate ligand anions based on functionalized 3-oxo-1-enamines as
building blocks for oligonuclear structures.


like [Cu4O4] core[10] and ªnormalº magnetic behavior (S� 1�2)
at room temperature. Later on, it was realized that this motif
is a typical structural feature of many complexes I with R'�
CH2ÿCH2, whereas the derivatives of other hydroxoamines
(e.g., with aromatic or longer aliphatic bridges R') give mainly
dinuclear species, characterized by a more or less strong
magnetic coupling of the copper centers.[11±22] Interesting di-
and tetranuclear metalla-macrocycles have been isolated
from copper complexes of type II with histidine as the amine
component A.[23] Their oligonuclear structures are stable even
in the presence of strong additional ligands, such as pyridine
or N-methylimidazole.


Recently, we described the first structurally characterized
prototypes[24] of complexes derived from aminodeoxysugars
as amine component A (formula III presents one of a big
variety of hypothetical structures of this general type of
complexes). Based on current knowledge, carbohydrates are
not typical ligands in biological metal complexes. However, as
a backbone in synthetic ªmimicsº they offer valuable
advantages: they are chiral, polyfunctional, natural substances
that exist in a broad region of molecular size and obey unique
conformative and configurative principles. They can be
selectively functionalized and can have supramolecular struc-
tures (fibers, gels, membranes, mono- and multilayers)[25±27] as
mono-, oligo-, or polysaccharides. Solubility can be regulated
in a wide range, as well as the biological activity, compatibility,
and the possible biological decomposition. Recent studies of
the organometallic[28] and coordination chemistry[29±34] of N-
glycosides, nonmodified carbohydrates, and inositols have
shown that carbohydrates have a very interesting potential as
complex ligands.


In the case of our copper complexes with derivatives of
amino sugars, we observed an interesting catalytic activity in
the catechol-oxidase-like oxidation of di-tert-butylcatechol
(dtbc) to the corresponding quinone by molecular oxygen.[24]


This paper will give a more detailed discussion of this
phenomenon, including new complexes of new amino sugar
derivatives. Additionally, two complexes of type I with a
cyclohexane-1,2-diyl bridge R' are included for comparison.
This cyclic chiral bridge R' has some structural features in
common with the six-membered ring of a pyranose, but
without the possible effects of additional hydroxo or alkoxo
substituents.


Results and Discussion


The basic structures of ligands used in this study and their
abbreviations are given in Scheme 2. The ligands H21 ± H24
are derived from aminodeoxyglucoses with a systematic


Scheme 2. Overview and abbreviations of ligands used (the type of
substituents is symbolized by small bold letters a : R1�Me, R2�COMe,
b : R1�OEt, R2�CO2Et; c : R1�Me; R2�CO2Et).


variation of the position of the functionalized amino group;
they have at least one free hydroxyl group in the neighbor-
hood of the amino function. Formally, they should react with
copper(ii) ions as derivatives of 1,2- or 1,3-aminoalcohols.[9, 10]


In the case of deprotonation of the enamine-NH in addition to
one hydroxo group, H21 should give an additional six-
membered chelate ring with the central copper atom. In the
case of H22, either a five-membered ring (with O at the
terminal C6 of the sugar chain) or a six-membered ring (with
the O at C3) could be expected. Ligand H23 should give a five-
membered ring (with O at C5) or (but very improbably) a
seven-membered ring (with O at C3). In the case of H24, many
possibilities exist: five-membered rings could be formed with
O at C1 or C3, whereas six- or eight-membered rings should be
possible with O at C4 or C6. The model ligands H25 give only
five-membered additional rings that strongly resemble the
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pyranose derivatives H24, but with respect to the size of
possible chelate rings, they are also similar to H22 and H23.


The following ligands have been isolated as solids and
characterized by their melting points (with exception of the
oily H21 and H25), elemental analysis, and 1H NMR, 13C NMR,
and IR spectroscopy: H21 a, H21 b, H22 a, H22 b, H23 a, H23 b,
H25 a, H25 c.


The ligands H24 a and H24 c were formed in situ and these
solutions were used to prepare the complexes directly.


Copper(ii) complexes of the following compositions were
isolated and have been characterized by elemental analysis,
MS, UV/Vis, IR, and (in part) EPR spectra, and magnetic
behavior. Although structure determinations by X-ray anal-
ysis were possible only for the complexes of H21 a, H22 a,
H25 a, and H25 c, the expected tendency to spontaneous
oligomerization could be proved in all cases by mass
spectrometry: [{Cu(1a)}2 ´ Cu(OAc)2], [{Cu(1b)}2 ´ Cu(OAc)2],
[{Cu(2 a)}2 ´ H2O][{Cu(2 a)}2 ´ MeOH] (from MeOH/water),
[{Cu(2 a)}2] (from toluene), [{Cu(2 b)}2], [{Cu(3 a)}x], [{Cu-
(3b)}x], [{Cu(4a)}2 ´ (Et3NH)OAc], [{Cu(4c)}2 ´ (Et3NH)OAc],
[{Cu(5 a)}4], [{Cu(5 c)}4].


In the following, the complexes are symbolized in general
by their formula unit ªCu(L)º only, independent of their
correct composition. In fact, the complexes differ decisively in
their structure and catalytic activity because of the specific


influence of the carbohydrate. The ligands H25, which bear a
trans-cyclohexan-1,2-diyl bridge R' but without additional
O-functional groups, give the expected solvent-free com-
plexes with the tetranuclear structure typical for complexes
with derivatives of simpler aliphatic 2-aminoalcohols.


Crystal and molecular structures : Crystals that were suitable
for X-ray structure determination were obtained for com-
pounds Cu(1 a), Cu(2 a), Cu(5 a), and Cu(5 c). The structures
of the copper(ii) complexes obtained with the ligands H21 a
and H22 a have recently been presented in a preliminary
communication.[24] Details of crystal structure determination
and refinement for both complexes are listed in Table 1.
Table 2 gives selected bond lengths and angles as well as the
nonbonding distances for the complex of H21 a.


The ligand H21 a reacts with copper(ii) acetate in ethanol/
water in the presence of triethylamine to give crystals of a
trinuclear complex in which two Cu(1 a) units are bridged by
one copper(ii) acetate. Figure 1 shows the stereoviews of the
complete molecule (top), the arrangement of the chelate and
pyranose rings (middle), and the coordination around the
three copper atoms (bottom). Figure 2 shows the intermolec-
ular bonding in the unit cell.


The unit cell contains two formula units of the trinuclear
complex [{Cu(1 a)} ´ {Cu(OAc)2} ´ {Cu(1 a)}]. Both of the


Table 1. Crystal data of Cu(1 a), Cu(2a), [{Cu(5a)}4], and [{Cu(5c)}4].


[{Cu(1a)}2 ´ Cu(OAc)2] [{Cu(2 a)}2 ´ H2O][{Cu(2 a)}2 ´ MeOH] [{Cu(5 c)}4] [{Cu(5 a)}4]


formula C34H52N2O18Cu3 C30H42Cu2N2O14 ´ 1.75 H2O ´ 0.5CH3OH C52H76N4O16Cu4 C48H68N4O12Cu4


Mr [gmolÿ1] 967.40 837.79 1267.37 1147.27
crystal size [mm] 0.32� 0.30� 0.20 0.28� 0.24� 0.20 0.32� 0.30� 0.20 0.32� 0.28� 0.22
shape blue prisms blue prisms blue prisms blue prisms
crystal system monoclinic monoclinic triclinic monoclinic
space group P21 (No. 4) P21 (No. 4) PÅ1 (No. 2) P21/c (No. 14)
a [�] 10.0735(3) 10.3923(3) 11.0027(3) 15.204(1)
b [�] 21.3865(7 13.8859(5) 14.5085(5) 17.648(1)
c [�] 10.4135(2) 25.9903(8) 20.8019(9) 22.137(8)
a [8] 72.647(2) 90
b [8] 110.789(1) 101.517(2) 76.552(2) 93.706(3)
g [8] 71.707(2) 90
V [�3] 2097.4(1) 3675.1(2) 2973.77(18) 5927(2)
T [8C] ÿ 90 ÿ 90 ÿ 90 20
Z 2 4 2 4
1calcd [gcmÿ3] 1.532 1.514 1.415 1.286
m(MoKa) [cmÿ1] 15.82 12.33 14.77 14.7
F(000) 1002 1748 1320 2384
reflections measured 6973 15126 20079 19348
index ranges ÿ 12�h� 12 0�h� 14 0� h� 13 ÿ 18�h� 18


ÿ 20�k� 26 ÿ 19� k� 19 ÿ 16�k� 18 ÿ 19�k� 22
ÿ 12� l� 13 ÿ 25� l� 27 ÿ 24� l� 25 ÿ 27� l� 27


V range [8] 5.19�V� 26.37 2.30�V� 30.52 3.17�V� 26.40 3.29�V� 26.44
independent reflections 6973 14812 12079 11928
observed reflections[a] 6127 11657 7830 5646
parameters 514 933 722 613
restraints 1 1 0 0
R1obs 0.039 0.081 0.060 0.087
wR2


obs 0.087 0.141 0.106 0.211
R1all 0.050 0.1106 0.114 0.196
wR2


all 0.094 0.1533 0.124 0.260
goodness of fit 1.029 1.095 1.004 0.983
Flack parameter x 0.01(1) 0.35(1) 0 0
highest peak [e �ÿ3] 0.257 0.646 0.570 1.340
deepest hole [e �ÿ3] ÿ 0.355 ÿ 0.695 ÿ 0.613 ÿ 0.520


[a] F0> 4 s(F0).
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ªouterº copper atoms, Cua and Cub, have a distorted square-
pyramidal 4�1 coordination. The base plane is formed by the
tridentate dianionic ligand, which gives two six-membered
chelate rings (bond lengths Cua ± O/N/O: 191/195/192 pm;
Cub ± O/N/O: 190/195/191 pm), and one O of an acetate (Cu ±
O: 196 pm). The apical coordination site of Cua is occupied by
the peripheral acetyl oxygen atom of the neighboring
molecule (O6b); bond length 275 pm). This results in chains
of molecules (Figure 2). The copper atom is displaced out of
the base plane by 4.6 pm towards the O6b of the next
molecule. The fifth coordination site of Cub is occupied by the
methoxy oxygen atom in the 3-position of the ligand
molecule A (Cub ± O2a: 290 pm). A similar, but weaker
interaction between Cua and O2b (306 pm) results in a
strongly distorted octahedral 4�1�1 coordination of Cua. The
central copper atom Cuc is bound in the plane to one O of
each acetate (Cu ± O9: 195 pm) and to both of the coordinated
alkoxide oxygens of the chelate ligands, which act as bridging
donors (Cu ± O1a,b: 195 pm). A weaker interaction with the
3-methoxy oxygen atoms of both pyranose units, O2a and
O2b, completes the six-coordination of a distorted octahedron
(Cu ± O bond lengths: 259 and 257 pm, respectively). Com-
pared to simple amino alcohol ligands, the additional donor
atoms evidently cause a rare type of oligomerization in which
an additional copper acetate is inserted between two building
blocks of type I.


One striking point of this structure is the low symmetry. All
copper atoms have different axial ligands and different
geometric properties. The distances between the ªmiddleº
and the ªouterº copper atoms differ: 325 and 321 pm,


Figure 1. Stereoviews of the structure of [{Cu(1 a)}2 ´ Cu(OAc)2], a) com-
plete trinuclear structure, b) arrangement of chelate and pyranose rings
(the single Arabic numbers denote the C atoms of the glucose),
c) coordination mode of the copper atoms.


respectively. These distances are very close to the mean value
from the bridging of two copper atoms by a doubly
deprotonated catechol, so that this seems to provide model
character for catechol oxidase.


The reaction of ligand H22 a with copper acetate, under the
same conditions as mentioned above, gives crystals that
consist of two different dinuclear formula units, [{Cu(2 a)}2 ´
H2O] (Figure 3 a) and [{Cu(2 a)}2 ´ MeOH] (Figure 3 b). Se-
lected bonding and non-bonding distances and bond angles


Table 2. Selected interatomic distances, and bond lengths [�] and angles
[8] in [{Cu(1 a)}2 ´ Cu(OAc)2].


Cua ´´´ Cub 5.735(3) Cua ´´´ Cuc 3.248(3)
Cub ´´´ Cuc 3.207(3)
Cua ± O1a 1.911(3) Cua ± O7a 1.921(3)
Cua ± N1a 1.954(3) Cua ± O8a 1.968(3)
Cua ´´´ O6b[a] 2.753(3) Cub ± O1b 1.898(3)
Cub ± O7b 1.913(3) Cub ± N1b 1.954(3)
Cub ± O8b 1.962(3) Cub ´´´ O2a 2.898(3)
Cuc ± O1a 1.949(3) Cub ± O9a 1.942(3)
Cuc ± O1b 1.952(3) Cuc ± O9b 1.954(3)
Cuc ± O2a 2.586(3) Cuc ± O2b 2.572(3)
O1a-Cua-N1a 95.6(1) O1a-Cua-O7a 160.7(1)
O1a ± Cua ´´ ´ O6b[a] 106.9(1) O1a-Cua-O8a 91.0(1)
O7a-Cua-O8a 86.2(1) O7a-Cua-N1a 91.4(1)
N1a-Cua-O8a 166.4(1) O7a-Cua ´´´ O8b[a] 92.0(1)
O8a-Cua ´´´ O6b[a] 87.4(1) N1a-Cua ´´´ O8b[a] 79.3(1)
O1b-Cub-N1b 96.4(1) O1b-Cub-O7b 164.7(1)
O1b-Cub ´´´ O2a 78.7(1) O1b-Cub-O8b 91.2(1)
O7b-Cub-O8b 85.9(1) O7b-Cub-N1b 92.1(1)
N1b-Cub-O8b 156.2(1) O7b-Cub ´´´ O2a 86.1(1)
O8b-Cub ´´´ O2a 84.1(1) N1b-Cub ´´´ O2a 119.5(1)
O1a-Cuc-O1b 94.6(1) O1a-Cuc-O9a 90.7(1)
O1a-Cuc-O2a 73.8(1) O1a-Cuc-O9b 171.2(1)
O9a-Cuc-O1b 172.3(1) O1a-Cuc-O2b 88.3(1)
O9a-Cuc-O2a 100.8(1) O9a-Cuc-O9b 85.4(1)
O1b-Cuc-O9b 90.2(1) O9a-Cuc-O2b 100.8(1)
O1b-Cuc-O2b 73.6(1) O1b-Cuc-O2a 86.3(1)
O9b-Cuc-O2b 100.2(1) O9b-Cuc-O2a 99.2(1)
O2a-Cuc-O2b 152.0(1)


[a] Symmetry operation for equivalent atoms: ÿx, 0.5�y, ÿz.
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Figure 2. Unit cell and intermolecular coordination of [{Cu(1a)}2 ´
Cu(OAc)2].


are given in Table 3, and possible hydrogen bond lengths in
Table 4.


The Flack parameter of the structure determination shows
that the crystal is a racemic twin. The unit cell (Figure 4)
contains two formula units. Each consist of both dinuclear
complexes and three additional water molecules, of which one
position is only half occupied. Both dinuclear complex units
are formed by dimerization of two subunits of type I. The
alcoholate oxygen atoms in the 3-position (O2a,b and O2c,d)
and the copper atoms form a central four-membered Cu2O2


ring with low Cu ± Cu distances (298 and 302 pm, respective-
ly). This is reminiscent of the structural motifs in catechol
oxidase.[1]


Striking is the low symmetry and high distortion of the
compound. The deviation between the inner main planes of
both dinuclear units is clearly shown by the fit in Figure 5.
Both complexes contain one four- and one five-coordinated
copper atom; the latter carries a solvent molecule (water or


methanol) as an additional axial ligand. The four-coordinated
copper atoms Cub and Cud are out of the coordination NO3


plane by only 1.8 and 1.0 pm, respectively, and show less
distortion from a strong square-planar arrangement than the
five-coordinated copper atoms Cua and Cuc which are
displaced by 13.1 and 6.5 pm, respectively, in direction of
their axial ligands. The axial methanol at Cuc is orientated in
the same direction as the furanose rings of the sugar (Fig-


ure 3 b), whereas the water at
Cua occupies the opposite co-
ordination site (Figure 3 a).
This is caused by H bridges
between the axial MeOH and
the oxygen of the furanose ring
in the former case (O4 ± O5c:
290 pm) and between the axial
H2O and the terminal 6-hy-
droxo group of the sugar in
the latter (O8a ± O4a: 283 pm).
Whereas this 6-hydroxo group
in the latter complex is rotated
towards the solvent ligand (Fig-
ure 3 a), the corresponding ter-
minal group (O4c) in the
ªmethanolº complex is rotated
towards the periphery (Fig-
ure 3 b) to permit intermolecu-
lar hydrogen bonding with the
carbonyl oxygen atom O3 of
the next molecule of the same
species.


Figure 3. Stereoview of the structures of the dinuclear units a) [{Cu(2 a)}2(H2O)] and b) [{Cu(2 a)}2(MeOH)] in
the copper complex of H22 a.


Table 3. Selected interatomic distances, and bond lengths [�] and angles
[8] in [{Cu(2 a)}2 ´ H2O][{Cu(2 a)}2 ´ MeOH].


Cua ´´´ Cub 2.977(1) Cua ± O1a 1.893(5)
Cua ± O2a 1.930(4) Cua ± N1a 1.934(5)
Cua ± O2b 1.956(4) Cua ± O8a 2.382(5)
Cub ± O1b 1.902(5) Cub ± O2b 1.891(5)
Cub ± N1b 1.923(5) Cub ± O2a 1.933(4)
O1a-Cua-O2a 166.6(2) O1a-Cua-N1a 93.2(2)
O1a-Cua-O2b 91.7(2) O1a-Cua-O8a 92.2(2)
O2a-Cua-N1a 98.0(2) O2a-Cua-O2b 76.1(2)
O2a-Cua-O8a 92.7(2) N1a-Cua-O2b 169.5(2)
N1a-Cua-O8a 102.1(2) O2b-Cua-O8a 86.9(2)
O1b-Cub-O2b 167.4(2) O1b-Cub-N1b 91.9(2)
O1b-Cub-O2a 92.3(2) O2b-Cub-N1b 98.8(2)
O2b-Cub-O2a 77.6(2) N1b-Cub-O2a 173.8(2)
Cua-O2a-Cub 100.8(2) Cua-O2a-Cub 101.4(2)
Cuc ´´´ Cud 3.020(1) Cuc ± O1c 1.917(5)
Cuc ± O2c 1.911(5) Cuc ± N1c 1.923(5)
Cuc ± O2d 1.966(4) Cuc ± O4 2.674(5)
Cud ± O1d 1.892(5) Cud ± O2d 1.922(4)
Cud ± N1d 1.903(5) Cud ± O2c 1.910(5)
O1c-Cuc-O2c 171.8(2) O1c-Cuc-N1c 92.8(2)
O1c-Cuc-O2d 95.9(2) O1c-Cuc-O4 85.6(2)
O2c-Cuc-N1c 95.4(2) O2c-Cuc-O2d 75.9(2)
O2c-Cuc-O4 96.4(2) N1c-Cuc-O2d 168.5(2)
N1c-Cuc-O3 80.6(2) O2d-Cuc-O4 107.6(2)
O1d-Cud-O2d 166.7(2) O1d-Cud-N1d 93.6(2)
O1d-Cud-O2c 89.7(2) O2d-Cud-N1d 99.7(2)
O2d-Cud-O2c 77.0(2) N1d-Cud-O2c 176.1(2)
Cuc-O2c-Cud 104.5(2) Cuc-O2d-Cud 101.9(2)
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Figure 4. Unit cell of [{Cu(2 a)}2(H2O)][{Cu(2a)}2(MeOH)].


Figure 5. Superposition of the main planes of the dinuclear chelate
framework of [{Cu(2 a)}2(H2O)] (ÐÐ) and [{Cu(2 a)}2(MeOH)] (- - - -),
fitted with the marked atoms.


A closer look at the unit cell (Figure 4) shows a network of
additional hydrogen bonds established by the solvent mole-
cules in the cell. All in all, this complicated network of H
bridges in Cu(2 a) evidently stabilizes the low symmetry of this
complex. A solvent-free complex of Cu(2 a) was obtained
from toluene. The quality of the crystals was too low for a
precise X-ray structure determination; however, the motif
clearly shows isolated dinuclear units with higher symmetry as
in the solvated complex.


In contrast to the derivatives of amino deoxysugars, the
complexes Cu(5 a) and Cu(5 c), derived from aminocyclohex-
anol, contain solvent-free tetranuclear units with the ªnor-
malº cubane-like structure that is typical for complexes I with
derivatives of simple 2-aminoethanol.[10, 13±15] One monomer
of Cu(5 c) (with the atom-numbering scheme), as well as the
whole heterocubane structures of [{Cu(5 a)}4] and ([{Cu(5 c)}4]
are displayed in Figures 6 and 7, respectively. Selected bond


Figure 6. Atom-numbering scheme of the mononuclear formula unit of
Cu(5c) (with two coordinated oxygens of neighboring molecules); the
same numbering scheme (without O4a, C13a) is used for Cu(5 a).


lengths and angles as well as nonbonding distances are listed
in Table 5 and Table 6. A closer look reveals that both


Table 4. Hydrogen bonds in [{Cu(2a)}2 ´ H2O][{Cu(2a)}2 ´ MeOH].


Hydrogen bond O ´´´ O[�]


O1-H ´´´ O3[a] 2.801(2)
O2-H ´´´ O1[b] 2.771(2)
O2-H ´´´ O3c[c] 2.961(2)
O3-H ´´´ O5 2.712(2)
O3-H ´´´ O6c 2.856(2)
O4-H ´´´ O5c 2.903(2)
O4a-H ´´´ O8a 2.831(2)
O8a-H ´´´ O7a[b] 2.875(2)
O8a-H ´´´ O2b 3.000(2)
O4b-H ´´´ O3a[b] 2.724(2)
O4c-H ´´´ O3d[d] 2.754(2)


Symmetry operations for equivalent atoms: [a] x, yÿ 1, z ; [b] ÿ xÿ 1, yÿ
0.5, ÿzÿ 1; [c] ÿ x, y�0.5, ÿz ; [d] ÿ x, yÿ 0.5, ÿz.


Table 5. Selected interatomic distances, and bond lengths [�] and bond
angles [8] in [{Cu(5 a)}4].


Cua ± N1a 1.913(4) Cua ± O1a 1.920(3)
Cua ± O2c 1.950(3) Cua ± O2a 1.986(3)
Cua ± O2b 2.442(4) Cub ± O1b 1.921(3)
Cub ± N1b 1.923(4) Cub ± O2d 1.947(3)
Cub ± O2b 1.977(3) Cub ± O2a 2.442(3)
Cuc ± O1c 1.921(3) Cuc ± N1c 1.912(3)
Cuc ± O2b 1.948(3) Cuc ± O2c 1.984(3)
Cuc ± O2d 2.539(3) Cud ± O1d 1.919(3)
Cud ± N1d 1.911(4) Cud ± O2a 1.960(3)
Cud ± O2d 1.975(3) Cud ± O2c 2.401(3)
Cua ´´´ Cub 3.387(3) Cua ´´´ Cuc 3.102(3)
Cua ´´´ Cud 3.092(3) Cub ´´´ Cuc 3.169(3)
Cub ´´´ Cud 3.113(3) Cuc ´´´ Cud 3.438(3)
N1a-Cua-O1a 92.7(1) N1a-Cua-O2c 170.2(1)
N1a-Cua-O2a 84.8(1) N1a-Cua-O2b 109.5(1)
O1a-Cua-O2c 93.81) O1a-Cua-O2a 173.5(1)
O1a-Cua-O2b 106.1(1) O2c-Cua-O2a 88.0(1)
O2c-Cua-O2b 75.8(1) O2a-Cua-O2b 80.4(1)
N1b-Cub-O1b 92.2(2) N1b-Cub-O2d 169.5(1)
N1b-Cub-O2b 85.3(1) N1b-Cub-O2a 110.7(1)
O1b-Cub-O2d 93.8(1) O1b-Cub-O2b 175.0(1)
O1b-Cub-O2a 104.5(1) O2d-Cub-O2b 88.1(1)
O2d-Cub-O2a 76.1(1) O2b-Cub-O2a 80.5(1)
N1c-Cuc-O1c 92.3(1) N1c-Cuc-O2b 167.7(1)
N1c-Cuc-O2c 85.1(1) N1c-Cuc-O2d 114.3(1)
O1c-Cuc-O2b 93.8(1) O1c-Cuc-O2c 173.2(1)
O1c-Cuc-O2d 109.4(1) O2b-Cuc-O2c 87.7(1)
O2b-Cuc-O2d 73.6(1) O2c-Cuc-O2d 77.4(1)
N1d-Cud-O1d 92.3(1) N1d-Cud-O2a 168.5(1)
N1d-CuD-O2d 85.3(1) N1d-Cud-O2c 111.2(1)
O1d-Cud-O2a 93.4(1) O1d-Cud-O2d 174.0(1)
O1d-Cud-O2c 105.0(1) O2a-Cud-O2d 88.1(1)
O2a-Cud-O2c 77.0(1) O2d-Cud-O2c 81.0(1)
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complexes form a b-type[15] cubane structure, that is, the
longer copper ± oxygen bond pairs are arranged ªperpendic-
ularlyº. Although the ligand molecule has two chiral centers,
both complexes crystallize in nonchiral space groups. A closer
look at the individual monomers of the tetranuclear complex
reveals that the four ligands exist as two pairs of two
enantiomers (pure trans-diastereomer, R,R and S,S configu-
ration, of the aminoalcohol was used for syntheses).


Cu(5 a) and Cu(5 c) both consist of four mononuclear units,
with the copper atoms coordinated to three donor atoms of
their own tridentate ligand and two additional alcoholate
oxygen atoms of neighboring molecules. One of these oxygen
atoms occupies the axial position of the distorted square-
pyramidal coordination sphere with a bond length of 240 ±
254 pm. The Cu ± Cu distances were found to be relatively
similar (�310 ± 340 pm). As Figure 7 b shows, the outer
sphere of the complex molecule of Cu(5 c) contains the
cyclohexyl and ethyl carbon atoms. Therefore, no hydrogen
bonding can be observed. This is a good explanation for the
excellent solubility in nonpolar solvents, such as benzene,
toluene, or chloroform. In Cu(5 a), the noncoordinating acetyl
oxygen atoms have long hydrogen-bonding contacts to the
acetyl methyl groups of neighboring molecules with an
average distance of O ´´´ HÿC of 337 pm.


Altogether, a comparison of the structures discussed here
clearly shows the strong effect of the sugar moiety on the
structure and, therefore, on the chemistry of the oligonuclear
complexes.


Figure 7. Stereoview of the tetranuclear molecular structures of
a) [{Cu(5 a)}4] and b) [{Cu(5 c)}4]; c) the coordination mode of [{Cu(5c)}4].


IR and UV/Vis spectra : The vibrational spectra of all
complexes show that the absorptions of the chelated ligands
are not significantly different from those of the free ligands.
All electronic spectra show a d ± d band in the region between
l� 620 and 675 nm with an extinction coefficient of about
150 dm3 mol cmÿ1, and a ligand-to-metal charge-transfer ab-
sorption at l� 370 nm. With respect to the dependence on
concentration (varied over more than one order of magni-
tude), the spectra strongly follow the Lambert ± Beer law, and
there is no indication of the dissociation of the oligonuclear
structures. Furthermore, EPR spectra of Cu(1 a) in solution
and in the solid state (see Figure 8) show the same signals; this
indicates a similar structure.


Mass spectra : The mass spectrum of [{Cu(1 a)}2 ´ Cu(OAc)2]
shows the mole peak of this trinuclear unit. This is also found
in the MS of the new compound Cu(1 b), the structure of
which has not yet been determined by X-ray analysis. The
spectrum also indicates that this structure is not very stable
and that a dinuclear species is involved in the system. The m/z


Table 6. Selected interatomic distances, and bond lengths [�] and angles
[8] in [{Cu(5 c)}4].


Cua ± N1a 1.916(7) Cua ± O2a 1.913(6)
Cua ± O2c 1.954(6) Cua ± O1a 1.967(5)
Cua ± O2b 2.453(7) Cub ± O1b 1.911(6)
Cub ± N1b 1.920(7) Cub ± O2d 1.962(5)
Cub ± O2b 1.962(5) Cub ± O1a 2.414(6)
Cuc ± O1c 1.903(7) Cuc ± N1c 1.907(7)
Cuc ± O2b 1.959(5) Cuc ± O2c 1.970(6)
Cuc ± O2d 2.441(7) Cud ± O1d 1.917(6)
Cud ± N1d 1.904(7) Cud ± O1a 1.953(6)
Cud ± O2d 1.973(5) Cud ± O2c 2.513(7)
Cua ´´´ Cub 3.342(5) Cua ´´´ Cuc 3.123(5)
Cua ´´´ Cud 3.166(5) Cub ´´´ Cuc 3.131(5)
Cub ´´´ Cud 3.114(5) Cuc ´´´ Cud 3.415(5)
N1a-Cua-O2a 91.6(3) N1a-Cua-O2c 170.0(3)
N1a-Cua-O1a 84.9(3) N1a-Cua-O2b 109.7(3)
O2a-Cua-O2c 95.1(3) O2a-Cua-O1a 173.1(3)
O2a-Cua-O2b 106.1(3) O2c-Cua-O1a 87.7(2)
O2c-Cua-O2b 75.6(3) O1a-Cua-O2b 80.7(3)
N1b-Cub-O1b 91.8(3) N1b-Cub-O2d 167.6(2)
N1b-Cub-O2b 84.9(2) N1b-Cub-O1a 112.9(3)
O1b-Cub-O2d 95.7(2) O1b-Cub-O2b 176.6(2)
O1b-Cub-O1a 99.9(2) O2d-Cub-O2b 87.5(2)
O2d-Cub-O1a 75.6(2) O2b-Cub-O1a 81.8(2)
N1c-Cuc-O1c 92.0(3) N1c-Cuc-O2b 167.3(3)
N1c-Cuc-O2c 85.7(3) N1c-Cuc-O2d 114.5(3)
O1c-Cuc-O2b 93.1(2) O1c-Cuc-O2c 174.3(3)
O1c-Cuc-O2d 104.8(3) O2b-Cuc-O2c 88.1(2)
O2b-Cuc-O2d 75.3(3) O2c-Cuc-O2d 81.0(3)
N1d-Cud-O1d 92.4(3) N1d-Cud-O1a 168.0(3)
N1d-Cud-O2d 85.4(3) N1d-Cud-O2c 113.8(3)
O1d-Cud-O1a 94.5(3) O1d-Cud-O2d 175.9(3)
O1d-Cud-O2c 105.0(3) O1a-Cud-O2d 87.1(2)
O1a-Cud-O2c 73.7(3) O2d-Cud-O2c 79.1(3)
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peak of the dinuclear structure, determined by X-ray analysis,
is also found for Cu(2 a) and for its analogue Cu(2 b). The
ligands H23 are isomers of the ligands of type H22. The
complexes Cu(3 a) and Cu(3 b), for which no suitable crystals
for X-ray crystallography could be obtained, can therefore
also be expected to form isomers of the complexes Cu(2 a)
and Cu(2 b). Indeed, the mass spectra show the peaks of a
dimer. This is a strong argument for the structure depicted in
Scheme 3.


Scheme 3. Proposed structures for Cu(3 a)/Cu(3b) and Cu(4a)/ Cu(4 c).


Similar to Cu(3 a) and Cu(3 b), the complexes derived from
2-amino-2-deoxyglucopyranose ligands H24 a,c, which have
the composition [{Cu(4 a)}2 ´ (Et3NH)OAc] and [{Cu(4 c)}2 ´
(Et3NH)OAc], could not be crystallized in suitable quality
for X-ray structure determination. The mass spectra of all of
these compounds show the peaks of a [Cu2L2(OAc)] species.
This is in agreement with the analytical data. The proposed
structure is also depicted in Scheme 3. In addition, there are
peaks of a species with the composition [Cu4L4] . This species
should have a structure similar to that described for Cu(5 a)
and Cu(5 c).


EPR spectra and magnetic measurements : The EPR spectra
reflect the very different structures of the copper(ii) com-
plexes. The compounds [{Cu(4 a)}2 ´ (Et3NH)OAc] and
[{Cu(4 c)}2 ´ (Et3NH)OAc] show the signals of isolated CuII


atoms (S� 1�2), which are not coupled. The complexes
[{Cu(2 a)}2 ´ solv] are EPR-silent because of the strong anti-
ferromagnetic coupling between the two copper centers
within each dinuclear unit. This obeys a rule found for
aminoethanol and aminopropanol b-ketoenaminic ligands of
dicarbonyl compounds of type I :[9±22] the compounds that form
a saturated five-membered chelate ring with the alcoholate
oxygen, and the nitrogen donor atoms show, in most cases,
only weak or no antiferromagnetic coupling. Complexes with
saturated six-membered chelate rings (or five-membered
rings with sp2 hybridization of the bridging atoms), however,
show more or less strong antiferromagnetic coupling. The
compounds Cu(3 a) and Cu(3 b) are further examples of
compounds with five-membered rings; these spectra are
similar to those of [{Cu(4a)}2 ´ (Et3NH)OAc] and [{Cu(4c)}2 ´


Figure 8. Magnetic behavior [cm vs T (&); cm
ÿ1 vs T (~); magnetic moment vs T (�); top], and EPR spectra (bottom) for a) [{Cu(1a)}2 ´ Cu(OAc)2] (EPR


spectra: �20 for T> 30 K); b) [{Cu(5 a)}4], and c) [{Cu(5 c)}4].
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(Et3NH)OAc]. Of more interest are the spectra of the
oligonuclear units [{Cu(1 a)}2 ´ Cu(OAc)2] and [{Cu(1 b)}2 ´
Cu(OAc)2]: in these spectra there are signals of a S� 1
paramagnet (at g� 1.47 and 5.87) and of a S� 1�2 paramagnet
(at g� 2.04). The former disappear when the temperature is
decreased, while latter ones become more intense (see
Figure 8). This means that the copper atoms behave magneti-
cally as two antiferromagnetically coupled Cu atoms and one
isolated Cu atom. The spectra were fitted with the parameters
given below to confirm this behavior.


Magnetic susceptibility was measured for the compounds
between 300 K and 2 K. The results are in agreement with
those obtained from EPR spectra. At room temperature,
[{Cu(1 a)}2 ´ Cu(OAc)2] has an effective magnetic moment of
2.71 mB. This is close to the spin-only value of an S� 1
paramagnet. The temperature-dependent susceptibility meas-
urement shows an antiferromagnetic coupling that leads to an
effective moment of 1.64 mB at 2 K, which is close to the spin-
only value for an S� 1�2 ground state. When the data are fitted
with the results obtained from the EPR spectra, a value of J�
ÿ309 cmÿ1 is obtained; this value agrees with the strong
coupling observed for aminopropanol derivatives.[10±13] The
complex of H21 b behaves similarly; the data show only slight
deviations.


Complexes [{Cu(2 a)}2 ´ solv] and [{Cu(2 b)}2 ´ solv] are dia-
magnetic over the whole temperature range from 300 ± 2 K.
This is remarkable because previously reported systems all
show significant paramagnetism at room temperature. The
coupling in our complexes represents one of the strongest
observed for complexes with aminoalcohol Schiff-base ligands.


Cu(3 a) and Cu(3 b) show the paramagnetism of two
magnetically nearly isolated copper atoms. The effective
moment (calculated for the molecular mass of the dinuclear
complex; expected value� 2.45 mB) is 2.14 mB at room temper-
ature and only slightly decreases to 1.47 mB at 2 K because of
weak antiferromagnetic coupling. The EPR spectra show the
expected signals of a S� 1�2 species at g� 2.06. The intensity of
which increases with decreasing temperature according to a
Boltzmann-like behavior.


The 2-amino sugar derivatives, Cu(4 a) and Cu(4 c), have
identical magnetic behavior and similar EPR spectra. They
show very weak antiferromagnetic coupling with q values of
5.4 and 2.3 K, respectively. Their EPR spectra show typical
signals of S� 1�2 paramagnets, as is to be expected from
isolated copper(ii) monomers. Indeed, there is typical Boltz-
mann-like increase in the signal intensity with decreasing
temperature. The coupling-induced deviation from this be-
havior is very small and not significant.


Of great interest is the divergent magnetic behavior of
Cu(5 a) and Cu(5 c) in spite of their very similar structures.
Figure 8 shows the magnetic behavior and the EPR spectra of
both compounds. Both show typical deviations from the
Curie ± Weiss law found for several of the cited com-
pounds.[10±22] Complex Cu(5 c) is a typical antiferromagnet,
whereas Cu(5 a) shows weak ferromagnetic coupling.[13] The
magnetic behavior of cubane-type structures can be described
by six coupling constants if the complex has only C1 symmetry,
as in Cu(5 a) and Cu(5 c). The similarity of all four copper
centers in each of the two cubane structures makes it possible


to reduce the problem to two coupling constants (one for the
longer and one for the shorter bridges). In this case, the
magnetic behavior of such cubane-like clusters can be
described by the Hamiltonian given in Equation (1):


H�ÿ2J1,2(S1S2�S3S4)ÿ 2 J1,3(S1S3� S1S4� S2S3� S2S4)[36] (1)


which leads to Equation (2):


c� (1ÿ x)[Nab
2g2/(4 k(Tÿq))][(10 e2u� 2eÿ2u� 4eÿ2v)/


(5e2u� 3 eÿ2u� 6eÿ2v� eÿ4v)]� xcpara (2)


with u� J1,3/kT; v� J1,2/kT and x�molar fraction of a para-
magnetic impurity.


For Cu(5 c), the best fit was reached with the parameters
J1,3�ÿ4.7(2) cmÿ1, J1,2� 7.6(3) cmÿ1, g� 2.34 (fixed), and q�
1.41 K; and for Cu(5 a) with the parameters J1,3�
ÿ25(2) cmÿ1, J1,2�ÿ13(2) cmÿ1, g� 1.95 (fixed), and q�
ÿ0.82 K.


The EPR spectra of Cu(5 a) show the expected increase in
the intensity of the complex signal with decreasing temper-
ature. The spectrum can be identified as that of an S� 2
paramagnet with an additional S� 1�2 signal. Indeed, the
magnetic moment measured at 4 K of 4.94 mB corresponds to
the spin-only value of a S� 2 paramagnet. The spectrum of
Cu(5 c) undergoes a significant change from room temper-
ature (298 K) to 3.66 K. The spectrum at liquid-helium
temperature is very similar to that of Cu(5 a), whereas the
spectrum at 298 K shows different signals which become
weaker at lower temperature.


The magnetic moment of Cu(5 a) at room temperature of
3.86 mB is significantly lower than that of an S� 2 paramagnet
and indicates that there are different mixtures between the
possible spin states at every temperature. The remaining
magnetic moment of 1.22 mB shows that the antiferromagnetic
ground state is not the only one populated at 4 K. The
simulation of the EPR spectrum indicates that it can be
interpreted as the one of four species with S� 1�2, 1, 3�2, and 2.
(Parameters: S� 1�2, gx� 2.058, gy� 2.060, gz� 2.264, A�
488 MHz; S� 1, D� 17 710, E� 400, gx� 2.8, gy� 2.8, gz�
2.965; S� 3�2, D� 1, E� 0.33, gx� gy� gz� 4.28; S� 2, D�
17 710, E� 400, gx� 2.8, gy� 2.8, gz� 2.965).


The existence of signals with S� 3�2 and S� 1�2 can be
explained by the asymmetry of the structure: one of the longer
Cu ± O bonds in the cubane is 11 pm longer than the average
value of the other three bonds. It is possible that coupling of
this copper atom (Cuc) is much weaker than the others and
results in a single copper signal with S� 1�2 and a signal of the
remaining three copper atoms with S� 3�2.


The magnetic behavior of Cu(5 c) should therefore better
be explained by the addition of a term for a ªtrinuclearº (S�
3�2) species. The Hamiltonian for this is given in Equation (3):


H�ÿJ(S1S2� S2S3)ÿ J'(S1S3)[36] (3)


and leads to the second term for the susceptibility given in
Equation (4):


c� x1[Nab
2g2/(4 k(Tÿ q)){(10e2u� 2eÿ2u� 4eÿ2v)/(5 e2u� 3 eÿ2u


� 6 eÿ2v� eÿ4v)}� [Nb2/4 kT{(g2
1� g2


2e(JÿJ'/kT)� g2
3e3J/2kT)/(1� e(JÿJ')/kT


� 2 e3J/2kT)}]x2� x3cpara (4)
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where u� J1,3/kT; v� J1,2/kT; g1� (4 gAÿ gB)/3; g2� (2 gA�
gB)/3; g3� gB; x1�molar fraction of the S� 1 and S� 2
species; x2�molar fraction of the S� 1�2 and S� 3�2 species;
and x3� x2�molar fraction of an paramagnetic impurity.


The best fit was attained for the following parameters: g�
2.852; gA� 2.127; gB� 4.28 (all g values were taken from the
EPR spectrum); x1� 0.9525; x2� 0.0475; x3� 0.0482; J1,3�
25.4(2) cmÿ1; J1,2�ÿ21.4(2) cmÿ1; J� 0cmÿ1; J'�ÿ9.6(2) cmÿ1.


Studies on catechol-oxidase-like activity : Prior to a detailed
kinetic study, an overview of the catalytic ability of the
complexes is necessary. To evaluate qualitatively a significant
activity, 10ÿ4m solutions of the complexes were treated with
50 equivalents of di-tert-butylcatechol (dtbc).


The observed reactivities were compared with that of
copper(ii) acetate under the same conditions. Only the
complexes that show a significantly higher activity than
copper acetate were considered to be active and kinetic
measurements were carried out. The activities of the com-
plexes are very different: while Cu(3 a) is highly active, some
complexes have low or no catalytic activity. Stoichiometric
amounts of dtbc were added to the catalyst solutions, and this
was repeated until the absorption reached the limit at which a
linear correlation between concentration and absorption is no
longer valid. For every addition, the initial rate stayed at the
same value, and no change of the spectra, except for the o-
quinone band at l� 400 nm (e� 1900mÿ1 cmÿ1), was observed
so that the catalysts appear to be stable.


In accord with previous work by Reim and Krebs,[5]


spectrophotometric titrations of the complex solutions with
tetrachlorocatechol (tcc) were carried out in order to obtain
information about the binding of dtbc in the complexes. In
comparison with dtbc, tcc has, owing to its electron-with-
drawing substituents, a higher redox potential and is not
oxidized to the corresponding quinone. Figure 9 a shows the
titration of one of the active complexes, Cu(4 a), all of them
show principally the same behavior, and one of the inactive
complexes, Cu(4 c). The spectrum of the active compound
changes to a markedly higher degree than that of the inactive
complex. In the charge-transfer region of l� 350 ± 450 nm,
the intensity decreases along with the d ± d band of the
complex at l� 650 nm. The more this band decreases, the
higher is the activity found for the complexes. In addition, a
new band at l� 480 nm appears, which can be interpreted as a
d ± d band of a complex with a higher ligand field strength, for
example, with coordinated catecholate, or as a CT band.[52]


The kinetic data of the oxidation of dtbc were determined
by the method of initial rates by monitoring the growth of the
l� 400 nm band of the resulting o-quinone. The dc/dt versus
ccat plots are shown in Figure 10 a. A linear relationship
between the initial rates and the complex concentration is


Figure 9. Spectrophotometric titration of a) an active complex Cu(4a) and
an b) an inactive Cu(4 c) complex with 0.5 ± 50 equivalents of tcc.


Figure 10. Catalytic activity of Cu(1a) ± Cu(4a): a) rate dependence on
catalyst concentration; b) Lineweaver ± Burk plots.


obtained for all active compounds [Cu(1 a)ÐCu(4 a)], which
indicates a first-order dependence of the rate on the catalyst
concentration. When the complexes were treated with varying
amounts of dtbc, a first-order dependence on the substrate
concentration was observed at low concentrations. At higher
concentrations, all four compounds showed saturation kinet-
ics. A treatment on the basis of the Michaelis ± Menten model
was therefore appropriate. The Lineweaver ± Burk plots are
given in Figure 10 b. We propose a preequilibrium between
the free complex and the substrate. The subsequent redox
processes and the substitution of one quinone by a second
catechol are irreversible (rate-determining) steps. Although
the real mechanism of the reaction might be more compli-
cated (see Scheme 4), the data taken from this simple model
are sufficient for a comparison of the catalytic activity
(Table 7).
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Scheme 4. Possible mechanism of dtbc oxidation catalyzed by dinuclear
copper complexes (adapted from refs. [47, 48]).


As the obtained data show, Cu(3 a), Cu(1 a), and Cu(4 a) are
effective catalysts for the oxidation of dtbc to dtbq. The
complex Cu(2 a) shows only little activity, although its
structure is similar to the proposed structures of Cu(3 a) and
Cu(4 a). The k values obtained from the variation of the
catalyst concentrations are also given in Table 7 and are
similar to the kcat values obtained from the Michaelis ±
Menten model. The explanation of the divergent behavior
of Cu(3 a) and Cu(4 a) relative to Cu(2 a) is the existence of a
five-membered chelate ring in the first-named compounds,
whereas Cu(2 a) contains only six-membered chelate rings.
Thus, Cu(3 a) and Cu(4 a) should deviate more from square-
planar geometry than Cu(2 a). Former investigations[3±7, 37±46]


showed that a square-planar geometry is not ideal for a
possible catechol-oxidase catalyst.


Karlin[47] and Casella[48] suggested a mechanism for the
oxidation of catechols to o-quinones by dinuclear copper
complexes. Although no strong evidence exists, some of our
observations indicate a mechanism which is analogous to that
previous described. This mechanismÐadapted for our com-
poundsÐis shown in Scheme 4.


In the first step, two solvent molecules (e.g., water) are
substituted by a catechol molecule. Two protons are then
transferred to the bridging alkoxide groups. Simultaneously,
two electrons of the catecholate reduce the copper(ii) to form
a dinuclear copper(i) species with the o-quinone as a ligand. A
dioxygen molecule enters to reoxidize both copper(i) and to
form a m-peroxo species with copper(ii). The o-quinone, which
is a weaker s-donor and a stronger p-acceptor ligand than
catecholate and which is therefore bound more weakly to
copper(ii) than to copper(i), is replaced by a second catechol
molecule. This should be the slowest step. Two protons and
two electrons of this catechol as well as two protons of the
bridging chelate ligands are transferred to the peroxo bridge.
The last step is the loss of a second quinone molecule and the
reformation of the original catalyst.


No observations were made that contradict such a mech-
anism; however, some arguments support this interpretation:
the electronic spectra of the complexes obey the Lambert ±
Beer law and the solid-state and solution (toluene) EPR
spectra of Cu(1 a) are identical. This means that there is no
indication of a dissociation of the oligonuclear species in
solution. Furthermore, the solutions contain several possible
bridging ligands, for example, water, methanol, acetate, and,
as the titration with tetrachlorocatechol showed, the catechol
substrate itself might react as a (probably dianionic) bridging
ligand. Therefore, the catalysts should react as oligonuclear
species. If the substrate is added to the catalysts under an inert
atmosphere (Ar), a stoichiometric reaction takes place. For a
compound with a similar structure based on an aminoalcohol
derivative of a steroid,[49] a species with the composition
[CuI


2L2(dtbc)] was isolated and characterized by 1H NMR and
mass spectroscopy.


The addition of hydrogen peroxide to Cu(4 a) leads to
bands at l� 350 and 550 nm, which are typical for the m-h2 :h2-
peroxo species.[50±52] This species is also well-known for
type III copper enzymes, such as catechol oxidase.[1±3] There-
fore, it can be assumed that the dioxygen reacts with the
dicopper(i) species to give the named peroxo species.


Although Cu(1 a) also has only six-membered chelate rings,
it is, unlike Cu(2 a), an effective catalyst. The difference,
compared to Cu(2 a), is that the copper coordination geom-
etry is much more distorted and, on account of its trinuclear
structure, it may react in a different way. This example reveals
one feature of the interesting potential of carbohydrate
derivatives as complex ligands: the unusual oligomerization
in Cu(1 a) is caused by the carbohydrate�s additional donor
functions and leads to an active catalyst. For compounds with
five-membered chelate rings between the alcoholate oxygen
and the enaminate nitrogen atom, a cubane structure should
be expected, as in Cu(5 a), Cu(5 c), and several other
examples.[10±22] Nevertheless, the aminocarbohydrate com-


Table 7. Kinetic data of dtbc oxidation catalyzed by selected copper(ii) complexes.


Cu catalyst from ccat [mol Lÿ1] kcat [hÿ1] KM [mol Lÿ1] k [hÿ1]


H21a 1.45� 10ÿ4 138� 8[a] (8.94� 0.5)� 10ÿ4[a] 102� 4[b]


H22a 4.5� 10ÿ4 2.8� 0.3 (7.08� 0.5)� 10ÿ4 4.0� 0.2
H23a 5.47� 10ÿ5 9471� 255 (5.90� 0.4)� 10ÿ3 9927� 392
H24a 2.07� 10ÿ4 61.5� 1.7 (5.45� 0.5)� 10ÿ3 60.2� 1.0


[a] Standard deviation obtained from three measurements (correlation coefficient r
of the Lineweaver ± Burk plot �0.992). [b] Standard deviation obtained from three
measurements (correlation coefficient r of the r0 vs ccat plot �0.99).
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pounds of type Cu(3 a) and Cu(4 a) show dimeric species
which have, in contrast to the cubanes, copper centers that are
accessible to substrates.


The importance of the substituents R1 and R2 is shown by
the inactivity of Cu(1 b) ± Cu(3 b) and Cu(4 c). Only the
combination R1�CH3, R2�COCH3 leads to active catalysts.
The strong effect of these peripheral substituents is evident,
even for the heterocubane compounds of type Cu(5): the
change in R2 from an ethylcarboxylate group [Cu(5 c)] to an
acetyl group [Cu(5 a)] changes the magnetic behavior from
antiferromagnetic to ferromagnetic coupling.


Experimental Section


Chemicals : The solvents for synthesis of the complexes Cu(4 a) and Cu(4c)
and for measurements were distilled under an argon atmosphere prior to
use. Methanol was dried by reaction with magnesium. Chemicals were
obtained from Fluka and Aldrich.


Spectroscopic measurements : Electronic spectra were measured with a
Varian Cary 1 or Cary 5E spectrophotometer at room temperature. EPR
spectra were, if possible (only for Cu(1a), Cu(5a), and Cu(5 c)), obtained in
frozen toluene solutions at 77 K and in solution at room temperature; for
the solids (all compounds) they were obtained at these temperatures as well
as at temperatures down to 3.8 K with liquid helium. Measurements took
place in the X band at 9.75 GHz on a BRUKER ERS 300 spectrometer
equipped with a flowing-nitrogen variable-temperature controller.


IR spectra were measured on a Perkin ± Elmer 2000 spectrometer, NMR
spectra on a Bruker AC-200, and mass spectra were carried out on a
Finnigan MATSSQ 710 or a Finnigan MAT95XLTRAP. Elemental
analyses were carried out on a Leco CHNS 932.


Procedures for the kinetic measurements : All kinetic measurements were
carried out in methanol because of the good solubility of the substances
used. For detection of the reaction, the intense absorption of the resulting
quinone (l� 400 nm, e� 1900 molÿ1 dm3 cmÿ1) was used. Blind measure-
ments were carried out without the presence of a possible catalyst and in
the presence of the copper acetate monohydrate used for complex
synthesis. The copper acetate measurement was used to decide if a
complex showed activity or not. For this, a 10ÿ4m solution of the complex
was made and 50 equiv of di-tert-butylcatechol (dtbc) was added. The
spectra were recorded every 2 min. In a repeated experiment, the slope of
the absorption at l� 400 nm against time was recorded. The initial rate
obtained from this slope was compared to the rate with copper acetate.
Further investigations were only carried out with those complexes that had
higher rates. Initially, the above-named amount of dtbc was added to
different concentrations of the catalysts between 5� 10ÿ5 and 1� 10ÿ3m for
Cu(1a), Cu(2a), and Cu(4 a) and between 5� 10ÿ6 and 1� 10ÿ4m for
Cu(3a) in order to determine the kinetic behavior towards the variation of
the catalyst concentration. To determine the rate constants for the variation
of the substrate concentration, the amount of dtbc was varied to find the
region of concentration at which saturation is observed. The initial rates of
the reaction were obtained and compiled to give a Lineweaver ± Burk plot.
To reduce the statistical error, every measurement was carried out at least
three times, only those measurements were taken into account in which the
discrepancy value of the linear fit was at least 0.992.


To understand the binding of dtbc in the complexes, spectrophotometric
titrations of the complexes with the substrate analogue tetrachlorocatechol
(tcc) were carried out with 2� 10ÿ4m solutions of the catalysts and 0.01m
solutions of tcc. The spectra were recorded for steps of 0.5 equivalents
(addition of 20 mL to 2 mL solution) up to the saturation point.


General synthesis of ligands H21 a,b ± H23 a,b and their copper complexes:
The aminocarbohydrate compounds were obtained via their azides, which
were synthesized according to literature.[35a±g] The azides were reduced with
Raney-Nickel (see, for example, ref. [35h, i]).


The amino sugar (0.5 mmol) was dissolved in methanol (15 mL). Triethyl-
amine (202 mg, 2 mmol) and 3-ethoxymethylen-2,4-pentandione
(0.5 mmol; H21a ± H23a) or 2-ethoxymethylene malonic acid diethyl ester


(0.5 mmol; H21b ± H23b) were added dropwise. After stirring for 1 ± 12 h,
when the formation of the ligand was complete (TLC), copper acetate
monohydrate (136 mg, 0.75 mmol for Cu(1 a) and Cu(1 b) or 91 mg,
0.5 mmol for Cu(2 a), Cu(2b), Cu(3 a), and Cu(3 b)) was added. The
mixture was left to stand overnight and the solvent was evaporated to leave
the rare product.


Spectroscopic data of the ligands H21 a,b ± H23 a,b :


H21a : 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 4.81 (d, 1H; H1), 3.20
(dd, 1H; H2), 3.35 ± 3.70 (m, 4 H; H3, H4, H5, H6), 3.32 (dd, 1H; H6'),
11.02 (dd, 1 H; NÿH), 7.74 (d, 1H;�CHÿ), 2.22 (s, 3H; CH3), 2.44 (s, 3H;
CH3), 3.37, 3.46, 3.59 (m, 9 H; 3�OCH3), 2.89 (1H; OH); 13C NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 97.59 (C1), 82.50 (C2), 70.73 (C3),
81.81 (C4), 69.66 (C5), 61.24 (C6), 200.39, 194.49 (C�O), 111.68 (�Cÿ),
160.87 (�CHÿ), 27.21, 31.83 (CH3), 50.57, 55.42, 58.43 (OCH3); MS (DCI
with H2O): m/z : 332 [M�H]� ; elemental analysis calcd (%) for C15H25NO7


(331.36): C 54.37, H 7.60, N 4.23; found C 53.94, H 7.74, N 3.94.


H21b : 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 4.80 (d, 1H; H1), 3.19
(dd, 1 H; H2), 3.35 ± 3.70 (m, 4 H; H3, H4, H5, H6), 3.29 (dd, 1 H; H6'), 9.27
(dd, 1 H; NÿH), 7.98 (d, 1 H; �CHÿ), 1.21 ± 1.32 (m, 6H; 2�CH3), 3.35,
3.45, 3.59 (m, 9H; 3�OCH3), 4.10 ± 4.24 (m, 4 H; 2�CH2), 2.82 (1H; OH);
13C NMR (200 MHz, CDCl3, 25 8C, TMS): d� 97.45 (C1), 82.61 (C2), 70.58
(C3), 81.79 (C4), 69.84 (C5), 60.34 (C6), 169.14, 166.21 (C�O), 90.05 (�Cÿ),
160.71 (�CHÿ), 14.30, 14.40 (CH3), 59.60, 59.75 (CH2) 50.15, 55.28, 58.41
(OCH3); MS (DCI with H2O): m/z : 392 [M�H]� ; elemental analysis calcd
(%) for C17H29NO9 (391.42): C 52.17, H 7.47, N 3.58; found C 52.43, H 7.59,
N 3.56.


H22a : M.p. 152 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 5.87 (d,
1H; H1), 4.49 (d, 1 H; H2), 4.30 (s, 1H; H3), 3.90 (d, 1 H; H4), 4.04 (m, 1H;
H5), 3.65 (m, 1 H, H6), 3.43 (m, 1H, H6'), 10.97 (m, 1H, NÿH), 7.81 (d, 1H,
�CHÿ), 1.25, 1.38 (m, 6H, 2�CH3), 2.21, 2.37 (m 6 H, 2�CH3); 13C NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 104.97 (C1), 85.18 (C2), 74.20 (C3),
80.34 (C4), 67.84 (C5), 53.51 (C6), 200.68, 195.71 (C�O), 111.87 (�Cÿ),
161.73 (�CHÿ), 27.10, 31.83 (CH3), 26.63, 26.11 (CMe2), 111.37 (CMe2); MS
(DCI with H2O): m/z : 330 [M�H]� ; elemental analysis calcd (%) for
C15H23NO7 (329.34): C 54.70, H 7.04, N 4.25; found C 54.59, H 7.09, N 4.22.


H22b : M.p. 55 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 5.88 (d,
1H; H1), 4.48 (d, 1H; H2), 4.33 (s, 1H; H3), 3.85 ± 4.30 (m, 6H; H4, H5,
2�CH2), 3.60 (m, 1H; H6), 3.39 (m, 1 H; H6'), 9.26 (m, 1H; NÿH), 7.98 (d,
1H; �CHÿ), 1.20 ± 1.50 (m, 12H, 4�CH3); 13C NMR (200 MHz, CDCl3,
25 8C, TMS): d� 105.07 (C1), 85.12 (C2), 74.43 (C3), 80.72 (C4), 68.39 (C5),
53.08 (C6), 171.25, 168.81 (C�O), 89.35 (�C< ), 160.69 (�CHÿ), 14.27,
14.09 (CH3), 59.92, 59.88 (CH2), 26.72, 26.16 (CMe2), 111.82 (CMe2); MS
(DCI with H2O): m/z : 390 [M�H]� ; elemental analysis calcd (%) for
C17H27NO9 (389.40): C 52.44, H 6.99, N 3.60; found C 52.02, H 7.22, N 3.06.


H23a : M.p. 177 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 5.84 (d,
1H; H1), 4.42 (d, 1 H; H2), 3.97 (s, 1H; H3), 4.15 (d, 1 H; H4), 3.77 (m, 1H;
H5), 3.62 (m, 1H; H6), 3.62 (m, 1H; H6'), 10.87 (dd, 1 H; NÿH), 7.97 (d,
1H;�CHÿ), 1.22, 1.38 (m, 6H, 2�CH3), 2.15, 2.28 (m, 6 H, 2�CH3), 5.11
(m, 1 H; OÿH6), 5.70 (d, 1H, OÿH3); 13C NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 104.35 (C1), 84.86 (C2), 73.19 (C3), 84.86 (C4), 60.30 (C5), 60.50
(C6), 197.81, 193.86 (C�O), 110.70 (�Cÿ), 161.00 (�CHÿ), 27.09, 31.49
(CH3), 26.62, 26.07 (CMe2), 110.38 (CMe2); MS (DCI with H2O): m/z : 330
[M�H]� ; elemental analysis calcd (%) for C15H23NO7 (329.35): C 54.70, H
7.04, N 4.25; found C 54.72, H 7.30, N 4.29.


H23b : M.p. 157 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 5.90 (d,
1H, H1), 4.49 (d, 1H; H2), 4.07 ± 4.22 (m, 6H; H3, H4, 2�CH2), 3.70 ± 3.95
(m, 3 H; H5, H6, H6'), 9.35 (dd, 1 H; NÿH), 8.03 (d, 1 H;�CHÿ), 1.20 ± 1.45
(m, 12 H, 4�CH3); 13C NMR (200 MHz, CDCl3, 25 8C, TMS): d� 104.85
(C1), 85.30 (C2), 74.33 (C3), 78.77 (C4), 62.47 (C5), 62.47 (C6), 168.98,
166.96 (C�O), 90.14 (�Cÿ), 160.09 (�CHÿ), 14.30 (CH3), 59.89 (CH2),
26.72, 26.10 (CMe2), 111.92 (CMe2); MS (DCI with H2O): m/z : 390
[M�H]� ; elemental analysis calcd (%) for C17H27NO9 (389.40): C 52.44, H
6.99, N 3.60; found C 52.44, H 7.11, N 3.60.


Bis[1,2,3-O-trimethyl-6-N-(3-acetylbut-3-en-2-one)amino-6-deoxygluco-
pyranoso]bis-m-acetatotricopper(ii), Cu(1 a): Isolation of Cu(1 a): The
residue was dissolved in diethyl ether. Blue crystals of Cu(1 a) precipitated
during the slow evaporation of the solvent. Yield: 187 mg (38.7 %); IR
(KBr): nÄ � 3321 (vw), 2980 (s), 2915 (s), 2845 (s), 1721 (vw), 1647 (w), 1626
(w), 1592 (vs),1545 (vs),1475 (w), 1395 (vs),1352 (s), 1282 (s), 1196 (w), 1147
(s), 1081 (vs), 1047 (vs),1022 (s), 995 (s), 955 (s), 937 (s), 745 (s), 647 (vs),
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615 cmÿ1 (vs); UV/Vis (MeOH): l (e)� 659 (319), 357 nm
(2530 molÿ1 dm3 cmÿ1); MS (DEI): m/z : 967 [M]� , 908 [MÿOAc]� , 849
[Mÿ 2�OAc]� , 785 [Cu2L2]� , 515 [Cu2L(OAc)]� , 452 [CuL(OAc)]� , 393
[CuL]� ; elemental analysis calcd (%) for C34H54N2O18Cu3 (967.42): C 42.21,
H 5.42, N 2.90, Cu 19.7; found C 41.79, H 5.54, N 2.87, Cu 19.5.


Bis[1,2,3-O-trimethyl-6-N-(2,2-bisethylcarboxyethylene)amino-6-deoxy-
glucopyranoso]bis-m-acetatotricopper(ii), Cu(1 b): Cu(1b) was isolated in a
similar manner to Cu(1a). Yield: 174 mg (33.9 %); IR (KBr): nÄ � 3436 (w),
3279 (w), 2980 (s), 2934 (s), 2907 (s), 2836 (w), 1702 (s), 1684 (s), 1657 (s),
1613 (vs),1553 (s), 1499 (w), 1553 (s), 1430 (s), 1399 (w), 1379 (w), 1346 (w),
1272 (w), 1244 (s), 1218 (s), 1156 (w), 1139 (w), 1061 (vs), 1047 (vs), 1024
(vs),959 (s), 918 (w), 802 (s), 791 (s), 734 (s), 621 cmÿ1 (w); UV/Vis
(toluene): l (e)� 664 (435), 397 (1469), 346 nm (1773 molÿ1 dm3 cmÿ1); MS
(FAB): m/z : 1028 [Cu3L2(OAc)]� , 969 [Cu3L2]� , 905 [Cu2L2]� , 453 [CuL]� ,
392 [H2L�H]� ; elemental analysis calcd (%) for C38H60N2O22Cu3 (1087.53):
C 42.08, H 5.49, N 2.73, Cu 18.6; found C 42.39, H 5.39, N 2.77, Cu 18.5.


Bis[1,2-O-isopropylidene-5-N-(3-acetylbut-3-en-2-one)amino-5-deoxyglu-
cofuranoso]aquodicopper(ii)-bis[1,2-O-isopropylidene-5-N-(3-acetylbut-3-
en-2-one)amino-5-deoxyglucofuranoso]-methanolodicopper(ii) ´ 3 H2O,
Cu(2 a): Isolation of Cu(2a): The residue was dissolved in toluene. A violet
toluene-containing compound crystallized during the slow evaporation of
the solvent. Recrystallization from water/methanol� 1:1 led to the
precipitation of Cu(2 a) in a quality suitable for X-ray crystal-structure
determination. Yield: 50 mg (24.00 %); IR (KBr): nÄ � 3331 (w), 2984 (s),
2928 (s), 1719 (vw), 1649 (w), 1584 (vs), 1457 (s), 1395 (vs), 1357 (s), 1283
(s), 1257 (s), 1213 (s), 1165 (s), 1125 (s), 1059 (vs), 1008 (vs), 946 (s), 882 (s),
844 (s), 732 (s), 696 (w), 638 cmÿ1 (s); UV/Vis (MeOH): l (e)� 651 (166),
373 nm (1344 molÿ1 dm3 cmÿ1); MS (ESI): m/z : 1585 [Cu4L4�Na]� , 1173
[Cu3L3�H]� , 804 [Cu2L2�Na]� , 783 [Cu2L2H2]� , 423 [CuL(MeOH)]� , 391
[CuL]� ; elemental analysis calcd (%) for C61H96N4O33Cu4 (1667.62): C
43.94, H 5.80, N 3.36, Cu 15.2; found C 44.05, H 5.87, N 3.31, Cu 15.1.


Bis[1,2-O-isopropylidene-5-N-(2,2-bisethylcarboxyethylene)amino-5-de-
oxyglucofuranoso]dicopper(ii), Cu(2 b): The residue was extracted with
toluene to give a blue solid. Yield: 110 mg (49 %); IR (KBr): nÄ � 3426 (vw),
2955 (s), 2923 (vs), 2854 (vs), 1733 (vw), 1675 (w), 1604 (s), 1461 (s), 1412
(w), 1377 (s), 1347 (w), 1259 (s), 1215 (w), 1166 (w), 1068 (vs), 1013 (vs), 868
(w), 796 (vs), 727 (w), 642 cmÿ1 (w); UV/Vis (toluene): l (e)� 583 (466),
352 nm (2794 molÿ1 dm3 cmÿ1); MS (ESI): m/z : 2728 [Cu6L6�Na]� , 1827
[Cu4L4�Na]� , 1353 [Cu3L3]� , 925 [Cu2L2�Na]� ; elemental analysis calcd
(%) for C34H50N2O18Cu2 (901.86): C 45.28, H 5.59, N 3.11, Cu 14.1; found C
45.47, H 5.48, N 3.21, Cu 14.1.


Bis[1,2-O-isopropylidene-6-N-(3-acetylbut-3-en-2-one)amino-6-deoxyglu-
cofuranoso]dicopper(ii), Cu(3 a): Cu(3 a) was isolated by recrystallization
of the residue from a mixture of toluene, chloroform, and ethanol (2:2:1).
Yield: 122 mg (62 %); IR (KBr): nÄ � 3314 (w), 2961 (s), 2925 (vs), 2854 (s),
2683 (vw), 1724 (w), 1650 (w), 1585 (vs), 1448 (s), 1387 (vs), 1310 (w), 1259
(s), 1214 (w), 1163 (w), 1067 (vs), 1010 (vs),955 (w), 852 (w), 798 (s), 732
(vw), 617 cmÿ1 (vw); UV/Vis (toluene): l (e)� 620 (345), 365 nm
(1429 molÿ1 dm3 cmÿ1); MS (ESI): m/z : 781 [Cu2L2]� , 720 [CuL2H2]� , 423
[CuL(MeOH)]� , 391 [CuL]� ; elemental analysis calcd (%) for
C30H42N2O14Cu2 (781.76): C 46.09, H 5.42, N 3.58, Cu 16.3; found C 45.67,
H 5.38, N 3.36, Cu 16.1.


Bis[1,2-O-isopropylidene-6-N-(2,2-bisethylcarboxyethylene)amino-6-de-
oxyglucofuranoso]dicopper(ii), Cu(3 b): The isolation of Cu(3b) was
carried out in an analogous manner to that of Cu(3 a). Yield: 144 mg
(66 %); IR (KBr): nÄ � 3434 (w), 2980 (s), 2933 (s), 2902 (s), 1738 (w), 1714
(w), 1686 (w), 1653 (vs), 1616 (vs), 1570 (vs), 1503 (w), 1441 (s), 1426 (s),
1376 (s), 1342 (s), 1286 (s), 1212 (s), 1166 (s), 1122 (s), 1064 (vs), 1009
(vs),847 (s), 803 (w), 785 (w), 732 (w), 677 cmÿ1 (w); UV/Vis (toluene): l


(e)� 626 (601), 346 nm (3172 molÿ1 dm3 cmÿ1); MS (ESI): m/z : 933
[Cu2L2(MeOH)]� , 452 [CuL�H]� ; elemental analysis calcd (%) for
C34H50N2O18Cu2 (901.86): C 45.28, H 5.59, N 3.11, Cu 14.1; found C:
45.47 %, H: 5.48 %, N: 3.21 %, Cu: 14.1 %.


Triethylammonium bis[2-N-(3-acetylbut-3-en-2-one)amino-2-deoxygluco-
pyranoso-m-acetato]dicuprate(ii), Cu(4 a), and triethylammonium bis[2-N-
(3-ethylcarboxylbut-3-en-2-one)amino-2-deoxyglucopyranoso-m-acetato]-
dicuprate(ii), Cu(4 c): 2-Amino-2-deoxy-glucopyranose hydrochloride (1 g,
4.64 mmol) was suspended in methanol (10 mL), and triethylamine
(1.29 mL, 9.28 mmol) was added. 3-Ethoxymethylene-2,4-pentandione
(0.72 g, 4.64 mmol) or 3-ethoxy-2-acetyl-prop-2-ene acid ethyl ester


(0.86 g, 4.64 mmol), respectively, in methanol (10 mL) were added drop-
wise. The solution was heated under reflux for 1 h, and was then allowed to
stand overnight. The ligands were then precipitated by the addition of
diethyl ether to yield colorless powders.


Ligand H24a (1 g, 3.46 mmol) or H24 c (1 g, 3.13 mmol) were dissolved in
methanol (15 mL) and triethylamine (0.96 mL, 6.92 mmol) or (0.87 mL,
6.26 mmol), respectively, was added. This solution was added dropwise to a
suspension of copper(ii) acetate monohydrate (0.69 g, 3.46 mmol or 0.62 g,
3.13 mmol, respectively) in methanol (5 mL). The dark blue solution was
stirred for 30 minutes. Diethyl ether was added and a blue powder
precipitated. This was identified to be pure Cu(4a) or Cu(4 c), respectively.
Yield: 2.00 g (67 %) [Cu(4a)] and 2.09 g (72 %) [Cu(4c)].


Cu(4a): IR [KBr (4000 ± 450 cmÿ1), Nujol (450 ± 50cmÿ1)]: nÄ � 3392 (s),
2923 (s), 2700 (m), 1683 (w), 1615 (s), 1570 (s), 1508 (w), 1457 (m), 1392 (s),
1357 (m), 1285 (m), 1099 (m), 1084 (m), 1026 (s), 992 (s), 940 (m), 858 (m),
843 (m), 803 (m), 765 (m), 735 (w), 654 (s), 616 (m), 593 (m), 543 (w), 485
(w), 427 (w), 365 (w), 322 (w), 303 (w), 286 (w), 259 (s), 226 (w), 172 (w),
162, (m), 105 (w), 96 cmÿ1 (m); UV/Vis (MeOH): l (e)� 660 (161), 360 nm
(879 molÿ1 dm3 cmÿ1); MS (ESI) m/z : 1051 [Cu3L3�H]� , 803
[Cu2L2�HNEt3]� , 723 [Cu2L2�Na]� , 701 [Cu2L2�H]� , 383
[CuL(MeOH)�H]� , 333 [Cu(LÿH2O�H]� , 102 [HNEt3]� ; elemental
analysis calcd (%) for C32H53N3O16Cu2 (862.87): C 44.54, H 6.19, N 4.87, Cu
14.7 %; found C 43.84; H 6.34; N 4.91; Cu 14.8.


Cu(4c): IR [KBr (4000 ± 450 cmÿ1), Nujol (450 ± 50 cmÿ1)]: nÄ � 3395 (s),
2979 (vs), 2944 (vs), 2739 (s), 2672 (vs), 2622 (vs), 2605 (s), 2531 (m), 2498
(s), 1691 (s), 1614 (s), 1572 (m), 1476 (s), 1444 (m), 1398 (s), 1365 (m), 1331
(w), 1271 (m), 1186 (w), 1172 (m), 1094 (m), 1071 (s), 1037 (vs),915 (w), 851
(m), 807 (m), 774 (m), 638 (w), 597 (w), 539 (w), 462 (w), 427 (w), 365 (w),
322 (w), 303 (w), 286 (w), 259 (s), 226 (w), 172 (w), 162 (m), 105 (w), 96 cmÿ1


(m); UV/Vis (MeOH): l (e)� 646 (148), 350 nm (2700 molÿ1 dm3 cmÿ1);
MS (ESI): m/z : 1545 [Cu4L4�Na]� , 1165 [Cu3L3�Na]� , 783 [Cu2L2�Na]� ,
761 [Cu2L2�H]� , 445 [CuL(MeOH)2�H]� , 413 [CuL(MeOH)�H]� , 381
[CuL�H]� , 102 [HNEt3]� ; elemental analysis calcd (%) for C34H57N3O18-


Cu2 (922.93): C 44.24, H 6.22, N 4.55, Cu 13.7; found C 43.58, H 6.50, N 4.45,
Cu 13.6.


3-[N-(2-Hydroxycyclohexyl)aminomethylene]-2,4-pentadione (H25a):
trans-Cyclohexanolammonium chloride (3.04 g, 0.02 mol) was suspended
in chloroform (20 mL). Triethylamine (4.04 g, 0.04 mol) was added, and the
solution was stirred for 30 minutes. 3-Ethoxymethylene-2,4-pentandione
(3.12 g, 0.02 mol) in chloroform (10 mL) was added, and the mixture was
heated under reflux for 2 h. After cooling, diethyl ether was added to the
solution. The triethylammonium chloride precipitate was filtered off. After
evaporation of the solvent, the remaining oil was purified by recrystalliza-
tion from an ethanol/water mixture. Yield: 3.56 g (79 %). 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 10.94 (dd, 1 H; NÿH), 8.40 (d, 1H;
�CHÿ), 3.41 (m, 2 H; CH2), 2.97 (m, 2H; CH2), 2.39 (m, 1H; CH), 2.34 (s,
3H; CH3), 2.32 (dd, 1H), 2.20 (s, 3H; CH3), 1.95 (m, 2 H; CH2), 1.78 (m,
2H; CH2); 13C NMR(PENDANT, 200 MHz, CDCl3, TMS): d� 199 (quart.
C), 195 (quart.C), 160 (CH), 110 (quart. C), 74 (CH), 65 (CH), 46 (CH2), 34
(CH2), 31.5 (CH3), 31 (CH2), 26 (CH3), 24 (CH2); IR (KBr): nÄ � 3487 (s),
2982 (s), 2937 (s), 2861 (s), 2757 (m), 2739 (w), 2677 (w), 2603 (w), 2450 (w),
1680 (vs), 1635 (vs), 1583 (s), 1476 (m), 1427 (s), 1388 (s), 1360 (s), 1302 (m),
1258 (s), 1241 (s), 1195 (w), 1142 (m), 1120 (w), 1077 (s), 1021 (m), 975 (m),
953 (w), 939 (w), 865 (m), 822 (s), 764 (m), 724 (w), 590 (m), 549 (m),
474 cmÿ1 (w); elemental analysis calcd (%) for C12H19NO3 (225.29): C 63.97,
H 8.50, N 6.21; found C 63.76, H 8.39, N 6.24.


Tetrakis-{3-[N-(2-oxycyclohexyl)aminatomethylene]-2,4-pentanedione-
(2-)O2',N,O2}tetracopper(ii), Cu(5 a): Solid copper acetate monohydrate
(0.80 g, 4 mmol)was added to H25 a (0.91 g, 4 mmol) in chloroform (20 mL).
After addition of triethylamine (20 drops), the copper salt dissolved and
the solution turned deep blue. The solution was allowed to stand in an open
round flask for 2 d to yield deep blue crystals. Crystals in quality suitable for
X-ray crystal structure analysis were obtained by the addition of pyridine
(10 mL) before the solvent was allowed to evaporate. Yield: 0.46 g
(36.4 %); IR [KBr (4000 ± 450 cmÿ1), Nujol (450 ± 50 cmÿ1)]: nÄ � 3433 (m),
3252 (w/sh), 2930 (vs), 2857 (vs), 1735 (w), 1654 (s), 1607 (vs), 1507 (w),
1467 (s), 1400 (vs), 1355 (m), 1275 (s), 1236 (s), 1209 (w), 1179 (w), 1145
(m), 1124 (w), 1081 (m), 1064 (m), 1027 (m), 990 (m), 940 (m), 921 (m), 890
(w), 858 (m), 801 (w), 756 (w), 670 (m), 635 (s), 622 (m), 591 (m), 551 (m),
460 (m), 422 (m), 362 (m), 332 (w), 317 (w), 286 (m), 259 (s), 176 (w/sh), 168,
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(m), 96 cmÿ1 (m); UV/Vis (CHCl3): l (e)� 632 (147), 359 nm
(808 molÿ1 dm3 cmÿ1); MS (DEI): m/z : 572 [M/2]� , 286 [CuL]� ; elemental
analysis calcd (%) for C48H68N4O12Cu4 (1147.27): C 50.25, H 5.97, N 4.88, Cu
22.2; found C 49.84, H 5.73, N 4.86, Cu 22.4.


Ethyl-2-[N-(2-hydroxycyclohexyl)aminomethylene]-3-oxobutanoate
(H25c): Triethylamine (4.04 g, 0.04 mol) was added to a suspension of trans-
cyclohexanolammonium chloride (3.04 g, 0.02 mol) in chloroform (20 mL).
The solution was stirred for 30 min. Ethyl-(3-ethoxymethylene)acetoace-
tate (3.72 g, 0.02 mol) in chloroform (10 mL) was added, and the mixture
was heated under reflux for 2 h. After cooling, diethyl ether was added to
the solution. The triethylammonium chloride precipitate was filtered off.
After evaporation of the solvent, the remaining oil was purified by
recrystallization from an ethanol/water mixture. Yield: 3.42 g (67 %).
1H NMR (200 MHz, CDCl3, TMS): d� 10.86 (dd, 1H; NH), 8.02 (d, 1H;
�CHÿ), 3.34 (dd, 2 H; CH2), 3.28 (m, 1 H; CH), 2.84 (dd, 1 H; CH), 2.19 (s,
3H; CH3), 1.93 (dd, 2 H; CH2), 1.68 (dd, 2 H; CH2), 1.30 (m, 7H); 13C NMR
(PENDANT, 200 MHz, CDCl3, TMS): d� 197 (quart.C), 167 (quart.C),
160 (CH), 99 (quart.C), 74 (CH), 65 (CH), 56 (CH2), 46 (CH2), 34 (CH2),
31.5 (CH3), 31 (CH2), 24 (CH2), 14 (CH3); IR (KBr): nÄ � 3385 (s), 2938 (s),
2860 (s), 2740 (m), 2676 (s), 2623 (s), 2604 (s), 2530 (s), 2497 (s), 1733 (m),
1699 (m), 1653 (vs),1613 (vs),1564 (s), 1506 (m), 1455 (m), 1400 (vs),1357
(s), 1324 (m), 1309 (s), 1260 (m), 1248 (m), 1226 (m), 1186 (m), 1142 (m),
1129 (m), 1090 (m), 1068 (m), 1035 (m), 1004 (m), 983 (m), 951 (w), 940 (w),
928 (s), 857 (m), 813 (s), 788 (w), 633 (m), 589 (m), 569 (m), 538 (m),
474 cmÿ1 (m); elemental analysis calcd (%) for C13H21NO4 (255.31): C
61.16, H 8.29, N 5.49; found C 60.76, H 8.19, N: 5.44.


Tetrakis-{ethyl-2-[N-(2-oxycyclohexyl)aminatomethylene]-3-oxobutano-
ato(2-)N,O2,O3}tetracopper(ii), Cu(5 c): Solid copper acetate monohydrate
(0.80 g, 4 mmol) was added to ligand H25c (1.02 g, 4 mmol) in chloroform
(20 mL). After addition of triethylamine (20 drops), the copper salt
dissolved and the solution turned deep blue. The solution was allowed to
stand in an open round flask bottle for 2 d to yield deep blue crystals in
quality suitable for X-ray crystal structure analysis. Yield: 0.46 g (36.4 %);
IR [KBr (4000 ± 450 cmÿ1), Nujol (450 ± 50cmÿ1)]: nÄ � 3425 (s), 2977 (s),
2934 (vs), 2856 (s), 2805 (w), 2757 (m), 2739 (m), 2677 (s), 2603 (w), 2492
(m), 1698 (vs), 1673 (s), 1619 (s), 1584 (w), 1472 (s), 1428 (vs), 1396 (m),
1364 (m), 1355 (w), 1336 (w), 1279 (s), 1259 (vs), 1242 (w), 1184 (m), 1145
(m), 1077 (s), 1047 (s), 1038 (m), 1016 (m), 951 (w), 873 (w), 859 (m), 800
(m), 773 (m), 681 (m), 655 (s), 624 (m), 588 (m), 547 (m), 458 (m), 423 (m),
264 (m), 332 (w), 315 (m), 286 (w), 259 (s), 228 (w), 167 (m), 108 (w),
97 cmÿ1 (w); UV/Vis (CHCl3) l (e)� 629 (171), 356 nm
(651 molÿ1 dm3 cmÿ1); MS (DEI): m/z : 632 [Cu2L2]� , 587, 552, 522, 480,
408, 316 [CuL]� , 270, 255 [L]� , 184, 138, 105, 60, 43; elemental analysis
calcd (%) for C52H76N4O16Cu4 (1267.37): C 49.28, H 6.04, N 4.42, Cu 20.1;
found C 47.85, H 6.53, N 4.46, Cu 19.9.


X-ray crystallography : Crystallographic data (excluding structure factors)
for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication
nos. CCDC-129254, 129253, 138083, and 138084 for Cu(1 a), Cu(2a),
Cu(5c), and Cu(5 a), respectively. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Asymmetric Reduction of Ketones with Catecholborane Using 2,6-BODOL
Complexes of Titanium(iv) as Catalysts


Ian Sarvary,[a] Fredrik Almqvist,[b] and Torbjörn Frejd*[a]


Abstract: Reductions performed with
TiIV complexes of ligands based on
bicyclo[2.2.2]octane diols 5 and 6 are
effective catalysts in the reduction of
prochiral ketones to optically active
alcohols, with catecholborane as the
reducing agent. Methyl ketones are
favored and enantiomeric excesses (ee)
of �98 % have been achieved with
acetophenone as the substrate. Several


other substrates were tested, among
them 2-octanone, which gave 2-octanol
in 87 % ee. Further details of the method
were examined, for example, temper-
ature, solvent composition, amount of


molecular sieves (4 �), and catecholbo-
rane quality, as well as the sensitivity of
the ligands towards acids. NMR spectro-
scopic methods were used to gain some
insight into the complexes formed be-
tween the ligands and [Ti(OiPr)4]. A
dimeric structure is proposed for the
pre-catalyst.


Keywords: asymmetric catalysis ´
diol ligands ´ ketones ´ reduction ´
structure elucidation ´ titanates


Introduction


One of the most studied transformations in asymmetric
catalysis is the asymmetric reduction of prochiral ketones.
Several reasons may be found for this interest; the product
alcohols are often used as starting materials in the synthesis of
drugs, as ligands for catalysis, and in the synthesis of large,
complicated target molecules. Moreover, this reaction also
serves as a test for new catalysts and their ligand systems.
Some of the most efficient catalysts for this transformation
utilize oxazaborolidines as ligands and boranes as reductants
(CBS reduction).[1, 2] Modifications of these ligands have
improved the enantioselectivities so that very high levels can
be achieved, often better than 98 % ee.[3]


Systems that employ TiIV-based Lewis acids for reductions
with boranes have not been investigated to the same degree.
In 1994, Lindsley et al. showed that the addition of [Ti(OiPr)4]
accelerated the reduction of ketones with several boranes.[4]


In their investigation, a Ti-TADDOLate (1: TADDOL�
a,a,a',a'-tetraaryl-1,3-dioxolane-4,5-dimethanol) produced a


low ee (24 %) in the catalytic asymmetric reduction of
acetophenone. Shortly thereafter, Giffels et al. tested several
ligands together with [Ti(OiPr)4]; this lead to increased
enantioselectivities.[5] The highest values, �84 % ee, were
obtained with bicyclic TADDOL analogues (2) and aromatic
ketones as the substrate. However, much lower ee�s were
obtained with nonaromatic ketones.


Other combinations of electron-deficient metals and diol
ligands have been tried recently. Huang et al. employed ZnII


as the electron-deficient metal center and reached ee�s of
�80 % for aromatic ketones with a polybinaphthol (3) as the
chiral ligand and catecholborane as the reductant.[6] In
addition to the diol ligands mentioned above, a GaIII complex
that contained two monothiobinaphthol ligands (4) was
reported by Ford and Woodward to give moderate-to-high
ee�s (�93 %) in the reduction of ketones with catecholbo-
rane.[7, 8]


In connection with another project, we became interested
to see whether 1,3-diol systems, based on the bicyclo[2.2.2]oc-
tane framework, could be used as ligands for the TiIV-
catalyzed reduction of ketones with catecholborane as the
reductant. The rigidity of the bicycles and the many possible
orientations of metal-coordinating atoms or groups constitute
interesting qualities for ligand construction.
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These bicyclic 1,3-diols may form metal chelates with a six-
membered ring, in contrast to the seven-membered-ring
chelates of the BINOLs[9] and TADDOLs.[10] Thus, different
geometries of the metal complexes would result and, in
consequence, different properties of the active catalysts could
be expected. Although the structure of the catalyst is not
known, it was noted in our earlier report that straight-chain
aliphatic methyl ketones were reduced with higher ee�s by the
titanium isopropoxide complexes of the 1,3-diols 5 and 6 as
compared to those of 2.[11] Several other methyl ketones were
successfully reduced with high yields and ee�s. At the time it
seemed necessary to apply rigorous reaction conditions in
terms of dryness and quality for all of the reagents (it seemed
crucial to distill the [Ti(OiPr)4], as well as the ketones and
solvents before use). Moreover, the use of large amounts of
molecular sieves seemed necessary to achieve the best results.
Despite these measures, we experienced difficulties with the
reproducibility. The yields and ee�s varied and the catalytic
reaction sometimes failed for no apparent reason.


The reaction system has now been investigated thoroughly
and several details have been changed with respect to our
earlier communication. This provides a reliable and more
robust method for catalytic asymmetric reductions of prochi-
ral ketones. In addition, the synthesis of the ligands has been
improved.


Results and Discussion


After some experimentation, it was discovered that the order
of addition of the reagents was important and the following
procedure was found to be reliable. Firstly, [Ti(OiPr)4] was
added to a solution of the ligand in tBuOMe, that contained
the molecular sieves, followed by stirring at 45 8C for 1.5 h.
During this time we believe that ligand exchange takes place
to generate the catalyst, the structure of which is not known at
present (see below). Subsequently, the ketone was added
followed by a waiting time of 30 min to allow for the
formation of a complex with the chiral Lewis acid. Finally,
the reaction mixture was cooled to ÿ20 8C before a pre-
cooled solution of catecholborane was added. This generated
a reddish reaction mixture, which was quenched after 24 h at


ÿ20 8C. The alcohol formed was then isolated by chromatog-
raphy. A more detailed discussion concerning the reaction
conditions is found below.


The ligand selected for this investigation was based on a
previous observation that anisyl-BODOL (5)[12] produced
higher ee�s than phenyl-BODOL (6) (Scheme 1). Picolyl


Scheme 1. The BODOL ligands: anisyl-BODOL (5), phenyl-BODOL (6)
and picolyl-BODOL (7), and the amino alcohol (8) used by Demir et al.[14]


-BODOL (7) has a coordinating pyridine nitrogen at approx-
imately the same distance from the hydroxy groups as the
oxygen of the methoxy group of 5. However, reductions
performed with 7 as the ligand only resulted in traces of the
expected alcohols. When the procedure described above was
followed, a gel-like mass was formed on addition of the
catecholborane. This impaired the stirring process, and the
reaction medium did not seem to allow a proper mixing of the
reactants. Therefore, 5 is used as the preferred ligand
throughout this work, unless otherwise stated.


Good-to-excellent enantioselectivity was achieved for most
of the aromatic methyl ketones used as the substrate when 5
was employed as the ligand in the reductions (entries 1A, 2A,
2B, and 3A ± 3D, Tables 1 ± 3).


When the nonaromatic part of the ketones was changed to
ethyl (entry 2A), the yield decreased; however, it did not
significantly influence the enantioselectivity. 1-Tetralone, in
which the alkyl chain is tied back into a 6-membered ring,
gave the same yield and ee as acetophenone (entry 2B). In
contrast, a somewhat lower ee was found in the case of the
five-membered ring in 1-indanone (entry 2C). The sterically


Table 1. Asymmetric reduction of methyl ketones with catecholborane by
Ti-BODOLate complexes of 5, 6, and 7.


Entry Ligand R Yield [%][a] ee [%] Configuration[d]


1A 5 Ph quantitative 96[b] R
1B 5 nhexyl 82 87[c] R
1C 6 Ph 92 89[b] R
1D 6 nhexyl 80 72[c] R
1E 7 Ph < 5 ±
1D 7 nhexyl < 5 ±


[a] Isolated yields. [b] Determined by HPLC on Chiralcel OD-H. [c] De-
termined by GC analysis of the Mosher ester on Supelco alpha-DEX.
[d] Established by optical rotation.
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more hindered 1-acetonaphthone also gave a lower yield and
ee than acetophenone (entry 2D). In the case of isobutyro-
phenone (entry 2E), the yield of the alcohol produced was
very low, without any noticeable ee. The amount of product
formed in this case was comparable to that of the background
reduction, that is, the reduction with just the catecholbo-
rane.[13] Apparently, the catalyst did not seem to tolerate steric
hindrance at both a-positions of the carbonyl group. For
isobutyrophenone, there was not even a catalytic effect of
[Ti(OiPr)4] without the ligand, at eitherÿ20 8C or 0 8C. Again,
low conversions comparable to those of the background
reaction were observed; for example, after 12 h reaction time
at the higher temperature, only 18 % of the alcohol was
formed (Table 2).


Four aromatic ketones with substituents in the aromatic
ring were tested next; they all gave quite high ee�s and yields
(Table 3). The two p-substituted acetophenones (p-methoxy
and p-ethyl, entries 3C and 3D) gave similar results, with high


ee�s and yields. In all cases, the (R) configuration was
obtained.


Reductions catalyzed by chiral, nonracemic Lewis acids
frequently do not produce high ee�s for linear, nonconjugated
ketones. However, some rather high values have been
reported. For the CBS reduction, Demir et al. reported the
highest ee in the reduction of 2-octanone (91 % ee and 78 %
yield) that used 8 with BH3 as the reducing agent.[14] In our
experiments, the linear methyl ketones (entries 4A and 1B)
produced fairly good ee�s. A lower ee was obtained when an
ethyl ketone, 3-octanone (entry 4B), was the substrate. It is
also interesting to note that 1-acetyl-1-cyclohexene (entry 4C)
was reduced with a good yield and ee. The alkene moiety was
intact, showing that there was no over-reduction (Table 4).


The reduction of benzylacetone (entry 4D) resulted in an
unexpectedly low ee, although the yield was still high.
Lowering the temperature to ÿ40 8C did not lead to any
detectable improvement of the ee, while the yield remained
the same.


Reaction conditions : We generally used a catalyst loading of
10 % in our reactions; this amount can be decreased to 2.5 %
without loss of enantioselectivity or yield, as tested with
acetophenone.


In our preliminary experiments, the reaction temperature
was set to ÿ50 8C, as measured in the external cooling bath
(ethanol/solid CO2). However, a cryostat gave better temper-
ature control and allowed the reaction to be performed at
ÿ20 8C without loss of enantioselectivity. At ÿ10 8C the ee
was lower, and it is therefore recommended to cool the
catecholborane solution toÿ20 8C before addition, in order to
achieve the best ee�s. No significant change in yield or ee was
noticed when the reaction temperature was ÿ40 8C, but the
reaction rate was considerably lower.


Catecholborane was used as a 1m solution in THF, which
makes it convenient to use THF as the bulk solvent, although
the reactions may be performed in mixtures of THF and
diethyl ether, toluene, or tBuOMe without significant loss of
ee�s and yields. To any of the mentioned solutions, varying


Table 2. Catalytic asymmetric reduction of aromatic ketones.


Entry Ketone Alcohol Yield [%][a] ee [%][b] Configuration[c]


2A 50 95 R


2B quantitative 96 R


2C 89 87 R


2D 88 86 R


2E ± ± ±


[a] Isolated yields. [b] Determined by HPLC, Chiralcel OD-H. [c] Estab-
lished by optical rotation.


Table 3. Catalytic asymmetric reduction of aromatic ketones, continued.


Entry Ketone Alcohol Yield [%][a] ee [%][b] Configuration[c]


3A Quant. 91 R


3B 85 98 R


3C quantitative 94 R


3D 93 96 R


[a] Isolated yields. [b] Determined by HPLC on Chiralcel OD-H. [c] Estab-
lished by optical rotation.


Table 4. Catalytic asymmetric reduction of non-benzylic ketones.


Entry Ketone Alcohol Yield [%][a] ee [%] Configuration[e]


4A 80 85[b] R


4B 91 48[b] R


4C 97 96[c] R


4D quantitative 56[d] R


[a] Isolated yields. [b] Determined by GC analysis of the corresponding Mosher
ester on Supelco alpha-DEX column. [c] Determined by GC, Supelco beta-
DEX column. [d] Determined by HPLC on ChiralcelOD-H. [e] Established by
optical rotation.
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amounts of aliphatic hydrocarbons (pentane, hexane, or
heptane) may be used as co-solvents, as long as the substrate
does not precipitate. It is also important to ensure that the
solvents are well dried.


The ligand sensitivity towards Brönsted acids became
evident when performing NMR spectroscopic analysis in
CDCl3: the ligands deteriorated. NMR investigations were
therefore carried out in solvents in which HCl formation
could not occur (toluene, benzene, etc.). Dissolution of the
ligands in CH2Cl2 for HPLC analysis also caused deteriora-
tion. Thus, the use of halogenated solvents should be avoided.
As expected, picolyl-BODOL (7) was not acid sensitive and
its NMR data were recorded in CDCl3.


To estimate the acid sensitivity of 5 and 6, we studied their
decomposition in the presence of HCl, TFA, and HOAc by
1H NMR spectroscopy (integration of the Hc signal at d� 4).
Not surprisingly, on account of its electron-donating substitu-
ent in the aromatic ring, 5 was more sensitive than 6 towards
acidic conditions. Thus, both of the ligands rapidly deterio-
rated in contact with 0.1m HCl (Table 5, entries 5A and 5B).


The use of TFA caused the same rapid deterioration of 5,
while 6 could withstand this acid a little better (entries 5C and
5D). Both ligands could withstand prolonged exposure to
HOAc. Only small amounts of 5 had deteriorated in this
solvent after 5 h, whereas no destruction of 6 was observed,
even after longer periods (entries 5E and 5F).


Because of the sensitivity towards Brönsted acids (see
above), the reaction mixtures were quenched with saturated
NH4Cl. We previously used HCl, but this caused deterioration
of the ligands and resulted in several byproducts that were
difficult to separate from the alcohols produced. Quenching
with NH4Cl left the ligand essentially intact, enabling its
isolation by chromatography and recycling. Thus, normally
>90 % of the ligand could be isolated after the reductions, but
small amounts of impurities accumulated on repeated recov-
ery. As a result, the ligand may be reused only five times
before the ee starts to drop. An interesting alternative to
improve the ligand recycling may be to immobilize it on a
solid support; this may also simplify the isolation of the
product alcohols. These measures are now being tested.


In our preliminary experiments, the use of quite a large
amount of molecular sieves appeared to be important to
obtain the best results. Their role could have been to facilitate
the ligand ± alkoxy exchange, as has been proposed in the


gyloxylate-ene reaction that employs [(iPrO)2TiCl2]/BINOL
as a catalyst.[15] However, during our further investigations it
became evident that there was only a minor dependence on
the amount of the molecular sieves. Thus, the reactions may
be performed without the molecular sieves, with only a minor
loss of ee (�2 %, Table 6); however, in this case the dryness of


the solvent is very important. Such a minor effect of the
molecular sieves has also been observed in Diels ± Alder
reactions with [(iPrO)2TiCl2]/TADDOL as the catalyst.[16] We
believe that the molecular sieves only act as a drying agent
before the addition of [Ti(OiPr)4].


The ee�s of the alcohols produced in the reductions was
rather insensitive to the ee of the ligand. Anisyl-BODOL (5),
purified only by flash chromatography (95% ee), produced
the same ee in the reduction of acetophenone as the more
rigorously purified sample that had been purified both by
chromatography and recrystallization (>99 % ee). When the
reaction was carried out with a ligand of 60 % ee, the alcohol
produced had an ee of 90 %. This pronounced positive
nonlinear effect[17] is shown in Figure 1.


Figure 1. The nonlinear effect in the reduction of acetophenone with
catecholborane/[Ti(OiPr)4] in the presence of 5 in various enantiomeric
purities.


We also noticed that the reduction was catalyzed by the
ligand without addition of [Ti(OiPr)4]; however, the alcohols
produced in these reactions showed no or negligible ee. It is
possible that 5 formed borates with catecholborane and that
these may act as Lewis acids, catalyzing the reductions. The
yields from these reactions were, however, much lower (50 %)


Table 5. Acidic deterioration of 5 and 6 in [D4]methanol measured by
1H NMR spectroscopy.


Entry Ligand Acid Concn [m] t1/2 [min]


5A 5 HCl 0.1 < 3
5B 6 HCl 0.1 < 3
5C 5 TFA 0.1 < 3
5D 6 TFA 0.1 45
5E 5 HOAc 0.15 10%[a]


5F 6 HOAc 0.15 no degradation[a]


[a] Observed deterioration during 5 h.


Table 6. Enantiomeric excess (ee) versus loading of the 4 � molecular
sieves (ms) in the reduction of acetophenone with 5.


Entry ms [g][a] Yield [%][b] ee%[c]


6A 0.25 98 96.4
6B 0.10 95 95.7
6C 0.05 96 94.3
6D[d] 0 95 94.6


[a] Amount of ms per mmol ketone. [b] Isolated yields. [c] Determined by
HPLC on Chiralcel OD-H. [d] The solvents were dried over sodium/
benzophenone.
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compared with those obtained in the presence of both the
ligand and [Ti(OiPr)4].


A further modification of our earlier experimental details
resulted after we had noticed that the distillation of
[Ti(OiPr)4] was not necessary to achieve good results. There-
fore, we used undistilled [Ti(OiPr)4] in stock solutions
(tBuOMe) in all reductions. These solutions are stable and
can be kept at room temperature for weeks under dry
conditions without any noticeable negative influence on the
reductions.


The ketones used were usually not distilled and we found
that a surprisingly large amount of impurities were tolerated.
Ketones kept in our chemical storage for decades were used
with good results. Most impurities were removed after the
reaction by flash chromatographic purification of the alcohols.
A few percent better yields may be obtained by the use of
freshly distilled ketones.


After our first report on this reduction, we encountered
severe problems with its reproducibility. After elimination of
several of the evident possible causes, we were left with the
suspicion that the quality of the catecholborane solutions was
crucial. 1H, 13C, and 11B NMR spectroscopy was used to check
the quality and large quantities of several species were
revealed in those batches of catecholborane that had given
inferior results (Figure 2).


Figure 2. 11B NMR of 50% catecholborane solution (1m in THF) and 50%
[D8]toluene. A: Good quality of the catecholborane, B: bad quality of the
catecholborane. Both spectra were recorded on a Bruker DRX 500 MHz
spectrometer at 25 8C with Et2O ´ BF3 in [D8]toluene as the reference.


As seen in the 11B NMR spectrum of the catecholborane
solutions of good quality, the resonance of catecholborane
itself (d� 26.5) dominated relative to the signals from the
impurities. However, in the catecholborane solutions of bad
quality the area of signal was approximately of the same
magnitude as those of the impurities. These signals at d� 15 ±
25 may originate from B(OR)3 compounds formed on
unintended contact of catecholborane with water. It should
also be noted that the quartet at d�ÿ0.5 in the solutions of
both good and bad quality most likely originated from BH3 ´
THF. However, the quartet located at d�ÿ20 in the good
quality catecholborane is not identified, but it is evidently an
indication of the presence of free BH3 or another of its
complexes.[4, 18] Apparently, the storage and handling of
catecholborane solutions must be more carefully controlled
and checked than we anticipated. After we had established
the importance of the catecholborane quality, the reductions
turned out to be very reproducible.


Two other common boranes were tested as reducing agents:
9-BBN and BH3 ´ THF. The more bulky 9-BBN gave low


yields and no ee, despite the presence of [Ti(OiPr)4]. The yield
was essentially the same as that of the background reaction.[13]


In contrast, the use of BH3 ´ THF resulted in a rapid reduction
of the ketones, but produced no or negligible ee.


It has been proposed that the actual reducing agent in the
[Ti(OiPr)4]-catalyzed hydroboration of olefins with catechol-
borane might be BH3, formed by disproportionation between
catecholborane and [Ti(OiPr)4].[18] Naturally, the question
arises as to whether a species formed from BH3 was the real
reducing agent, despite the fact that reductions that used
BH3 ´ THF directly did not produce any noticeable ee. The
deep red color observed in our reductions with catecholbo-
rane indicated the formation of Ti catecholates; this could be
the result of disproportionation (Scheme 2).


Scheme 2. Possible formation of Ti-catecholates and BH3 ´ THF from
catecholborane and [Ti(OiPr)4], as proposed by Burgess and van der
Donk.[18]


The Ti catecholate formed may be essential for the
asymmetric reductions by being part of the catalyst. For
example, Ti catecholates 9 or 10 could exchange two ligand
sites for the diol of the BODOLs. In order to test this idea,
catechol was added to the [Ti(OiPr)4]/BODOL mixture to test
whether the Ti catecholate was formed. Indeed, this was
indicated since the same red color appeared as in the
catecholborane reductions. Next, acetophenone was added
and then the mixture was cooled to ÿ20 8C followed by the
addition of BH3 ´ THF (pre-cooled toÿ20 8C). This resulted in
a rapid consumption of the ketone; however, the alcohol
formed was completely racemic. The addition of catechol
before or after the acetophenone or a reduction of the
temperature further (ÿ50 8C) did not produce any ee either.
Thus, the red complex, whatever its structure may be, did not
have any influence on the stereoselectivity when BH3 ´ THF
was used as the reductant. We may conclude that the effective
reducing agent in our reductions was not BH3. With this in
mind, it is very remarkable that (despite the presence of BH3 ´
THF in the good catecholborane solution) the reductions
produce such high ee�s.


Maturation periods in titanium chemistry are quite com-
mon and this was also observed in our reductions. However,
NMR experiments did not show any evident changes during
several hours after the initial complex formation from a
mixture of 5 and [Ti(OiPr)4] in toluene.
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We generally allowed the mixture of the molecular sieves
(4 �), the ligand, and the solvent to stir for 2 ± 4 hours before
the addition of the [Ti(OiPr)4]; although if the solvents had
been rigorously dried, this drying period was not necessary.
After the addition of [Ti(OiPr)4], a maturation period of 1.5 h
at 45 8C, or 10 ± 12 hours at room temperature was used
(Table 7, entries 7C and 7F). When this period was less than


1 hour at room temperature, there was a drop in ee of 17 %
(entry 7A). A mixture kept at 45 8C for 30 min or at room
temperature (�21 8C) for 4 h gave approximately the same
results (entries 7E and 7B). The maturation period must not
be too long, however, because when the mixture was kept at
room temperature for more than 24 hours, the reaction
became sluggish and gave a considerably lower ee (entry 7D).
It should be mentioned that sonication of the mixture for
30 min (entry 7G) did not improve the ee.


To test the reliability of the method, a reaction was
performed on a somewhat larger scale (3 g) for 4-meth-
oxy-acetophenone with a 5 % catalyst loading. There
was no significant change in either ee or chemical yield,
relative to the 150 mg experiments. Therefore, we do not
expect any special difficulties for the application of the
method on even larger scales.


Structure of the pre-catalyst : In
the absence of more precise
data concerning the structure
of the active catalyst, it could
still be of interest to acquire
structural information of the
pre-catalyst, that is the com-
plex(es) formed on mixing the
metal component with the li-
gand. As already discussed, our
catalyst showed a nonlinear
behavior; the ee of the product
was considerably higher than
that of the ligand. This indicat-
ed that the actual catalyst may
contain more than one ligand.
Unfortunately, the solid mate-
rial obtained from equimolar
portions of 5 and [Ti(OiPr)4]


was not suitable for an X-ray analysis. Only amorphous
material has hitherto been obtained.


Since the reactions were performed in toluene with good
results, we studied the complexes formed in [D8]toluene
solution by NMR spectroscopy. Thus, addition of one
equivalent [Ti(OiPr)4] to the pure enantiomer 5 resulted in
several downfield shifts of the ligand resonances (Figure 3,
traces A and B), which suggests coordination to TiIV. The most
noticeable changes were the following: a large downfield shift
of the methoxy signal (0.4 ppm), a smaller downfield shift of
the aromatic region and a large downfield shift of Hc


(0.55 ppm). We also noted that the signal of the bridgehead
proton at d� 2.55 was not shifted (not shown). It was also
clear that CH signals of two different iPrO groups appeared at
d� 4.95 and 4.3 (Figure 3, trace B). The large downfield shift
of the methoxy protons indicated that the ether oxygen acted
as an extra coordination site to make 5 a tridentate ligand.
This extra coordination site is not available in 6 and may be
related to the fact that 6 is a less efficient ligand than 5 in most
cases.


As judged by its NMR spectrum, this initially formed
complex seemed to be quite stable for several hours and was
not effected by the addition of three equivalents of iPrOH.
However, when this complex was kept in toluene solution for
48 h at room temperature, other complexes were formed.
These aged complexes could account for the decreased ee and
yield mentioned above (Table 7, entry 7D).


Further structural information on the pre-catalyst was
obtained by the use of a partially enantiomerically enriched
sample of the ligand. If the complex contained two ligands,
two diastereomeric complexes would be formed that could be
detected by their NMR spectra. We therefore recorded the 1H
MNR spectrum of a sample prepared by the addition of one
equivalent of [Ti(OiPr)4] to a 40 % enantiomerically enriched
sample of 5, which had been obtained by mixing the two
enantiomers of 5 in the proper portions (70:30). The resulting
1H NMR spectrum clearly showed that two complexes were
formed. They had similar, but different spectral features
(Figure 3, trace C). The appearance of the signals at d� 3.6,


Table 7. The effect of varying the catalyst aging conditions for the
reduction of acetophenone with 5.


Entry Ageing period[h] T [8C] ee [%][a] Yield [%][b]


7A 0.5 23 80 73
7B 4 23 89 92
7C 11 23 96.7 95
7D 48 23 75 85
7E 0.5 45 90 90
7F 1.5 45 96.9 97
7G 0.5 25 (sonication) 77 75


[a] Determined by HPLC on Chiralcel OD-H. [b] Isolated yields.


Figure 3. 1H NMR spectra in [D8]toluene of A: free ligand, B: mixture of enantiopure 5 and one equivalent of
[Ti(OiPr)4], C: mixture of 5 (40 % ee) and one equivalent of [Ti(OiPr)4].
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4.5, and 7.25, which have the expected areas of the minor
diastereomeric component, indicated a structure which con-
tains two ligands.


Complexes involved in the Sharpless Ti ± tartrate-catalyzed
asymmetric epoxidation of allylic alcohols have been studied
with NMR spectroscopic methods by Potvin et al.[19] These
structures have the possibility of extra coordination to Ti from
the carbonyl of the ester or amide groups. Despite the fact
that there is no X-ray data available for the Ti ± diethyl-
tartrate esters, it is assumed that they coordinate in a
tridentate fashion. It is also assumed that these complexes
are dimers,[20±23] [(TiL)2], although it has been disputed that
these are the active catalysts.[24] The situation has been
summarized recently.[25] Naturally, similar questions arise in


our case. Thus, when all the
data is taken into considera-
tion, it seems likely that the
dominating species is a rather
stable C2-symmetric complex,
such as 11, which is composed
of two ligands and two titanium
atoms. However, further spec-
troscopic evidence must be ob-
tained before a more rigorous
structure determination of the
pre-catalyst system can be
made.


Synthesis of the ligands : BODOLs 5 ± 7 were synthesized
according to a published procedure with some adjustments
(Scheme 3).[11] Although this scheme seems straightforward,


Scheme 3. Synthetic route to the BODOL ligands. a) TBDMSCl, DMF,
imidazole; b) ArLi, CeCl3, THF, ÿ78 8C!RT; c) Bu4NF, THF. Synthetic
route to (ÿ)-5 : d) i) DHP (dihydro-2H-pyran), PPTS (pyridinium-p-
toluenesulfonate), CH2Cl2; ii) NaBH4, MeOH/THF; iii) TBDPSCl, DMF,
imidazole; iv) PTS, iPrOH; v) Swern oxidation; e) i) Bu4NF, THF;
ii) TBDMSCl, DMF, imidazole; iii) ArLi, CeCl3, THF, ÿ78 8C!RT;
iv) Bu4NF, THF.


some comments should be made. The treatment of the
protected keto-alcohol 13 with aromatic Grignard and lithium
reagents did not result in a 1,2-addition to give 14 unless CeCl3


was added to the reagent.[26] The most likely explanation for
this is the formation of an enolate in the absence of CeCl3


since 13 could be recovered after aqueous work-up
(Scheme 3).


It was also necessary to introduce the lithium by direct
metalation, since ArLi syntheses based on a halogen ± metal
exchange with BuLi were nonproductive, even in the presence
of CeCl3. The reason for this is unclear; however, it is possible


that LiBr is formed in a Wurtz coupling between ArLi and
BuBr and then may form an ªateº complex with CeCl3 to give
Li�[CeCl3Br]ÿ , which may not give a useful Ar ± Ce reagent.


Our previously described method of inversion of (ÿ)-12
gave access to (�)-12.[27] During these transformations, we
observed that the ArLi ± CeCl3 reaction with 15, which has a
bulky TBDPS (tert-butyldiisopropylsilyl) protective group,
did not work under the same reaction conditions that were
used for the synthesis of 14. The starting material was
recovered to a large extent. Therefore, it was necessary to
change the protective group from TBDPS to TBDMS (tert-
butyldimethylsilyl) for the conversion of 15 to (ÿ)-5.


Conclusion


The presented enantioselective reduction conditions are mild
and provides a useful method for the catalytic asymmetric
reduction of ketones. It is also worth noting that, although
sensitive towards branching at the carbonyl a-position, the
Ti ± anisyl-BODOL complex (Ti-5) is quite substrate tolerant
and produced good enantioselectivities and chemical yields
for a wide range of substrates. Based on preliminary structural
data, a tentative structure of the pre-catalyst is suggested to be
the dimeric complex 11.


Experimental Section


General remarks : GC analyses was performed with either an alpha- or
beta-DEX column (Supelco, 30 m� 0.25 mm i.d.� 0.25 mm film thickness).
HPLC analyses were performed on a Chiralcel OD-H column (0.46 cm�
25 cm, 5 mm particle size), with iPrOH and hexane as the eluents. NMR
spectra were recorded at 400 MHz (Bruker DRX spectrometer), if not
stated otherwise. Optical rotations were measured with a Perkin ± Elmer
241 LC polarimeter at 23 8C. Preparative chromatographic separations
were performed on normal-phase silica gel 60 (0.035 ± 0.070 mm, Matrex
Amicon). Thin-layer chromatography was performed on TLC plates
precoated with silica gel 60F-254, 0.25 mm (Merck). After elution, the
TLC plates were visualized with UV light followed by spraying with a
solution of p-methoxybenzaldehyde (26 mL), glacial acetic acid (11 mL),
concentrated sulfuric acid (35 mL), and 95 % ethanol (960 mL), followed
by heating. All solvents were dried over 4 � molecular sieves (5% m/w) for
24 h prior to use, unless stated otherwise. The molecular sieves were
activated at 400 8C for 6 h and then allowed to cool under argon. [Ti(OiPr)4]
(97 %, Aldrich), phenyllithium (2.0m in benzene/ether, Aldrich), and
catecholborane (1m in THF, Aldrich) were used as delivered. In our
laboratory, the catecholborane solutions were stored at ÿ20 8C. The
reductions have not been optimized for any particular reaction; however,
the temperature selected was that which was best suited to acetophenone.


(1R,2R,4S,6S)-2-(2-Anisyl)-bicyclo[2.2.2]octane-2,6-diol (5): CeCl3 (3.6 g,
9.7 mmol) was placed in a round-bottomed flask and dried at 110 8C under
vacuum (<1 mm Hg) overnight (14 h). The flask was cooled on ice under
Ar, then ice-cold, dry THF (25 mL) was added. The resulting mixture was
stirred for 5 min at 0 8C and then for at least 4 h at RT before use. This
should result in a ªmilky suspensionº without any large fragments.[28] The
suspension was then cooled to ÿ78 8C, followed by addition of anisyllithi-
um [prepared by addition of nBuLi (1.6 mL, 12 mmol), to anisole (1.6 mL,
15 mmol) in THF(20 mL)] and the resulting yellow mixture was stirred for
1 h. A solution of (1R,4S,6S)-6-(t-butyldimethylsilyloxy)bicyclo[2.2.2]oc-
tane-2-one (13, 1.5 g, 5.9 mmol) in THF (5 mL) was then added, and the
mixture was allowed to reach RT overnight. A saturated aqueous solution
of NH4Cl (25 mL) was added, the phases were separated, and the water
phase was extracted with ether (2� 20 mL). The combined organic phases
were dried (Na2SO4) and filtered through a pad of SiO2, in order to remove
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inorganic cerium salts. The solvent was removed under vacuum, and the
residue was diluted with cold, dry THF (30 mL). Bu4NF (3 g, 9.5 mmol) was
added to this solution and the deprotection was monitored by TLC. The
reaction was complete after 4 hours. The reaction mixture was concen-
trated under reduced pressure to yield an orange oil, which was diluted with
EtOAc (50 mL). The organic solution was washed with brine (3� 20 mL)
and dried (Na2SO4). Filtration and removal of the solvent under reduced
pressure gave an oil that was purified by flash chromatography (SiO2,
heptane/EtOAc 50:50, Rf� 0.26). The resulting clear syrup crystallized in
the refrigerator to give 1.18 g (81 %) of white crystals, which were
recrystallized (tBuOMe/hexane, 20:80) to afford 5, m.p. 82 ± 83 8C.
1H NMR data in CDCl3 were identical with those previously reported.[11]


However, since we found that the compound was acid sensitive, we give
here the NMR data in benzene: 1H NMR ([D6]benzene, 25 8C): d� 7.08
(dd, J(H,H)� 1.65, 7.74 Hz, 1 H), 7.01 (ddd, J(H,H)� 1.65, 7.43, 8.2 Hz,
1H), 6.83 (td, J(H,H)� 7.47, 1.2, Hz, 1H), 6.45 (dd, J(H,H)� 1.2, 8.2 Hz,
1H), 4.55 (d, J(H,H)� 11.2 Hz, 1H; OH), 4.45 (s, 1 H; OH), 4.07 (m, 1H;
CHOH), 3.05 (s, 3H; OMe), 2.56 (m, 1 H), 2.2 (m, 2 H), 2.02 (dt, J(H,H)�
14.7, 2.5 Hz, 1 H), 1.93 (m, 1H), 1.25 (m, 2H), 1.08 (m 2 H); 13C NMR
([D6]benzene, 25 8C): d� 157.9, 135.8, 128.2, 126.8, 121.0, 112.0, 78.3, 71.0,
54.8, 42.8, 39.8, 39.5, 26.5, 23.5, 21.8.


(1R,2R,4S,6S)-2-Phenyl-bicyclo[2.2.2]octane-2,6-diol (6): This compound
was prepared by the procedure described for 5 except that phenyllithium in
benzene/ether was used instead of anisyllithium. Flash chromatography
(SiO2, heptane/EtOAc 2:1, Rf� 0.21) gave a clear syrup which crystallized
in the refrigerator (78 %). Recrystallization from tBuOMe/hexane (20:80)
gave 6, m.p. 85 ± 87 8C. 1H NMR data in CDCl3 were identical to those
previously reported.[11] However, since we found that the compound was
acid sensitive we give here the NMR data in benzene solution: 1H NMR
([D6]benzene, 25 8C): d� 7.35 (br d, J(H,H)� 6.6 Hz, 2 H), 7.2 (br t,
J(H,H)� 7.7 Hz, 2 H), 7.1 (tt, J(H,H)� 7.3, 1.9 Hz, 1H), 4.1 ± 3.7 (br s;
1H; OH), 3.8 (m; 1 H; CH), 3.8 ± 3.5 (br d, 1H; OH), 2.19 (m, 1H), 1.99 (m,
1H), 1.9 (m, 1H), 1.76 (m, 1H), 1.66 (m, 2 H), 1.2 ± 0.84 (m, 4H); 13C NMR
([D6]benzene, 25 8C): d� 148.0, 128.4, 127.3, 126.8, 76.9, 71.0, 42.7, 42.5,
38.3, 26.4, 23.3, 20.7.


(1R,2R,4S,6S)-2-(2-Picolyl)-bicyclo[2.2.2]octane-2,6-diol (7): This com-
pound was prepared by the procedure described for 5 except that
2-picolyllithium was used instead of anisyllithium. Flash chromatography
(SiO2, heptane/EtOAc 20:80, Rf� 0.29) resulted in a light yellow syrup
(77 %). [a]21


D � 23.8 (c� 6.5, CHCl3); 1H NMR (CDCl3, 25 8C): d� 8.37
(br d, J(H,H)� 4.7 Hz, 1H), 7.66 (td, J(H,H)� 7.7, 1.8 Hz, 1 H), 7.2 (dd,
J(H,H)� 7.7, 5.6 Hz, 1H), 7.16 (d, J(H,H)� 7.8 Hz, 1H), 4.93 (br s, 1H;
OH), 3.8 (br s, 1H; CH), 2.97 (ABq, J(H,H)� 14.9 Hz), 2.13 (m, 1H), 1.81
(m, 2H), 1.65 ± 1.5 (m, 4H), 1.4 ± 1.20 (m, 4H); 13C NMR (CDCl3, 25 8C):
d� 159.5, 148.6, 137.6, 124.8, 122.2, 76.5, 71.0, 47.1, 44.0, 39.3, 38.9, 26.1, 23.6,
21.3; HRMS (FAB� , direct inlet) calcd: 234.1494; found: 234.1493.


(�)-endo-6-Hydroxy-bicyclo[2.2.2]octane-2-one : The synthetic sequence
was adopted from the literature.[29] The first step, the synthesis of 3-allyl
cyclohexanone, was performed according to the literature[30] from 2-cyclo-
hexenone (3.0 g, 31 mmol), TiCl4 (3.7 mL, 33 mmol), and allyltrimethylsi-
lane (5.0 mL, 32 mmol), with the exception that after the addition of water
(200 mL) the mixture was filtered through Celite to remove the thick
precipitate of titanium oxide. In the second step, the crude product from
above (4 g) was diluted with MeOH (100 mL) and cooled toÿ76 8C, and O3


was bubbled through the stirred solution until it turned blue-violet. The
solution was purged with argon gas until colorless, followed by the addition
of methyl sulfide (5.0 mL, 68 mmol). The temperature was then allowed to
rise slowly to reach RT (over 14 h). Concentration under reduced pressure
gave an yellow oil (4.3 g) that was diluted with acetone (40 mL) and HCl
(40 mL, 1m). This solution was heated under reflux (1 h) and then allowed
to cool to room temperature. The mixture was diluted with brine (75 mL)
and then extracted with EtOAc (4� 25 mL). The combined organic phases
were washed with saturated NaHCO3 (25 mL) and brine (25 mL), and then
dried (Na2SO4), filtered, and concentrated under reduced pressure. The
oily residue was purifed by chromatography (SiO2, heptane/EtOAc 1:3) to
yield the compound as a white solid (0.93 g, 6.5 mmol, 21 %). M.p 200 ±
203 8C (sublimation and decomp); lit. : m.p. 201[31] and 165.3 ± 167.2[32]).
1H NMR and 13C NMR spectral data were in full agreement with those
reported.[32]


(�)-o-Anisyl-2,6-BODOL : The same procedure was used as for the
synthesis of (1R,2R,4S,6S)-2-(2-anisyl)-bicyclo[2.2.2]octane-2,6-diol, ex-


cept that racemic endo-6-hydroxy-bicyclo[2.2.2]octan-2-one was employed
instead of the optically active material. The product was obtained as white
crystals, m.p. 101 ± 102 8C. 1H and 13C NMR spectral data were identical to
those of 5.


General method for the reduction of the ketones : A solution of the ligand
(25 mg, 0.1 mmol) in tBuOMe was dried by stirring with activated 4 �
molecular sieves (0.4 g) for 2 h at room temperature. Then [Ti(OiPr)4]
(0.5 mL, 0.19m in tBuOMe, 95 mmol) was added. The mixture was kept for
1.5 h at 45 8C before addition of the ketone (1 mmol, neat or dissolved in a
minimum amount of THF). The wall of the reaction vessel was rinsed with
hexane (0.75 mL) to ensure that all of the ketone had been added to the
reaction mixture. The mixture was stirred at room temperature for another
30 min and was then cooled to ÿ20 8C. Cold (ÿ20 8C, from the freezer)
catecholborane (1.5 mL, 1m in THF, 1.5 mmol) was added, and the reaction
was monitored by TLC. After 24 h, only traces of the starting material
could be detected. Aqueous saturated NH4Cl (5 mL) was added at ÿ20 8C
to the reaction mixture, which was then stirred for 10 min. Diethyl ether
(25 mL) and another portion of aqueous saturated NH4Cl (15 mL) were
added at RT, followed by stirring for 1 h. The phases were separated, and
the aqueous phase was extracted with diethyl ether (2� 25 mL). The
combined ether phases were washed with NaOH (1m, 2� 25 mL), dried
(Na2SO4), and the solvent was removed under reduced pressure. The
residue was purified by flash chromatography (SiO2, diethyl ether/pentane,
and then diethyl ether) to elute the unreacted ketone, then the alcohol, and
then the ligand. This procedure was used for the preparation of the
following alcohols: (1R)-1-phenylethanol (entry 1A), (2R)-octan-2-ol (en-
try 1B), (1R)-1-phenyl-propan-1-ol (entry 2A), (1R)-1,2,3,4-tetrahydro-
naphth-1-ol (entry 2B), (1R)-indan-1-ol (entry 2C), (1R)-1-(1-naphthyl)-
ethanol (entry 2D), (1S)-1-(2-methoxyphenyl)-ethanol (entry 3A), (1R)-1-
(3-methoxyphenyl)-ethanol (entry 3B), (1R)-1-(4-methoxyphenyl)-ethanol
(entry 3C), (1R)-1-(4-ethylphenyl)-ethanol (entry 3D), (2R)-hexan-2-ol
(entry 4A), (3R)-octan-3-ol (entry 4B), (1R)-1-(cyclohex-1-en-1-yl)-ethan-
1-ol (entry 4C), (2R)-4-phenylbutan-2-ol (entry 4D). For further details see
Tables 1 ± 7 and the Supporting Information.


Reductions for the investigation of the nonlinear effect : Samples that
contained the ligand in different enantiomeric compositions were prepared
as stock solutions (0.10m) by mixing the appropriate amounts of the
racemate and the pure enantiomer in tBuOMe. The enantiomeric
compositions of the product and the purity of the ligand samples were
determined by HPLC analysis (ChiralcelOD-H, hexane/iPrOH 80:20)
before the reductions, and for the ligand also after the reductions. This
showed that the ligand retained its enantiomeric composition.
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Compound Containing Inorganic Wires**
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Abstract: The crystal and molecular
structure of a polycrystalline powder
with a metal ± metal bond and the com-
position TlPt(CN)5 has been determined
by combining results from X-ray powder
diffraction (XRD), extended X-ray ab-
sorption fine structure (EXAFS) and
vibrational spectroscopic studies. The
XRD data gave the tetragonal space
group P4/nmm (No. 129), with a�
7.647(3), c� 8.049(3) �, Z� 2, and
well-determined positions of the heavy
metal atoms. The PtÿTl bond length in
the compound is 2.627(2) �. The plati-
num atom coordinates four equivalent
equatorial cyano ligands, with a fifth
axial CN ligand and a thallium atom
completing a distorted octahedral coor-
dination geometry. The TlÿPt(CN)5 en-
tities are linked together in linearÿNC-
Pt-Tl-NC-Pt-Tl chains through the axial
cyano ligand. These linear ªwiresº are
the essential structural features and
influence the properties of the com-


pound. A three-dimensional network is
formed by the four equatorial cyano
ligands of the platinum atom that form
bridges to the thallium atoms of neigh-
bouring antiparallel chains. The plati-
num atom and the five nitrogen atoms
from the bridging cyano groups form a
distorted octahedron around the thalli-
um atom. EXAFS data were recorded at
the Pt and Tl LIII edges for a more
complete description of the local struc-
ture around the Pt and Tl atoms. The
excessive multiple scattering was eval-
uated by means of the FEFF program.
Raman and infrared absorption spectros-
copy reveal strong coupling of the vibra-
tional modes of the TlPt(CN)5 entities,
in particular the metal ± metal stretching
mode, which is split into four Raman


and two IR bands. Factor group theory
shows that a structural unit larger than
the crystallographic unit cell must be
used to assign vibrational bands. Intra-
and intermolecular force constants have
also been calculated. The compound
exhibits red luminescence at 700�
3 nm in glycerol and has a corresponding
excitation maximum at 240 nm. X-ray
photoelectron spectra (XPS) show that
the metal atoms have intermediate ox-
idation states, Pt3.2� and Tl1.6�, between
those in the parent PtII and TlIII species
and the decomposition products, PtIV


and TlI. The solid compound TlPt(CN)5


is stable to 520 8C. However in presence
of water, a two-electron transfer be-
tween the metal atoms results in the
cleavage of the metal ± metal bond at
80 8C, forming a PtIV pentacyanohydrate
complex and a monovalent thallium
ion.


Keywords: cyanides ´ EXAFS spec-
troscopy ´ platinum ´ thallium ´
X-ray diffraction
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Introduction


Recently, heteronuclear cyanide-bridged complexes of tran-
sition metals have attracted much attention because of their
unusual photoredox reactions.[1] A light-induced metal-to-
metal charge-transfer (MMCT) transition is mediated
through the linear M-CN-M' bridge between the two different
metal atoms, which are in their oxidised and reduced forms.
This leads to changes in the oxidation states of the metal ions
and, in particular situations, can result in reversible dissoci-
ation of the compound. Applications of such inorganic
systems in the fields of photocatalysis, solar energy conversion
and artificial photosynthesis are foreseen. The mechanism of
the electron-transfer process, which can involve more than
one electron, is also interesting from a theoretical point of
view.


Only di- and trinuclear complexes of this class of com-
pounds have been fully characterised[2] although polymeric
[ÿM-CN-M'ÿ]n chains can be prepared by electrochemical
techniques.[3] However, linear arrangements of M-CN-M'
entities are also known in a number of one-dimensional
polymers,[4] in which the oxidation states do not permit
electron transfer between adjacent metal centres.


On the other hand, several heteronuclear transition metal
complexes with a direct, unsupported and polar metal ± metal
MÿM' bond have been shown to undergo photoinduced
MMCT redox reactions.[5] As far as we know, no oligometallic
compound has been described that comprises of both types of
electronic metal ± metal links, that is, a nonbuttressed direct
MÿM' bond and a linear M-CN-M' bridge. A combination of
both short and long interactions between heterometal centres
in mixed-valence compounds may allow, in principle, two
different types of MMCT reactions and could lead to new and
interesting properties.


In this paper we describe a heterometallic cyano compound
with an unusual linear-chain structure of alternating MÿM'
and M-CN-M' entities. The metal atoms are platinum and
thallium, which are formally in their di- and trivalent
oxidation states, respectively; this makes a two-electron
charge transfer possible. This study is related to our previous
investigations of a family of oligometallic platinum-thallium
cyano complexes, which consist of the [(NC)5PtÿTl(CN)n]nÿ


(n� 0 ± 3) dimers and the [(NC)5PtÿTlÿPt(CN)5]3ÿ trimer
with a direct and unsupported metal ± metal bond.[6] The
oligometallic species are formed in aqueous solution by
reactions between the [PtII(CN)4]2ÿ and [TlIII(CN)n]3ÿn (n�
1 ± 4) cyano complexes, and can be regarded as metastable
intermediates in a net two-electron transfer from the plati-
num(ii) to the thallium(iii) atom.


A white powder of the composition TlPt(CN)5 precipitates
from aqueous solutions that contain oligometallic PtÿTl
species under certain conditions.[6b] All attempts to obtain
single crystals failed, so a study of the structure and bonding of
this compound was performed by combining results from
X-ray powder diffraction (XRD), EXAFS at the Pt and Tl LIII


absorption edges, and vibrational (Raman and IR) spectros-
copy. Some chemical properties and photophysical character-
istics (absorption, emission, and X-ray photoelectron, XPS) of
the TlPt(CN)5 compound are also reported.


Results and Discussion


Formation and characterisation of the solid TlPt(CN)5 com-
pound : The equilibrium between the bimetallic species
[(NC)5PtÿTl(CN)n]nÿ in aqueous solution at high acidity
and/or low free-cyanide concentration is shifted toward the
uncharged complex [(NC)5PtÿTl(H2O)x].[6d] Slow precipita-
tion of a white powder occurs from such solutions. Elemental
analysis shows that this compound contains platinum, thal-
lium and cyanide in the molar ratio 1:1:5. This is consistent
with results from XPS measurements. Lines characteristic for
the elements Pt, Tl, C and N were obtained in the photo-
electron spectrum of the solid sample. Neither of these
analytical methods indicate the presence of water in the
compound.


The solid is sparingly soluble (< � 3.7 mm) in slightly acidic
aqueous solution. The 205Tl NMR spectrum of such a solution
shows a pseudo triplet with an intensity ratio of �1:4:1. This
pattern is characteristic of binuclear PtÿTl complexes and
arises from spin ± spin coupling between the 205Tl and 195Pt
nuclei (195Pt: I� 1/2, natural abundance 33.8 %).[6b] Both the
chemical shift and the coupling constant are strongly pH-
dependent (dTl� 900, 1J(195Pt,205Tl)� 66 kHz at pH� 5; dTl�
780, 1J(195Pt,205Tl)� 71 kHz at lower pH) and agree with the
corresponding values of the complex [(NC)5PtÿTl(H2O)x],
which was characterised previously in aqueous solution.[6b]


The apparent pH-dependence can be attributed to the
deprotonation of water molecules in the thallium coordina-
tion sphere; this occurs at low acid concentration. The
hydrolysed and protonated species are in fast exchange on
the Tl NMR timescale in aqueous solution; this prevents their
separate detection. In aqueous solutions of ionic cyanides, the
formation of [(NC)5PtÿTl(CN)n]nÿ (n� 1 ± 3) species leads to
higher solubility of the solid compound.[6b,d] Thus the forma-
tion conditions, the dissolution products and the stoichiomet-
ric composition, TlPt(CN)5, of the solid powder strongly
indicate that its structure is closely related to that of the
neutral hydrated complex [(NC)5PtÿTl(H2O)x], which is formed
in aqueous solution.


Structure of the TlPt(CN)5 compound : X-ray powder diffrac-
tion data were collected (Figure 1) and the crystal structure


Figure 1. X-ray powder diffraction intensity of TlPt(CN)5 as a function of
the scattering angle 2VUpper trace: experimental intensity data, Iobs.
Lower trace: Iobsÿ Icalc. The vertical markers show calculated peak
positions.
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was solved and refined by Rietveld methods (see the
Experimental Section and Table 1 for details). The XRD
positional parameters showed that the heavy metal atoms and
an ªaxialº cyano group (C2ÿN2) are positioned on a four-fold
axis and form linearÿN2-C2-Pt-Tl-N2-C2-Pt-Tlÿchains along
the c axis of the unit cell (Figure 2 top). The space-group
symmetry P4/nmm requires the four ªequatorialº cyano
ligands (C1ÿN1) of the platinum atom to be crystallograph-


Figure 2. Structure of the compound TlPt(CN)5. Top: Two unit cells
showing the linear antiparallel ÿN2-C2-Pt-Tl-N2-C2-Pt-Tlÿ chains along
the c axis (distances in �). Bottom: Enlarged unit cell for the analysis of the
PtÿTl stretching vibrations.


ically equivalent. The nitrogen atoms (N1) of these equatorial
cyano groups bridge the thallium atoms from the neighbour-
ing antiparallel chains, and the nitrogen atom (N2) of the axial
cyano ligand forms a short linear bond to the thallium atom
within the chain. The atomic positional parameters obtained
from X-ray powder diffraction (XRD) gave a precise value of
the PtÿTl seperation, but improbable values for the bond
lengths that involve some of the lighter atoms. For example,
the PtÿC1 bond length appeared as 1.80(2) � (see Supporting
Information) although PtÿC separations in cyano complexes
of both platinum(ii) and platinum(iv) fall in the range 1.97 ±
2.01 �.[7] Moreover, the C1ÿN1 bond length for a cyano
ligand appeared much longer (�1.5 �) than that expected
(�1.15 �).[8] The bond length obtained for the axial cyano
ligand C2ÿN2 was not precise at 1.10(5) � (see Supporting
Information), but was within the range of expectation.


Thus the XRD data, which is dominated by scattering from
the heavy atoms Pt and Tl, indicates disorder of the equatorial
cyano groups. EXAFS measurements were performed to
improve the description of the local structure around the
metal atoms. The unit-cell dimensions and heavy atom
positions from the XRD method were used as the basis of
the description of the crystal structure and the Pt LIII and Tl
LIII EXAFS data provide structural information on the
coordination of the light atoms (Figure 3). The initial XRD
positions of the disordered atoms C1 and N1 (given in the
Supporting Information) were adjusted until a description of
the structure was achieved (Tables 2 and 3) that was
consistent with the EXAFS results. The consistency of the
results is illustrated by the good agreement between the
values of the PtÿTl bond length, which can be obtained
independently from both the Pt LIII and Tl LIII EXAFS
(2.627 �, Supporting Information) and from the XRD data
(2.628 �, Table 2).


Table 1. X-ray data collection parameters, crystal data and refinement
indicators for the crystalline powder TlPt(CN)5.[a]


Radiation CuKa1 (l� 1.5406 �)
2V-range and step [8] 10.00 ± 0134.98, DV� 0.02
number of reflections 278
total no. of parameters in Rietveld refinement 20
a [�] 7.647(3)
c [�] 8.049(3)
V [�3] 470.7(4)
Z 2
space group P4/nmm (No. 129)
1calcd [gcmÿ3] 3.74
F(000) 448
m(CuKa1) [cmÿ1] 595
halfwidth parameter, U 0.88(3)
halfwidth parameter, V ÿ 0.14(2)
halfwidth parameter, W 0.027(2)
RP�S j yoiÿ yci j /S j yci j 0.084
RwP� (Swi(yoiÿ yci)2/Swi ´ y2


oi�1/2 0.111
Rÿ I�S j Ioÿ Ic j /S j Ii j 0.099
RÿF�S j jFo jÿjFc j j /S jFo j 0.053
S (GooF) 1.2
DW 0.31


[a] For the abbreviations, see ref. [33].


Table 2. Bond lengths and angles for the solid sample TlPt(CN)5,
calculated using the parameters in Table 3. The accuracy of the distances
involving light atoms is estimated to approximately 0.02 �.


Bond lengths [�] Bond angles [8]


PtÿC1 2.00 Pt-C1-N1 179
PtÿC2 2.00 C1-Pt-C1 89
PtÿTl 2.628(3) C1-Pt-C1' 163
C1ÿN1 1.15 N1-Tl-N1 81
N1ÿTl 2.50 N1-Tl-N1' 132
C2ÿN2 1.14 Tl-N1-C1 149
N2ÿTl 2.29


Table 3. Crystal structure of TlPt(CN)5 in space group P4/nmm with Pt and
Tl atomic positional parameters from XRD, and C and N parameters
derived from the EXAFS results with estimated standard deviations 0.001.


Atom Site x/a y/a z/c


Pt 2c 1/4 1/4 0.1982(2)
Tl 2c 1/4 1/4 0.8724(2)
C1 8j 0.067 0.067 0.235
C2 2c 1/4 1/4 0.447
N1 8j ÿ 0.0385 ÿ 0.0385 0.253
N2 2c 1/4 1/4 0.588
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Figure 3. a) Pt LIII edge EXAFS of the compound TlPt(CN)5. Left:
Filtered k3-weighted EXAFS function (ÐÐ) with model fit (^) (top), and
contributions from individual scattering paths. Right: the corresponding
Fourier transformations. b) Tl LIII edge EXAFS. Left: Filtered k3-weighted
EXAFS function (ÐÐ) with model fit (^) (top), and contributions from
individual scattering paths. Right: the corresponding Fourier transforma-
tions.


The coordination environment of the platinum atom
consists of five carbons from the cyano ligands and a thallium
atom. It is not possible to discern a significant difference in the
PtÿC bond lengths of the axial and equatorial cyano ligands
from the XRD or the EXAFS data. The Pt ´´ ´ N distance is
1.14 (axial) and 1.15 � (equatorial) longer than the PtÿC bond
(Table 2); this indicates that the PtÿCÿN coordination is close
to linear in both cases.[8]


Five nitrogen atoms from the bridging cyano groups
surround the thallium atom in a highly distorted octahedral
geometry (Figure 2 top). The two TlÿN bond lengths for the


cyano groups in the equatorial and axial positions differ
significantly and could be refined independently to 2.50(1)
and 2.31(3) � respectively.


Correlation of PtÿTl bond lengths : The PtÿTl bond length in
the [(NC)5PtÿTl(CN)n]nÿ (n� 1 ± 3) species in solution in-
creases from 2.598 to 2.638 � with an increasing number of
the coordinated cyano ligands, n.[6c] Extrapolation of this
correlation to n� 0 would give a PtÿTl separation of about
2.58 � for the hydrated [(NC)5PtÿTl(H2O)x] complex in
solution. However, the PtÿTl bond length in the solid
TlPt(CN)5 compound is 2.628 �. The longer PtÿTl bond in
the solid compound is probably due to the presence of cyanide
bridges within and between the antiparallel ÿN2-C2-Pt-Tl-
N2-C2-Pt-Tlÿ chains. Attraction between the thallium atom
and the nitrogen atoms of the strongly bonded linear N2-C2-
Pt entities within a chain and between adjacent chains (N1-
C1-Pt) (Figure 2 top) can be expected to cause an elongation
of the PtÿTl bond. Recently, PtÿTl bond lengths were
calculated for the [Tl2Pt(CN)4] molecule of D4h symmetry.[9]


In contrast to the PtÿTl bond length of 3.14 � in the crystal
structure of this compound,[7b] the bond length in the free
molecule is calculated to be 2.877 �. The much longer PtÿTl
bond length in the crystal was attributed to the electrostatic
attraction of the positive thallium ion by the five surrounding
negatively charged nitrogen atoms.


Moreover, the Pt-C1-N1-Tl bridges between neighbouring
chains hold the cyano ligands in eclipsed positions. Strong p ±
p repulsion between these antiparallel C1ÿN1 groups is
expected due to the short PtÿTl bond. This repulsion is
assumed to increase the contact distance to about 3.9 �
between the perfectly eclipsed cyano ligands to model the
highly symmetrical structure in the space group D7


4h(P4/
nmm)(Figure 2 top). In this configuration the platinum atom
must be slightly displaced from the equatorial plane, which is
formed by the carbon atoms, despite four strong PtÿC1 bonds;
this gives rise to estimated angles for TlÿN1ÿC1 of about 1498
and for CÿPtÿC' of 1638.


Crystal structures that contain platinum ± thallium bonds
can be divided into three groups that depend on the formal
oxidation states of the metal ions: Pt0ÿTlI (2.860 ± 3.047 �),[10]


PtIIÿTlI (2.876 ± 3.152 �)[7b, 11] and PtIIÿTlII (2.698 ±
2.708 �)[12] . The TlPt(CN)5 compound has a higher total
oxidation state (v) of the two metal atoms than in the solid
compounds listed above; this is consistent with the shorter
PtÿTl bond length of 2.628 �.


Vibrational spectra and force constants : (see Appendix I) The
Raman and IR spectra of the compound are shown in Figure 4
and their assignments are based on normal coordinate
calculations and given in Table 4. Force constants are listed
in Table 5. For an isolated TlPt(CN)5 molecular entity in C4v


point group symmetry, there are 30 internal modes that
belong to the symmetry species 7A1�A2� 4B1� 2B2� 8E.
The possible splitting of these 30 internal modes is inves-
tigated by factor group analysis for two interacting formula
units TlPt(CN)5 (Figure 5) in the space group P4/nmm
(D7


4h�.[13] For a Bravais cell with Z� 2, 60 internal fundamental
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Figure 4. Raman and infrared absorption spectra of the solid compound
TlPt(CN)5. Top: Cyanide-stretching region. Bottom: Low-frequency
region.


vibrational modes are possible that belong to the following
symmetry species:


G(internal)� 7A1g�A2g� 4B1g� 2B2g� 8Eg�A1u� 7A2u


� 2B1u� 4B2u� 8Eu.
Of these, 21 are Raman active vibrational frequencies


(7A1g� 4B1g� 2B2g� 8Eg), and 15 IR are active (7A2u� 8Eu).
In principle, no coincidences should occur as there is a centre
of symmetry in the unit cell, but the amount of correlation
splitting between a pair of Raman and IR modes does depend
on the strength of the interaction.


CN stretches : The highest frequency band in the CN-stretch-
ing region of the Raman spectrum appears at 2233 cmÿ1. It is
well known that in a M-CN-M' bridge, the n(CÿN) frequency
may shift to higher wavenumbers by more than 40 cmÿ1.[8]


Therefore, this high frequency Raman band can be assigned to
the symmetric stretching mode A1g of the axial cyano group,
which forms a strong bridge in the linear ÿPt-Tl-N2-C2-Ptÿ
chain. The Raman band at the next highest frequency,
2210 cmÿ1 (A1g) is assigned to the stretching frequency of
the less strongly bridging equatorial cyano ligands of the
platinum atom. The asymmetric stretching frequency, Eg, is
found at 2205 cmÿ1, while the lowest frequency band at
2153 cmÿ1 is assigned to the B1g species.


Table 5 shows that the CN stretching force constant for the
axial ligand is about 7 % larger than for the equatorial ligands
at 18.977� 10ÿ2 and 17.552� 10ÿ2 N mÿ1, respectively.


PtÿC stretching modes : The PtÿC stretching bands for cyano
compounds are expected in the region from about 410 ±
500 cmÿ1.[14, 15] If the highest Raman band at 501 cmÿ1 is
assigned to the in-phase PtÿC stretching mode (A1g) of an
axial cyano ligand and if the set of bands between 456 and
419 cmÿ1 are assigned to the three PtÿC stretching modes
(A1g�B1g�Eg) of equatorial cyano ligands (Table 4), the
normal coordinate calculations result in a reasonable force
field (see Appendix I). The difference between the force
constants of the PtÿC stretching vibration for axial and
equatorial sites is in agreement with corresponding values for
the CÿN bond: the larger K(CÿN) for the axial cyano ligand
corresponds to a smaller K(PtÿC) and vice versa for
equatorial ligands (Table 5). This result is consistent with
back-donation from platinum to the antibonding orbitals of
the cyanide ion.


The force constants show that an axial PtÿC bond is
substantially weaker (2.082� 10ÿ2 N mÿ1) than the equatorial
bonds (2.675� 10ÿ2 N mÿ1) (Table 5). In an isolated
[(NC)5PtÿTl] entity, the trans influence of the thallium atom
would be expected to give the opposite effect. For s-bonded
complexes of transition metals, the presence of a ligand with
strong acceptor (or weak donor) ability, as for thallium in this
case, would cause strengthening of the PtÿCtrans bond.[16]


Table 4. Assignment in D7
4h factor group symmetry of the solid-state infrared


absorption (IR) and Raman spectra of the TlPt(CN)5 compound (see Appendix I).


IR [cmÿ1] Raman [cmÿ1] D7
4h Description


2235 s A2u CÿN stretching (axial)
2233 s A1g


2219 w A2u CÿN stretching (equatorial)
2210 vs A1g


2205 vs Eg


2196 vs Eu


2184 w, sh (2186)[a] (A2u) 13CÿN stretching (axial)
2170 w (2167) (Eu) C15ÿN stretching (equatorial)
2154 w (2153) (Eu) 13CÿN stretching (equatorial)


2153 w B1g


503 w A2u PtÿC stretching (axial)
501 w A1g


489 m, 476 m Eg PtÿCN linear bending (axial)
474 w Eu


456 w Eg PtÿC stretching (equatorial)
438 w Eu


431 w B1g


419 w A1g


411 vw A2u


398 vw Eg, B1g PtÿCN linear bending (equatorial)
343 w A2u, Eu


338 w A1g, B2g


317 vw Eu


315 w Eg


211 s A1g PtÿTl stretching
196 m B1g


194 w A2u


164 s, 152 m Eg


150 m Eu


[a] The calculated isotope bands are given in brackets.
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Figure 5. Description of internal coordinates used to calculate the force
constants of the unit cell.


Indirect support for this view is given by the NMR results.[6b]


The coupling constants 1J(195Pt,13C) for the complex
[(NC)5PtÿTl(H2O)x] in solution are substantially larger for
the axial PtÿC interaction. However, in the solid compound


the TlPt(CN)5 units are connected by two types of CN bridges.
In particular the axial (C2ÿN2) cyano bridge is significantly
stronger than the equatorial (C1ÿN1) bridge, as shown by the
TlÿN bond lengths 2.29 � (axial) and 2.50 � (equatorial).
This results in the reversed order of the PtÿC bond strength.


PtÿTl stretching modes : The bands which are attributed to
metal ± metal stretching vibrations usually appear in the low
frequency region (250 ± 100 cmÿ1) of the vibrational spec-
tra.[15, 17] The Raman spectrum of the TlPt(CN)5 compound
has four intense bands in two groups in the range 152 and
211 cmÿ1, and two IR bands at 194 and 150 cmÿ1 (Figure 4).
For an isolated [TlPt(CN)5] complex in C4v point group
symmetry a single PtÿTl stretching band of A1 symmetry
would be expected, which then splits into a pair with one
Raman active (A1g) and one IR active (A2u) mode when Z� 2
in D7


4h space group symmetry. The number of observed
Raman and IR bands shows conclusively that the number of
interacting PtÿTl oscillators must be larger than the two which
are present in the crystallographic unit cell. Calculations of
frequencies for differently sized segments of the polymeric
ÿN2-C2-Pt-Tl-N2-C2-Pt-Tlÿ chain showed that there must be
strong coupling between neighbouring PtÿTl stretching
oscillators in order to account for the observed large splitting
(�45 cmÿ1) between the two groups of Raman bands
(Table 4). Beside this direct interaction within the chain,
there is an additional splitting (15 cmÿ1) of the Raman bands
of the PtÿTl stretching vibrations; this may be due to a
coupling between the chains. This splitting, which is mainly
observed in the metal ± metal stretching region, is an effect of
the large masses of the metal atoms that totally dominate the
vibrational coupling. The axial linear bend (Table 4) also splits
into a doublet at 489 and 476 cmÿ1. However, in the CÿN
stretching region the apparent ªdoubletº at 2205 and
2210 cmÿ1 can only be assigned to two different types of
vibrational modes.


An enlarged Bravais unit cell can be selected to explain the
experimental PtÿTl stretching features; the cell contains eight
PtÿTl pairs within antiparallel neighbouring chains that are
connected by bridging equatorial cyano groups. A possible
arrangement is shown in Figure 2 (bottom; see also Support-
ing Information). This set of eight interacting PtÿTl stretching
vibrations can then be assigned to three Raman (A1g�B1g�
Eg) active species (Table 4) by using the Adam ± Newton
tables (No. 123, Wyckoff site symmetry 8s).[13b] The extra
Raman band can be attributed to correlation splitting (which
reduces the site symmetry below C4v) of the doubly degen-
erate Eg mode into the two components at 152 and 164 cmÿ1


(Table 4). The value of the PtÿTl stretching force constant
(1.651� 10ÿ2 N mÿ1, Table 5) is characteristic for single
metal ± metal bonds.[17b]


An enlarged unit cell is expected to give rise to additional
reflections in the powder X-ray diffraction pattern. However,
no such extra reflections could be seen. Since these reflections
may correspond to alternative positions of only the light C1
and N1 atoms, which may not occur in a regular manner, they
may be too weak to be detected.


Electronic characterisationÐoptical spectroscopy: The pres-
ence of a direct PtÿTl bond is often associated with intense


Table 5. Force constants calculated for the compound TlPt(CN)5.[a]


Coordinates Force Units[c]


involved[b] constants


internal stretches
K(CN), equatorial E 17.552 a
f(CN,CN) trans E,E' ÿ0.193 a
f(CN,CN) cis E,E 0.257 a
K(CN) axial A 18.977 a
K(PtC), equatorial e 2.675 a
f(PtC, PtC) trans e,e 0.195 a
f(PtC,PtC) cis e,e ÿ0.055 a
K(PtC) axial a 2.082 a
K(PtTl) m 1.651 a


intermolecular stretches
k(Tl. . .N) equatorial q (in ± chain)[d] 0.900 a
k(CN,CN) equatorial (cross ± chain)[d] 0.037 a
k((CN,CN) axial (in ± chain) ÿ 0.008 a
k(PtC,PtC) axial (in ± chain) 0.024 a
k(PtC,PtC) equatorial (cross ± chain) 0.022 a
k(PtTl, PtTl) (in ± chain) 0.083 a
k(PtTl, PtTl) (cross ± chain) 0.133 a


bends
H(PtC2)equatorial a (0.33)[e] b
h(PtC2, PtC2) a a (ÿ0.15) b
H(TlPtC) b (0.34) b
h(TlPtC, TlPtC) bb (ÿ0.08) b
H(PtC2) equatorial, axial f (0.34) b
h(PtC2, PtC2) ff (ÿ0.08) b


internal linear bending deformations
H(PtCN)equatorial e 0.304 b
h(PtCN, PtCN)trans e e 0.033 b
h(PtCN, PtCN)cis e e ÿ0.022 b
H(PtCN)equatorial e' 0.287 b
h(PtCN, PtCN)trans e' e' ÿ0.035 b
h(PtCN, PtCN)cis e' e' 0.014 b
H(PtCN)axial g 0.511 b


intermolecular linear bending deformations
h(PtCN, PtCN) (cross chain) 0.016 b


[a] K-stretching and H-bending diagonal; k-intermolecular stretch ±
stretch; f-intramolecular stretch-stretch; h-bend ± bend interaction terms;
h'-intramolecular interaction of axial PtCN linear bends. [b] See Figure 5
and Supporting Information. [c] a: 102 N mÿ1; b: 10ÿ18 N m. [d] In-chain:
interactions along axial direction; cross-chain: interaction between mole-
cules in neighbouring chains. [e] Constrained values in brackets.
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photoluminescence, with emission bands in the energy range
between 316 and 678 nm.[7b, 11a,c,d, 18] All the compounds
reported in these references contain platinum(ii) and thalli-
um(i) ions. The white polycrystalline TlPt(CN)5 compound
shows a remarkable red luminescence at 700� 3 nm when
irradiated in the near UV region, and the uncorrected
excitation maximum is found at 240 nm. The very large
Stokes shift (27730 cmÿ1) suggests a pronounced structural
reorganisation between the ground and excited states. The
excitation band correlates well with the absorption spectra
obtained from a glycerol suspension of polycrystalline
TlPt(CN)5 in which a broad peak is observed at about 270 nm.


The electronic absorption spectrum of the solid TlPt(CN)5


compound is similar to that of an aqueous solution of
[(NC)5PtÿTl(H2O)x], which exhibits a broad maximum at
259 nm. The similarity of the monomeric species in solution
and the polymeric solid suggests that the optical properties
are dominated by the metal ± metal interaction and that the
cyano bridging either within or between the chains does not
have a noticeable effect. Qualitatively, an isolated
[TlPt(CN)5] molecule can be considered to consist of three
entities: [Pt(CN)4]2ÿ, CNÿ and Tl3�. In C4v point group
symmetry, the combination of 5dz2 (the HOMO of
[Pt(CN)4]2ÿ, which is 5a1g and consists of 91 % Pt from 76 %
5dz2 and 15 % 6s and 7 % CNÿ character)[19]),2pz (the HOMO
of CNÿ)[8, 20] and 6s (Tl3�) atomic orbitals is symmetry allowed
and results in formation of three (bonding, non ± bonding and
antibonding) three-centre s molecular orbitals. When the
molecular orbitals are filled with two pairs of valence
electrons, an antibonding orbital is left empty. We therefore
assign the 270 nm absorption to a spin and symmetry allowed
a1g! a2u (sn!s*) transition.[21]


The experimental results are compatible with this linear
three-centre bonding model. Thus, the NMR data of the
complex [(NC)5PtÿTl(H2O)x] in aqueous solution reflect the
strong interaction between thallium and the axial cyano
ligand as indicated by the large (12750 Hz) value of the spin ±
spin coupling constant 2J(205Tl,13C).[6b] Moreover, a strong
spin ± spin coupling indicates that the valence s orbitals of
thallium participate in the bonding.[22]


X-ray photoelectron spectra (XPS) and charge distribution
between the metals : The binding energies of the 4f electrons
of the thallium and platinum atoms in the solid compound
TlPt(CN)5, 118.2 and 74.9 eV, respectively, were obtained
from XPS measurements and can be used to assess the charge
distribution of the metal atoms. Binding energies have been
determined for thallium and platinum in the compounds with
the known oxidation states �1 (Tl2SO4, 118.7 eV) and �3
(Tl2O3, 117.0 eV), and �2 (K2Pt(CN)4, 73.0 eV) and �4
(K2Pt(CN)6, 76.3 eV). If the oxidation numbers of the above
compounds are used as reference values, ªrelative oxidation
statesº for the Tl and Pt atoms in the bimetallic TlPt(CN)5


compound can be estimated to be 1.6 and 3.2, respectively,
from linear interpolation of their corresponding binding
energies. A similar charge distribution on the metal atoms
in the related complex [(NC)5PtÿTl(H2O)x] in aqueous
solution, Pt3.6�ÿTl1.6�, was estimated from the values of 195Pt
and 205Tl NMR chemical shifts.[23] The intermediate charges


on the metal ions in the compound show that a partial electron
transfer has taken place from the platinum to the thallium
atom. Hence, if it is considered that the compound is formed
in a reaction between platinum(ii) and thallium(iii) complexes,
the PtÿTl bond can be viewed as a metastable intermediate in
the transfer of an electron pair between the metal ions
through an inner ± sphere mechanism.


Redox decomposition : Thermogravimetric Analysis(TGA)
was performed to study the thermal stability of the TlPt(CN)5


compound. Significant decomposition of the sample does not
begin until 520 8C. The loss of weight that occurs in a few steps
at higher temperature cannot be attributed to stoichiometric
decomposition of the compound. On the other hand, when a
suspension of the solid compound TlPt(CN)5 is stirred and
heated in a slightly alkaline aqueous solution (pH � 8), a
homogeneous, transparent and colorless solution is obtained
within a few hours at 80 8C. The only thallium species that is
observed in the solution by 205Tl NMR was Tl�, while 195Pt
NMR allows the detection of hitherto unknown complexes of
PtIV, namely [Pt(CN)5H2O]ÿ and [Pt(CN)5OH]2ÿ, which exist
in pH-controlled equilibrium.[24] The formation of monova-
lent thallium and tetravalent platinum species with a molar
ratio 1:1 and the lack of reaction by-products clearly indicates
a redox decomposition of the compound. Thermally induced
complementary two-electron transfer between the two cou-
pled metals in the TlPt(CN)5 compound results in cleavage of
the metal ± metal bond in an irreversible redox reaction.
Moreover, the exposure of the compound to an intensive
X-ray source (XPS) results in a notable decomposition with
formation of tetravalent platinum (see the Experimental
Section).


Conclusion


The crystal structure of the compound TlPt(CN)5 has been
determined by the combination of XRD and EXAFS results.
An unusual network is formed in which three types of bonding
is observed between the platinum and thallium atoms. In
addition to the direct PtÿTl bond (2.627 �), two types of
cyano bridges connect the metal atoms. Linear ªwiresº,ÿNC -
Pt-Tl-NC-Pt-Tlÿ, are formed by linking the TlPt(CN)5 entities
through the axial cyano ligand. The bonding within these
linear chains is a unique feature of the compound and is
substantially stronger than the cyano bridges between the
neighbouring chains. While the coordination environment of
the platinum atom is the same as in the aqueous solution
species [(NC)5PtÿTl(H2O)x], the coordination sphere of the
thallium atom in the solid compound contains, besides
platinum, five nitrogen atoms from the bridging cyanide
groups.


The vibrational spectra show strong coupling between the
PtÿTl stretching vibrations, in particular within the linear
chains, but also to the neighbouring antiparallel chains along
the c axis of the unit cell. Factor group analysis shows that a
larger unit cell than the crystallographic unit cell is necessary
to explain the results. Thus, a very rare situation is encoun-
tered in which the so-called primitive Bravais cell is larger
than that required for the crystallographic description.
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The compound displays a remarkable red luminescence at
700� 3 nm when a glycerol suspension of the polycrystalline
sample is irradiated in the near UV region. The corresponding
excitation maximum was found at 240 nm and correlates well
with the absorption spectrum, which has a broad peak at
about 270 nm. The absorption is assigned to a spin and
symmetry allowed a1g! a2u (sn! s*) transition.


The charge distribution of the metal atoms in the studied
compound, which is relative to compounds with known
oxidation states and estimated from XPS, is Pt3.2� and Tl1.6�.
This is close to the previous assessment for the solution
species [(NC)5PtÿTl(H2O)x], which was based on the varia-
tion of the 195Pt and 205Tl NMR chemical shifts, giving Pt3.6�


and Tl1.6�. Thus, a substantial electron transfer has taken place
from platinum(ii) to thallium(iii), which is consistent with the
strong metal ± metal bond.


The complete two-electron transfer corresponds to an
irreversible redox reaction. This can be thermally induced
and produces monovalent thallium and a pentacyanohydrate
complex of tetravalent platinum in the presence of water.


Experimental Section


Materials : The preparation procedures and analytical methods used for the
heterobimetallic complexes [(NC)5PtÿTl(CN)n]nÿ (n� 0 ± 3) in aqueous
solution were fully described in our previous paper.[6b]


Solid TlPt(CN)5 compound : Perchloric acid (3.32m) was added to an
aqueous solution of the dominating complex [(NC)5PtÿTl(CN)]ÿ (about
100 mm) until a final free acid concentration of about 1.5m was reached.
Precipitation of the white crystalline powder was promoted by slow
evaporation of the solution over silica gel in a vacuum desiccator. The
precipitate was filtered, washed with water and 99.5 % ethanol, and dried in
vacuum over silica gel for a week until constant weight was achieved. The
platinum and thallium content of the solid compound was determined by
inductively coupled plasma photometry (ICP) and the carbon and nitrogen
content in the solid was determined by elemental analysis (MikroKemi AB,
Uppsala, Sweden). Elemental analysis calcd (%) for TlPtC5N5: Tl 38.7, Pt
36.8, C 11.3, N 13.2; found Tl 39.0, Pt 37.2, C 10.8, N 12.4; Yield: 76%.


NMR measurements : 205Tl NMR spectra of the solutions were recorded
with a Bruker AM 400 spectrometer at a probe temperature of 298� 0.5 K.
Detailed information on typical NMR parameters for recording 205Tl
spectra have been given in recent publications from this laboratory.[6b]


Powder X-ray diffraction (XRD): Data collection for the solid TlPt(CN)5


compound was performed with a STOE STADI/P powder diffractometer in
symmetric transmission mode, with the crystalline powder in a 0.20 mm
glass capillary. Monochromatic CuKs1 radiation was obtained by means of a
germanium monochromator in the incident beam. The sample was rotated
to minimise effects of preferred crystal orientation. The total data
collection time was 45 h.


The unit cell was determined from accurately measured peak positions in
the first part of the diffraction pattern, in which 2V� 508, by using the
program TREOR,[25] and refined with PUDER.[26] The best fit indicators
from the refinement of cell parameters were M20� 21,[27] and F20� 27
(0.0297, 25).[28] The empirical formula, TlPt(CN)5, gives an average atomic
volume of 19.6 �3 for Z� 2.
Two space groups, P4/n (No. 85) and P4/nmm (No. 129), were possible from
the reflection conditions (hk0: h� k� 2n and 0k0: k� 2n) of which P4/
nmm was used for a successful refinement of the structural parameters. The
crystal structure was solved manually by combining trial and error
technique with difference Fourier maps. The two heavy atoms were located
first, followed by the carbon and nitrogen atoms. All Rietveld refinements
were performed with a local version of the program DBW 3.2s-8804.[29] The
calculation of the positional parameters was made using the SHELXL
program (see Supporting Information).[30]


In the Rietveld refinements an empirical absorption correction factor, mr�
2.2(1), was refined[29] and the cell parameters were adjusted to account for
nonlinearities of the 2V scale. The peak intensities showed negligible
preferred orientation effects of the sample, although the peak shapes are
somewhat asymmetric and the first peak in the diffraction pattern {001} was
clearly much broader, for example, than the third peak {110}. However, the
software used did not allow flexible modeling of asymmetry in the peak
shapes, and in the first part of the diffraction pattern some discrepancies
were seen in the difference between experimental and model powder XRD
profiles presented in Figure 1. The peak-shape function used was modified
in a pseudo-Voigt manner with an integration range of 20 halfwidths.
According to Cagliotti et al.[31] the variation of the halfwidths (in which
FWHM� full width half maximum) as a function of V is given by
Equation (1).


FWHM�U tan2V�V tanV�W (1)


The refined parameters U, V and W are given in Table 1. Finally, a zero-
point correction, DV� 0.0954(9)8, was refined and an asymmetry correc-
tion was applied for 2V< 308.[32]


The refinement weighting was estimated from counting statistics. All atoms
were described with a common isotropic displacement factor, since
refinement of individual atomic displacement parameters resulted in very
large values for the light atoms without significantly improving the overall
fit of the model. The refinement indicated severe serial correlations,[33]


which mainly affected the effective standard deviations (esd) of non-
structural parameters. The refinement indicators are given in Table 1.


EXAFS :


Data collection : Pt and Tl LIII edge EXAFS data were collected in
transmission mode by using beamline 4-1 at the Stanford Synchrotron
Radiation Laboratory (SSRL). The experimental conditions were similar
to those described previously.[34] The energy calibration was made by
setting the first inflection point of simultaneously measured platinum or
thallium foils to 11564 and 12658 eV, respectively. The usable range of the
Pt LIII edge EXAFS data is limited to k< 15 �ÿ1 by the Tl LIII edge, and the
Tl LIII range to k< 12 �ÿ1 by the Pt LII edge at 13273 eV. The sample was
diluted with boron nitride (BN) in order to obtain an edge step of
approximately one logarithmic unit, and four scans were averaged.


Data treatment : The EXAFSPAK program was used for energy calibration
and averaging procedures.[35] The extraction of the EXAFS oscillations, by
pre-edge subtraction, data normalisation and spline removal, was per-
formed by means of the WinXAS program.[36] After Fourier transformation
(k range 2.6 ± 15 �ÿ1 for the Pt data and 3 ± 12 �ÿ1 for Tl) with a Bessel
window function, the k3-weighted Fourier filtered EXAFS function was
fitted to a model function by least-squares refinements of the model
parameters. The FEFF 7.0 program was used to evaluate theoretical phase
and amplitude functions for single- and multiple-scattering pathways within
the assumed molecular entities.[37] The standard deviations, s, for the
refined parameters for the platinum and thallium LIII edge data did not
include systematic errors (see Supporting Information). However, the
variation in the results for different refinement conditions indicated that
the accuracy of the distances was within �3s.


Models : The Pt LIII EXAFS data were dominated by strong multiple
scattering from the cyano ligands, which was enhanced by the focusing
effect of the nearly linear coordination. The first peak in the Fourier
transform corresponded to the PtÿC single-scattering pathway (Figure 3a),
but the second peak was much larger than that calculated for a PtÿN single-
scattering contribution. This was analysed for the spectra of the standard
compounds with the known structures K2[PtII(CN)4] ´ 3H2O [7d] (Supporting
Information) and K2[PtIV(CN)6] [7e] . Scheme 1 represents the model that
was developed to account satisfactorily for both the single- and multiple-
scattering contributions from the linear Pt-(C)-N entities and to include
three- and four-leg multiple-scattering pathways. The strong multiple
scattering obscured the contribution from the PtÿTl interaction in the
Fourier transformation, which must be determined from model fitting of
the EXAFS function.


A similar model including multiple scattering (Scheme 1) was also used to
describe the contributions to the Tl LIII EXAFS from the linearly
coordinated TlÿNC entity in the solid TlPt(CN)5 sample (Figure 3b).
Fourier filtered EXAFS functions were used for the model fitting to
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eliminate the contribution from multiple scattering at longer distances in
the solid structure (Supporting Information). The most important scatter-
ing pathways remaining in the Tl LIII Fourier ± filtered EXAFS data were
found to be TlÿN (nleg� 2) from the equatorial cyano ligands, and both the
TlÿN (nleg� 2) and TlÿNC (nleg� 3) scattering paths from the linearly
coordinated axial cyano group.


Vibrational spectroscopy: Raman spectra were measured by using a
Renishaw Syste 1000 spectrometer, equipped with a Leica DMLM micro-
scope, a 25 mW diode or He ± Ne lasers (780 and 633 nm, respectively), and
a Peltier cooled CCD detector. Raman spectra were also measured by
means of the FT Raman accessory of a Bio ± RAD FTS 6000 FT IR
spectrometer. The 1024 nm line from a Spectra-Physics Nd-YAG laser was
used to irradiate the sample at 150 mW. The mid-infrared absorption
spectrum of the solid was measured in Nujol mull, by means of a Perkin ±
Elmer 1725 FT IR spectrometer. The far-infrared spectra were recorded by
means of a Bio ± RAD FTS 6000 FT IR spectrometer.


In order to assign the vibrational spectra, factor group analyses were
performed, which used both the correlation method[13a] and the Adams ±
Newton tables [13b] . Wilson�s GF matrix method was used to calculate the
vibrational frequencies by employing a symmetrised valence force field.
The initial force constants were adopted from Jones et al. ,[14] and refined to
give a satisfactory fit to experimental frequencies. The calculations were
performed by means of a PC-based program package, written in
FORTRAN by J. and L. Mink.[38] For the details of the assignment of the
vibrational spectra, see Appendix I.


Absorption and emission spectroscopy: The absorption spectrum of the
polycrystalline TlPt(CN)5 compound was recorded as a glycerol suspension
in 1 cm cells in a Shimadzu UV ± 160 spectrophotometer. The emission and
excitation spectra of a similar suspension of the compound were recorded
with a 1 cm pathlength in a Hitachi F-2000 luminescence spectrometer.


X-ray photoelectron spectroscopy (XPS): For the XPS measurements,
powder samples were attached on conductive double-sided sticky tape
(fabricate 3M). The nonmonochromatic AlKa-excited (15 kV, 15 mA) XPS
measurements were performed in the fixed retardation ratio (FRR) mode
by a home-made electron spectrometer based on a hemispherical
analyser.[39]


The retarding ratio (RR) was ten for the measurements. The relative
energy resolution of the analyser related to the pass energy was 0.54 %, and
the resolution value was determined experimentally.[40] The vacuum in the
measurement chamber was 2� 10ÿ7 Pa. Survey scans were also measured in
FRR mode with the RR� 5.


The binding-energy scale was calibrated to the C 1 s line, Eb� 284.6 eV. In
an independent experiment a 1:1 molar ratio mixture of powder samples of
K2Pt(CN)6 and K2Pt(CN)4 was measured. Only one C 1s line was found to
have the same linewidth as that observed for the TlPt(CN)5 sample. This
experimental finding indicated that the C 1 s photoelectron peak was


suitable for energy scale calibration. The C 1s to N 1 s binding energy
differences were also equal within the experimental error (�0.15 eV) for
the mixture of PtII and PtIV cyanides and for the TlPt(CN)5 sample; this
confirms the reliability of the C 1s line as a reference line.


The XPS spectra were evaluated after the charge correction of the binding
energies by means of the EWA computer program.[41] The photoelectron
peaks were fitted by a pseudo-Voigt function (Lorentzian ± Gaussian sum)
after background subtraction. The binding energies for the Pt, Tl, C and N
atoms in the compound were determined as: 74.9 (4f, 7/2), 118.2, (4 f, 7/2),
284.6 (1 s) and 397.6 (1s) eV, respectively.


Some decomposition of the TlPt(CN)5 sample took place after long
exposure to X-ray radiation. A new Pt 4 f line, which is characteristic for
tetravalent platinum, appeared after an hour of irradiation with an intensity
which corresponded to 50% decomposition. A measuring time of less than
five minutes was used to avoid the redox reaction; in this case the decay of
the compound was negligible.


Thermogravimetric analysis (TGA): The TGA analyses were performed
using a recording Mettler TGA/DTA apparatus. Two experiments with
8 mg samples were run at a heating rate of 10 8Cminÿ1 in the temperature
range 25 ± 1000 8C.


Appendix I


Assignment of the vibrational spectra


CN stretches : Four Raman and three coincident IR bands are expected for
the CÿN, and also the PtÿC stretching vibrations, of an isolated Pt(CN)5


group with C4v symmetry (in which the symmetry species are 2A1, B1 and E,
with only B1 being Raman active). Since there are two formula units of
TlPt(CN)5 that are centrosymmetrically arranged in factor group symmetry
D7


4h with site symmetry C4v, these bands will split apart to some extent due
to the coupling between the two groups and give noncoincident Raman and
IR frequencies. The most intense bands in the cyanide stretching region of
the spectra were assigned to these four Raman (2A1g�B1g�Eg) and three
IR active (2A2u�Eu) modes. The observed weak IR bands at 2184, 2170
and 2154 cmÿ1 most likely arise from the natural abundance of the isotopic
species 13C14N and 12C15N (Table 4).


The highest frequency bands in the CÿN stretching region at 2233 (Raman)
and 2235 cmÿ1 (IR) (Figure 4) can be assigned to the symmetric stretching
modes A2u and A1g, respectively, of the bridging axial cyano group in the
linear ÿN2-C2-Pt-Tl-N2-C2-Pt-Tlÿ chain. The stretching frequency of the
bridging equatorial cyano groups forms the next highest pair of frequencies,
2210 (A1g) and 2219 cmÿ1 (A2u), and the asymmetric stretchings Eg


(Raman) and Eu (IR), are found at 2205 and 2195 cmÿ1, respectively. The
Raman active band at the lowest frequency 2153 cmÿ1 is assigned to the B1g


species.


PtÿC stretching and deformation modes : The PtÿC stretching bands are
predicted to occur between 410 and 500 cmÿ1.[14, 15] The stretching n(MÿC)
frequency is generally expected to shift toward lower wavenumbers for a
bridging cyano group.[8, 15] However, if we assign the 431 and 438 cmÿ1


bands in the Raman (A1g) and IR (A2u) spectra, respectively, to the
downshifted PtÿC stretching frequencies of the axial cyano ligand, and
assign the group of Raman and IR bands at higher frequencies (between
456 and 503 cmÿ1) to PtÿC stretching modes from the equatorial cyano
ligands, the calculated stretching force constants become 1.52� 10ÿ2 and
3.33� 10ÿ2 N mÿ1 for PtÿC2 and PtÿC1 bonds, respectively. This would be a
consequence of the different vibrational coupling in the solid state rather
than in the case of noninteracting complexes. This great difference between
the force constants of the two PtÿC bonds would lead to a considerable
shortening of the equatorial PtÿC bonds and lengthening of the axial bonds,
which does not agree with the results of the structural determination
(Table 2). Therefore, we propose an assignment of the highest two IR and
Raman bands at 503 and 501 cmÿ1 to the out-of-phase and in-phase PtÿC
stretching modes of axial cyano ligands, respectively. In addition, when the
set of bands between 456 and 411 cmÿ1 is assigned to PtÿC stretches of
equatorial cyano ligands, a more realistic force field is obtained for the
PtÿC stretching coordinates (Table 5). Consequently, three Raman (A1g�
B1g�Eg) and two IR (A2u�Eu) frequencies in this spectral region are
assigned to equatorial PtÿC stretching modes (Table 4).


Scheme 1. EXAFS scattering pathways in the linear Pt-C-N units. The
degeneracy of the triple scattering path (nleg� 3) is twice that of the other
pathways.
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The bending vibrations of the linear Pt-C-N groups can be assigned to the
bands from 489 to 315 cmÿ1,[14] which is in a region that overlaps with the
PtÿC stretching modes. The slightly shorter CÿN and PtÿC bond lengths of
the bridging cyano group relative to those of an equatorial support the
assignment of Pt-C-N bends at these relatively high frequencies. For the
axial (bridging) cyano group, the PtÿCÿN linear bending modes have been
assigned to the bands at 489 cmÿ1 Raman (Eg) and 474 cmÿ1 IR (Eu). Five
Raman active modes (A1g�B1g�B2g� 2Eg) and three IR bands (A2u�
2Eu) are predicted for equatorial Pt-C-N linear bends for two formula units.
Due to the small splitting due to weak intramolecular coupling of these
modes, we were only able to detect two IR and three Raman bands in this
region of the spectra. In Table 4, an assignment is given based on normal-
coordinate calculations. However, a band (at 476 cmÿ1) remains which
could not be assigned in the D7


4h symmetry of the unit cell. This extra band
can possibly be interpreted as a consequence of so-called correlation
splitting of a degenerate (E) mode from reduced site symmetry.
PtÿTl stretching modes : A pair of one Raman active (A1g) and one IR
active (A2u) PtÿTl stretching modes is expected for the TlPt(CN)5 complex
in C4v point group symmetry for Z� 2 in the D7


4h factor group. Instead, four
Raman and two noncoincident IR features were observed in the low-
frequency region 150 ± 220 cmÿ1; these correspond to expected stretches of
the PtÿTl metal ± metal bond (Figure 4).[15] In order to explain the
experimental PtÿTl stretches, a Bravais cell larger than the crystallo-
graphically chosen unit cell must can be used. At least eight PtÿTl pairs
within four antiparallel neighbouring chains, which are connected by the
bridging equatorial cyano groups, must be used (Figure 2). Such a set of
eight interacting PtÿTl stretching vibrations can then be assigned to three
Raman (A1g�B1g�Eg) and two IR (A2u�Eu) active species (Table 4), by
means of the Adam ± Newton tables (No. 123, Wyckoff site symmetry
8 s).[13b] The extra Raman band can be explained by correlation splitting of
the doubly degenerate Eg mode into two components at 152 and 164 cmÿ1


due to site symmetry lower than C4v(Table 4).


These complications require two different model calculations to be
performed for a more complete understanding of the solid state spectra.
One calculation was carried out for the crystallographic unit cell with two
formula units (Figure 5), and the other including eight axial formula units
(Z� 8) (Supporting Information).


The first model explains most of the bands recorded in the solid-state
spectra with the exception of the PtÿTl intermolecular stretches. The six
observed PtÿTl stretching vibrations in the spectra were interpreted by the
enlarged cell (Z� 8) with internal coordinates introduced along the axial
directions (Supporting Information).


A number of CÿPtÿC and CÿPtÿTl deformational modes with lower
intensities are expected below 150 cmÿ1. The weak Raman bands at 102, 92
and 81 cmÿ1 and the IR bands at 113 and 85 cmÿ1 may result from these
modes. Lattice modes are expected to occur below 70 cmÿ1, since there are
heavy atoms involved. The Raman band at 51 cmÿ1 (Figure 4) can be
reasonably assigned to the Eg species from the possible rotatory modes
(A2g�Eg�A1u�Eu). The far-IR spectrum was not measured below
60 cmÿ1.


The calculated intermolecular interaction force constants are also sum-
marized in Table 5. The strongest in-chain (along the axial direction) and
cross-chain couplings (between molecules in neighbouring chains) are
those of the PtÿTl stretchings at 0.083� 10ÿ2 and 0.133� 10ÿ2 N mÿ1,
respectively. We do not have reliable experimental evidence for an
intermolecular TlÿN stretching mode. Assuming a force constant of
0.9� 10ÿ2 N mÿ1, the calculated frequencies become 72 and 38 cmÿ1 for the
strongly split out-of-phase and in-phase vibrations, respectively. In the
extended Bravais cell (Z� 8), a force constant evaluation suggests that in
this second model only the intermolecular cross-chain interaction force
constant shows a noticeable change.
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Synthesis of Ganglioside GD3 and its Comparison with Bovine GD3 with
Regard to Oligodendrocyte Apoptosis Mitochondrial Damage


Julio C. Castro-Palomino,[a] Bernadett Simon,[b] Oliver Speer,[c] Marcel Leist,*[b] and
Richard R. Schmidt*[a]


Abstract: 2,3-Dehydroneuraminic acid
derivative 5 was transformed in five
efficient steps into sialyl donor 2, which
has a phenylthio group on the b-side of
the 3-position for anchimeric assistance
and a diethyl phosphite residue as leav-
ing group at the anomeric carbon. The
known GM3 intermediate 10 was trans-
formed into the 4b,4c,8c-O-unprotected
acceptor 3, which was then allowed to
react with 2 by using TMSOTf as


catalyst and acetonitrile as solvent to
afford the desired tetrasaccharide 12,
which has an a(2 ± 8)-linkage between
two neuraminic acid residues. Removal
of the phenylthio group gave intermedi-
ate 13, which was transformed into O-


tetraosyl trichloroacetimidate 16 as gly-
cosyl donor. Application of the azido-
sphingosine glycosylation procedure fur-
nished GD3 (1) in high overall yield.
Comparison of synthetic GD3 with bo-
vine-brain-derived GD3 showed that
there were similar effects in GD3-trig-
gered uncoupling of mitochondrial res-
piration and in induction of apoptosis in
oligodendrocytes.


Keywords: anchimeric assistance ´
apoptosis ´ gangliosides ´ glyco-
lipids ´ synthesis design


Introduction


Gangliosides have attracted a lot of attention because of their
manifold biological roles.[1] Disialoganglioside GD3
(Scheme 1, 1), and particularly its 9d-O-acetyl derivative,
were found to be human melanoma-associated antigens.[2, 3]


Recently, endogenously formed GD3 has been implicated in
intracellular signalling with proapoptotic function.[4] More-
over, extracellular GD3 was reported to induce apoptotic cell
death in a variety of cell types, most likely by triggering
permeability transition. Under neuroinflammatory condi-
tions, GD3 may be formed by microglial cells and is found
at increased concentrations in cerebral liquor. Thus, the
ganglioside may contribute to selective oligodendrocyte loss
in conditions such as multiple sclerosis, and examination of
the cell pathways triggered by GD3 may reveal new targets
for pharmacological intervention in degenerative diseases.[7]


However, these investigations were hampered by the varying
biological activity and undefined nature of different lots of
commercially available natural GD3 isolates. Therefore, we
initiated a chemical synthesis of GD3 and compared the
proapoptotic effect of the synthetic ganglioside with those of
purified bovine-brain fractions.


Results and Discussion


Synthesis of GD3 : The chemical synthesis of GD3 has to
overcome the difficult formation of the a(2 ± 8)-linkage
between two N-acetyl neuraminic acid (Neu5Ac) residues.[8]


This task has been successfully addressed by a few research
groups.[8±14] The rather low reactivity observed for the
8-hydroxy group of variously protected neuraminic acid
acceptors and the tendency of the sialyl donors towards b-
linkage formation and/or towards competing 2,3-dehydro-
neuraminic acid generation led to the conclusion that for
successful a(2 ± 8)-linkage formation the activated sialyl
donor requires anchimeric assistance in order to shield the
b-face and to provide stabilisation of the incipient carbonium
ion intermediate. Hence, phenylthio[9±11] and the phenylthio-
carbonyloxy[8, 13, 14] groups were introduced on the b-side.
Benzyl and acetyl groups were chosen for hydroxy-group
protection, and bromo, chloro, phosphite and ethylthio groups
were selected as leaving groups at the 2-position. We report
here on the usefulness of sialyl donor 2 (Scheme 1), which
possesses an anchimerically assisting 3-phenylthio group on
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the b-side and diethyl phosphite as leaving group, which
requires only catalytic amounts of acid for activation. Thus,
we combined the anchimeric assistance as introduced by
Ogawa et al.[9] and the activation of the anomeric leaving
group by acid catalysis as introduced by us.[15] The protective-
group pattern of 2 was selected in order to permit trans-
formation of the product into an 8-O-acceptor for further
chain extension with 2.


The retrosynthesis in Scheme 1 shows that besides 2
(disconnection at 1 ), a GM3 trisaccharide building block 3
is required which should be available from a lactose acceptor
and a conventional sialyl donor (disconnection at2 ) follow-
ing literature precedents.[15] The disconnection at3 liberates
the ceramide moiety which can be attached through the
azidosphingosine glycosylation procedure[16] which calls for
the known 3-O-benzoyl-azidosphingosine[17] and stearic acid.


For the synthesis of sialyl donor 2, the known 2,3-
dehydroneuraminic acid ester 5[18] (Scheme 2) was treated
with acetone in the presence of trifluoromethanesulfonic acid


Scheme 2.


(TfOH) as catalyst to furnish exclusively the 8,9-O-isopropyl-
idene derivative 6.[14] Benzylation of 6 with benzyl bromide
and sodium hydride as base in DMF afforded the 4-O-benzyl-
protected derivative 7 in high yield. For the a-side-selective
bromine addition, 7 was first treated with acetic anhydride in
pyridine and then with N-bromo-succinimide in acetonitrile at
60 8C to afford the desired 3-bromo derivative 8. Treatment


with sodium thiophenolate in THF gave, with inversion of
configuration, the 3-phenylthio derivative 9 ; the structural
assignment of which was confirmed by the 1H NMR data:
J(3,4)� 10.5 Hz. Reaction of 9 with diethyl chlorophosphite
in the presence of Hünig�s base furnished the desired sialyl
donor 2 ; the structural assignment was confirmed by the
1H NMR data: J(3,4)� J(4,5)� 10.2 Hz.


The transformation of the known GM3 trisaccharide 10[15]


into the required acceptor 3 could be readily carried out
(Scheme 3). Selective removal of the O-acetyl protecting


Scheme 3.


group of 10 was performed in methanol at ÿ20 8C in the
presence of a catalytic amount of 1,7-diazabicyclo[5.4.0]un-
dec-7-ene (DBU) to afford compound 11 in almost quantita-
tive yield. Treatment of 11 with tert-butyldimethylsilyl chlor-
ide (TBS-Cl) in the presence of imidazole led to regioselective
4c,9c-O-silylation, thus providing 3 in 72 % yield. Because of
the generally observed low reactivity of the 4-hydroxy group
of galactose and the 7-hydroxy group of Neu5Ac residues in
sialylation reactions, protection of the 4b- and 7c-hydroxy
groups was not required.


Sialylation of acceptor 3 with donor 2 was performed in
acetonitrile[15, 19] atÿ25 8C in the presence of 0.1 equivalent of
TMSOTf as catalyst giving the desired tetrasaccharide 12 in
54 % yield (Scheme 4). Removal of the 3d-phenylthio group
was achieved by treatment with tributyltin hydride and
activation with azoisobutironitrile (AIBN) to afford com-
pound 13. Reaction with tetrabutylammonium fluoride
(TBAF) in THF at ÿ20 8C in the presence of acetic acid led


Scheme 1.
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to the desilylated compound 14. Hydrogenolysis in methanol
with palladium on carbon as catalyst and TfOH as promoter
led to O-debenzylation with concomitant removal of the
8d,9d-O-isopropylidene group. Reaction of the crude product
with acetic anhydride in pyridine furnished O-acyl-protected
tetrasaccharide 15. Regioselective 1a-O-deacetylation of 15
with hydrazinium acetate[20] and ensuing treatment with
trichloroacetonitrile in the presence of DBU as base afforded
trichloroacetimidate 16. Only the a-isomer was isolated in
83 % yield.


For the attachment of the ceramide residue, the azidos-
phingosine glycosylation procedure was employed.[16] To this
end, the known 3-O-benzoyl-azidosphingosine 4[17] was treat-
ed with tetrasaccharide donor 16 in the presence of borontri-
fluoride diethyl ether as promoter; this afforded the desired b-
linked glycoside 17 in high yield (1H NMR: J(1a,2a)� 8.8 Hz).
Transformation of the azido group into the amino group was
performed by treatment with hydrogen sulfide in aqueous
pyridine. The crude product was immediately treated with
stearic acid and water soluble carbodiimide (WSC) as
condensing agent to afford fully O-acylated GD3 (18) in
74 % yield. De-O-acylation was performed under ZempleÂn
conditions[21] and the methyl ester was cleaved with potassium
hydroxide. Ion exchange with Amberlite IR-120 (H� form)


and then RP-18 column chromatography afforded pure GD3
(1) which had optical rotation and NMR data in accordance
with those previously reported.[10, 12, 22]


GD3-triggered uncoupling of mitochondrial respiration :
Gangliosides, especially disialoganglioside GD3, have recent-
ly been implicated in the signalling of apoptosis.[4] Although
the mechanisms involved have not been completely elucidat-
ed yet, the triggering of mitochondrial permeability transition
(PT) appears to be a key event.[5] PT is characterised by a loss
of the permeability barrier of the inner mitochondrial
membrane to molecules >1500 Da and it can be specifically
inhibited by the cyclophilin ligand cyclosporine A.[23] PT-
dependent effects of GD3 on mitochondrial function, such as
the uncoupling of respiration have been demonstrated
directly with the isolated organelles.[5, 24] We used this well-
characterised in vitro system for an initial comparison of
synthetic and bovine-brain (BB) GD3. The uncoupling-
induced increase in mitochondrial respiration after exposure
of rat-liver mitochondria to synthetic and BB GD3 was
measured in an oxygraph. Synthetic and BB GD3 showed a
similar concentration dependency with respect to the uncou-
pling of mitochondria (Figure 1a), while the control ganglio-


Scheme 4.
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Figure 1. Biological studies. A: Isolated rat-liver mitochondria were
incubated in an oxygraph chamber. Initial respiration was set to 100 %.
Increasing respiration due to the uncoupling effect of GD3 was measured.
The specificity of the effect was controlled by blocking with cyclosporine A
(CsA, 2 mm) or adding of a noneffective control ganglioside (GD1b). Data
are means of two experiments with SD< 10 %. B: Murine oligodendrocytes
were incubated for 24 h with different concentrations of either synthetic
GD3 or GD3 extracted from bovine brains. Cells were then fixed and
stained for the oligodendrocyte marker protein cyclic nucleotide 2',3'-
phosphodiesterase (CNPase). Nuclei were stained with the DNA dye
H-33 342. Apoptotic oligodendrocytes were scored by counting CNPase-
positive cells that showed alterations in nuclear morphology, as indicated
by chromatin condensation. Data are averaged from six experiments in
three different cell preparations. C: Murine oligodendrocytes were
incubated for 24 h with 400 mm of either synthetic GD3 or bovine brain
extracted GD3. Cells were then stained with 1mm calcein-acetoxymethy-
lester (AM), a dye that fluoresces when it is accumulated in vital cells.
Phase contrast images and the corresponding images from the calcein
staining are shown.


side GD1b did not show this effect. Uncoupling of mitochon-
dria may be due to contaminating lipophilic protonophores
present in either GD3 preparation. Such an effect would not
be subject to inhibition by cyclosporine A. However, the
complete prevention of GD3-induced mitochondrial changes
in the presence of cyclosporine A indicates a specific effect of
both synthetic and BB GD3, mediated by PT. Conversely,


cyclosporine A did not prevent increased respiration after
exposure to the nonspecific protonophore uncoupler FCCP
within the same system (not shown).


Comparison of GD3 preparations with respect to induction of
apoptosis in oligodendrocytes : GD3 has been shown to trigger
apoptotic death in various cell types. We chose oligodendro-
cytes, the most sensitive cell population in the brain,[25] to
compare the effects of synthetic and BB GD3. Both prepa-
rations induced a similar degeneration of cellular processes
later followed by apoptotic chromatin condensation (Fig-
ure 1b). Also, both preparations triggered a defined sequence
of degenerative events different from a potential nonspecific
detergent effect. This is exemplified by the intactness of the
plasma membrane (retention of calcein) 24 h after exposure
to GD3, a time point when the chromatin shows features of
apoptotic condensation (Figure 1c). Specificity is further
indicated by the finding that the related ganglioside GD1b
did not cause death in oligodendrocytes. An exact concen-
tration-response comparison of the two preparations showed
that slightly higher concentrations of synthetic GD3 were
required for a given apoptotic effect (Figure 1b). This may be
due the different composition of fatty acid residues in
synthetic and BB GD3. While all fatty acid residues of
synthetic GD3 have the same length (C18), a mixture of fatty
acids forms the lipophilic moiety of BB GD3. The formation
of micelles is favoured for this reason in the synthetic GD3.
The potential re-formation of micelles after sonication of
GD3 and the start of the incubation in the medium had more
pronounced effects in the cell culture experiments that
extended over 24 h than in the experiments with isolated
mitochondria that were terminated after 30 min.


Conclusion


Sialyl donor 2 can be readily obtained from the known 2,3-
dehydroneuraminic acid derivative 5. Donor 2 is highly
reactive. With the GM3-derived acceptor 3, it afforded the
desired a(2 ± 8)-linkage between two neuraminic acid residues
in good yield, thus finally affording, via trisaccharide 12, GD3
in good overall yield (8 steps, 13 %). Intermediate 12 should
also be an ideal precursor for further chain extension with
sialyl donor 2.[26] It is clearly shown that damage of oligoden-
drocytes from mouse brain and respiration of mitochondria
from rat liver cells are dependent on the concentration of the
GD3 thus obtained.


Experimental Section


General techniques : Solvents were purified according to standard proce-
dures. Flash chromatography was performed on Baker silica gel60 (0.040 ±
0.063 mm) at a pressure of 0.4 bar. Thin-layer chromatography was
performed on Merck silica gel plastic plates 60F254; compounds were
visualised by treatment with a solution of (NH4)6Mo7O24 ´ 4 H2O (20 g) and
Ce(SO4)2 (0.4 g) in 10 % sulfuric acid (400 mL) and heating at 150 8C.
Optical rotations were measured on a Perkin ± Elmer 241 polarimeter in a
1 dm cell at 22 8C. NMR measurements were recorded at 22 8C on a
Bruker AC250 Cryospec or a Bruker DRX600 apparatus. TMS or the
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resonance of the deuterated solvent was used as an internal standard;
solvents: CDCl3, d� 7.24; CD3OD, d� 3.31.


Methyl 5-Acetamido-2,3,5-trideoxy-d-glycero-d-galacto-non-2-enopyra-
nosonate (5): Compound 5 was synthesised following a published
procedure.[18]


Methyl 5-Acetamido-2,3,5-trideoxy-8,9-O-isopropylidene-d-glycero-d-
galacto-non-2-enopyranosonate (6): Triflic acid (30 mL) was added to a
suspension of 5 (5 g, 164 mmol) in dry acetone (30 mL) and the mixture was
stirred for 3 h at room temperature until a clear solution was obtained. The
solution was then neutralised with Et3N and concentrated to give 6 (5.2 g,
quant.). The physical data are in accordance with published values.[14]


Methyl 5-Acetamido-4-O-benzyl-2,3,5-trideoxy-8,9-O-isopropylidene-d-
glycero-d-galacto-non-2-enopyranosonate (7): A solution of 6 (2 g,
5.8 mmol) and benzyl bromide (0.9 mL, 7.5 mmol) in DMF (10 mL)was
cooled to 0 8C. Sodium hydride (185 mg, 7.6 mmol) was then added over a
period of 30 min at 0 8C. The reaction was stirred for another 10 min at 0 8C,
then methanol (0.1 mL) was added, and the mixture was evaporated in
vacuo. The residue was dissolved in dichloromethane (15 mL), washed with
water (2� 5 mL), dried (MgSO4), filtered and concentrated. The desired
compound 7 crystallised from hexane/ethyl acetate (15:1). Yield: 2.5 g,
83%; m.p. 144 8C; [a]D��10 (c� 0.5, CHCl3); 1H NMR (600 MHz,
CDCl3): d� 1.27, 1.30 (2s, 6H; 2Me-isopropyl), 1.92 (s, 3 H; NCOMe), 3.45
(dd, 1H, J(6,7)� 2.88 Hz, J(7,8)� 8.16 Hz; 7H), 3.72 (s, 3H; COOMe),
3.98 (m, 2H; H6, H9), 4.11 (m, 2H; H9', H4), 4.18 (m, 1H; H5), 4.26 (m,
1H; H8), 4.52 (m, 2H; CH2Ph), 5.25 (d, 1H, J(NH,5)� 9.5 Hz; NH), 6.02
(d, 1H, J(3,4)� 2.88 Hz; H3), 7.29 (m, 5 H, Ph); elemental analysis calcd
(%) for C22H29NO8 (435.6): C 60.68, H 6.66, N 3.21; found C 60.71, H 6.67, N
3.14.


Methyl 5-Acetamido-4-O-benzyl-3-bromo-3,5-dideoxy-8,9-O-isopropyl-
idene-b-d-erythro-l-manno-2-nonulopyranosonate (8): Acetic anhydride
(5 mL) was added to a solution of 7 (2 g, 3.5 mmol) in pyridine (10 mL).
The solution was stirred for 2 h, then concentrated. A solution of the
residue in acetonitrile/water (6:1, 14 mL) was heated at 60 8C. N-
Bromosuccinimide (0.8 g, 3.7 mmol) was then added, and the solution
was stirred at 60 8C for 10 min, then allowed to reach room temperature.
Solvents were evaporated and the residue was purified by column
chromatography (toluene/acetone 4:1) to afford 8. Yield: 1.85 g, 71%;
[a]D��24 (c� 1, CHCl3); 1H NMR (600 MHz, CDCl3): d� 1.34, 1.35 (2s,
6H; 2 Me-isopropyl), 1.98 (s, 3 H; NCOMe), 2.18 (s, 3 H; OCOMe), 3,51 (m,
1H; H9), 3.75 (s, 3 H; COOMe), 4.08 (m, 1H; H9'), 4.52 (m, 2H; CH2Ph),
4.71 (m, 2H; H6, H3), 5.28 (dd, 1 H, J(6,7)� 2.88 Hz, J(7,8)� 8.16 Hz; H7),
5.70 (br s, 1H; OH), 5.82 (d, 1 H, J(NH,5)� 9.8 Hz; NH), 7.44 (m, 5 H, Ph);
elemental analysis calcd (%) for C24H32BrNO10 (574.4): C 50.17, H 5.57, N
2.44; found C 50.11, H 5.46, N 2.34.


Methyl 5-Acetamido-4-O-benzyl-3,5-dideoxy-8,9-O-isopropylidene-3-phe-
nylthio-b-d-erythro-l-gluco-2-nonulopyranosonate (9): Sodium thiophe-
nolate (0.5 g, 3.7 mmol) was added to a solution of 8 (2 g, 3.7 mmol) in dry
THF (15 mL), and the mixture was stirred for 20 min, then concentrated.
Column chromatography of the residue (toluene/acetone 3:1) afforded 9.
Yield: 2.3 g, 92 %; [a]D��14 (c� 1, CHCl3); 1H NMR (600 MHz, CDCl3):
d� 1.32, 1.33 (2s, 6 H; 2 Me-isopropyl), 1.82 (s, 3H; NCOMe), 2.10 (s, 3H;
OCOMe), 3.60 (s, 3 H; COOMe), 3.63 (d, 1H; J(3,4)� 10.5 Hz, H3), 3.80 ±
4.28 (m, 4H; H9, H9', H4, H5), 4.42 (dd, 1H, J(5,6)� 8.2 Hz, J(6,7)�
2.1 Hz; H6), 4.78 (m, 2 H; CH2Ph), 5.05 (br s, 1 H; OH), 5.34 (dd, 1H,
J(6,7)� 2.12 Hz, J(7,8)� 8.10 Hz; H7), 5.80 (d, 1 H, J(NH,5)� 9.8 Hz;
NH), 7.10 ± 7.50 (m, 10 H, 2Ph); elemental analysis calcd (%) for
C30H37NO10S (603.8): C 59.68, H 6.13, N 2.32; found C 59.76, H 6.18, N 2.34.


Methyl 5-Acetamido-4-O-benzyl-3,5-dideoxy-8,9-O-isopropylidene-3-phe-
nylthio-b-d-erythro-l-gluco-2-nonulopyranosonate-diethylphosphite (2):
Ethyldiisopropylamine (0.8 mL, 4.6 mmol) and diethylchlorophosphite
(0.6 mL, 3.9 mmol) were added to a solution of 9 (2 g, 3.31 mmol) in dry
acetonitrile (15 mL). The solution was stirred for 30 min at room temper-
ature, then concentrated. Column chromatography of the residue on silica
gel (toluene/acetone 4:1) gave 2 as a pale yellow syrup. Yield: 2.1 g, 92%;
[a]D��22 (c� 1, CHCl3); 1H NMR (250 MHz, CDCl3): d� 1.28 ± 1.41 (m,
12H; 2 Me-isopropyl, 2Me), 1.82 (s, 3 H; NCOMe), 2.12 (s, 3 H; OCOMe),
3.52 (d, 1H; J(3,4)� 10.5 Hz, H3), 3.58 (s, 3H; COOMe) 3.78 ± 4.20 (m,
7H; 2 CH2, H9, H9', H5), 4.32(dd, 1 H, J(3,4)� 10.5 Hz, J(4,5)� 10.5 Hz,
H4), 4.42 (dd, 1 H, J(5,6)� 8.2 Hz, J(6,7)� 2.1 Hz; H6), 4.76 (m, 2H;
CH2Ph), 5.42 (m, 2 H; NH, H7), 7.10 ± 7.50 (m, 10 H, 2 Ph).


Glucopyranoside 10 : Compound 10 was synthesised following a published
procedure. The physical data are in accordance with published values.[15]


Glucopyranoside 11: A solution of the known trisaccharide 10 (2 g,
1.46 mmol) in dry methanol (30 mL) was cooled to ÿ20 8C and DBU
(30 mL) was added. The solution was stirred for 4 h at ÿ20 8C, then
neutralised (H�-Amberlite), filtered and concentrated. Column chroma-
tography of the residue (chloroform/acetone 8:1) afforded 11. Yield: 1.6 g,
94%; [a]D�ÿ8 (c� 0.5, CHCl3); 1H NMR (250 MHz, CD3OD): d� 1.15
(s, 3 H; OPiv), 1.96 (s, 3 H; NCOMe), 2.10 (dd, 1H, J(gem)� 13.0 Hz,
J(3ax,4)� 12.3 Hz; 3cax-H), 2.58 (dd, 1 H, J(gem)� 13.0 Hz, J(3eq,4)�
4.6 Hz; 3ceq-H), 3.33 (m, 1 H; H5a), 3.36 (s, 3H; COOMe), 3.57 ± 3.72 (m,
6H; H3a, H5b, H9c, H9'c, H8c, H7c), 3.77 ± 3.87 (m, 2 H; H6a, H2b), 3.95 ±
4.15 (m, 8H; H6'a, H6b, H6'b, H4c, H5c, H6c, NH, H4b), 4.30 ± 4.46 (m,
4H; H4a, H3b, CH2Ph), 4.48 (d, 1H, J(1a,2a)� 8.0 Hz; H1a), 4.48 ± 5.02
(m, 9 H; 4 CH2Ph, H1b), 5.05 (dd, 1H, J(1a,2a)� 8.0 Hz, J(2a,3a)� 8.0 Hz;
H2a), 7.10 ± 7.69 (m, 30H; 6Ph); elemental analysis calcd (%) for
C64H79NO20 (1181.2): C 65.01, H 6.68, N 1.18; found C 65.11, H 6.67, N 1.14.


Glucopyranoside (3): tert-Butyldimethylsilyl chloride (0.7 g, 3.74 mmol)
and imidazole (0.31 g, 3.82 mmol) were added to a solution of 11 (2 g,
1.7 mmol) in dry dichloromethane (20 mL). The mixture was stirred for 8 h
at room temperature, then filtered and concentrated. Column chromatog-
raphy (toluene/acetone 3:1) of the residue gave 3 as a white foam. Yield:
1.81 g, 72 %; [a]D�ÿ15 (c� 0.5, CHCl3); 1H NMR (250 MHz, CDCl3): d�
0.10, 0.11, 0.13, 0.14 (4s, 12H; 4SiMe), 0.86, 0.89 (2 s, 6H; 2 tBu), 1.16 (s,
3H; OPiv), 1.96 (s, 3H; NCOMe), 2.10 (dd, 1 H, J(gem)� 13.0 Hz,
J(3ax,4)� 12.3 Hz; 3cax-H), 2.58 (dd, 1 H, J(gem)� 13.0 Hz, J(3eq,4)�
4.6 Hz; 3ceq-H), 3.33 (m, 1 H; H5a), 3.36 (s, 3H; COOMe), 3.57 ± 3.72 (m,
6H; H3a, H5b, H9c, H9'c, H8c, H7c), 3.77 ± 3.87 (m, 2 H; H6a, H2b), 3.95 ±
4.15 (m, 8H; H6'a, H6b, H6'b, H4c, H5c, H6c, NH, H4b), 4.30 ± 4.46 (m,
4H; H4a, H3b, CH2Ph), 4.48 (d, 1H, J(1a,2a)� 8.0 Hz; H1a), 4.48 ± 5.02
(m, 9H; 4 CH2Ph, H1b), 5.00 (dd, 1H, J(1a,2a)� 8.0 Hz, J(2a,3a)� 8.0 Hz;
H2a), 7.10 ± 7.69 (m, 30H; 6Ph); elemental analysis calcd (%) for
C76H107NO20Si (1409.1): C 64.72, H 7.59, N 0.99; found C 64.61, H 7.57, N
0.95.


Glucopyranoside 12 : A solution of trisaccharide acceptor 3 (500 mg,
0.34 mmol) and the phosphite donor 2 (370 mg, 0.5 mmol) in dry
acetonitrile (15 mL) was cooled to ÿ25 8C. Trimethylsilyl trifluorometha-
nesulfonate (9 mL, 0.05 mmol) was then added and the solution was stirred
for 2 h at ÿ25 8C, then allowed to reach room temperature. The solution
was neutralised with Et3N and concentrated. Column chromatography of
the residue (toluene/acetone 3.5:1) afforded 12. Yield: 410 mg, 54%;
[a]D�ÿ11 (c� 1, CHCl3); 1H NMR (600 MHz, CDCl3): d� 0.10, 0.11,
0.13, 0.14 (4s, 12H; 4 SiMe), 0.86, 0.89 (2s, 18H; 2 tBu), 1.16 (s, 3H; OPiv),
1.32, 1.33 (2s, 6H; 2Me-isopropyl), 1.86,1.96 (2s, 6 H; 2 NCOMe), 2.05 (dd,
1H, J(gem)� 13.0 Hz, J(3ax,4)� 12.3 Hz; 3cax-H), 2.10 (s, 3H; OCOMe),
2.58 (dd, 1 H, J(gem)� 13.0 Hz, J(3eq,4)� 4.6 Hz; 3ceq-H), 3.33 (m, 1H;
H5a), 3.36 (s, 3 H; COOMe), 3.54 (s, 3H; COOMe), 3.57 ± 3.72 (m, 7H;
H3a, H5b, H9c, H9'c, H8c, H7c, H3d), 3.77 ± 3.87 (m, 4 H; H6a, H2b, H9d,
H9'd), 3.95 ± 4.15 (m, 10H; H6'a, H6b, H6'b, H4c, H5c, H6c, NH, H4b, H4d,
H5d), 4.30 ± 4.46 (m, 5 H; H4a, H3b, CH2Ph, H6d), 4.48 (d, 1H, J(1a,2a)�
8.0 Hz; H1a), 4.48 ± 5.02 (m, 11H; 5CH2Ph, H1b), 5.10 (dd, 1 H, J(1a,2a)�
8.0 Hz, J(2a,3a)� 8.0 Hz; H2a), 5.34 (dd, 1H, J(6,7)� 2.12 Hz, J(7,8)�
8.10 Hz; H7d), 5.42 (m, 2 H, 2NH), 7.10 ± 7.69 (m, 40H; 8Ph); elemental
analysis calcd (%) for C106H143N2O29SSi (1995.2): C 63.75, H 7.16, N 1.40;
found C 63.71, H 7.23, N 1.44.


Glucopyranoside 13 : Tributylstannane (0.18 mL, 0.7 mmol) and AIBN
(20 mg) were added to a solution of 12 (400 mg, 0.2 mmol) in toluene
(10 mL) under an argon atmosphere. The mixture was heated at 120 8C for
3 h, still under an argon atmosphere, then concentrated. Column chroma-
tography of the residue (toluene/acetone 3:1) afforded 13. Yield: 274 mg,
74%; [a]D�ÿ22 (c� 1, CHCl3); 1H NMR (600 MHz, CDCl3): d� 0.10,
0.11, 0.13, 0.14 (4s, 12 H; 4SiMe), 0.86, 0.89 (2s, 18H; 2 tBu), 1.18 (s, 3H;
OPiv), 1.32, 1.33 (2s, 6H; 2Me-isopropyl), 1.86,1.96 (2s, 6H; 2NCOMe),
2.05 (m, 2H; 3cax-H, 3dax-H), 2.12 (s, 3 H; OCOMe), 2.56 (m, 2H; 3ceq-H,
3deq-H), 3.35 (m, 1H; H5a), 3.37 (s, 3H; COOMe), 3.55 (s, 3 H; COOMe),
3.57 ± 3.72 (m, 6H; H3a, H5b, H9c, H9'c, H8c, H7c), 3.77 ± 3.87 (m, 4H;
H6a, H2b, H9d, H9'd), 3.95 ± 4.15 (m, 10H; H6'a, H6b, H6'b, H4c, H5c,
H6c, NH, H4b, H4d, H5d), 4.30 ± 4.46 (m, 5H; H4a, H3b, CH2Ph, H6d),
4.48 (d, 1 H, J(1a,2a)� 8.0 Hz; H1a), 4.48 ± 5.02 (m, 11 H; 5 CH2Ph, H1b),
5.10 (dd, 1 H, J(1a,2a)� 8.0 Hz, J(2a,3a)� 8.0 Hz; H2a), 5.34 (dd, 1H,
J(6,7)� 2.12 Hz, J(7,8)� 8.10 Hz; H7d), 5.42 (m, 2 H, 2NH), 7.10 ± 7.69 (m,
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35H; 7 Ph); elemental analysis calcd (%) for C100H138N2O29Si (1886.1): C
63.62, H 7.31, N 1.48; found C 63.51, H 7.32, N 1.45.


Glucopyranoside 14 : Acetic acid (10 mL) and TBAF (1m solution in THF,
0.4 mL) were added to a solution of 13 (200 mg, 0.1mmol) in dry THF
(3mL) atÿ20 8C. The reaction was stirred for 6 h atÿ20 8C, then acetic acid
(1 mL) was added, and the solution was concentrated. Column chromatography
of the residue (toluene/acetone 1:1) afforded 14 as a white foam. Yield:
125 mg, 74 %; [a]D�ÿ18 (c� 1, CHCl3); 1H NMR (600 MHz, CDCl3): d�
1.18 (s, 3 H; OPiv), 1.32, 1.33 (2s, 6H; 2Me-isopropyl), 1.86, 1.96 (2s, 6H;
2NCOMe), 2.05 (m, 2 H; 3cax-H, 3dax-H), 2.12 (s, 3 H; OCOMe), 2.56 (m,
2H; 3ceq-H, 3deq-H), 3.35 (m, 1H; H5a), 3.37 (s, 3H; COOMe), 3.55 (s, 3H;
COOMe), 3.57 ± 3.72 (m, 6 H; H3a, H5b, H9c, H9'c, H8c, H7c), 3.77 ± 3.87
(m, 4 H; H6a, H2b, H9d, H9'd), 3.95 ± 4.15 (m, 10 H; H6'a, H6b, H6'b, H4c,
H5c, H6c, NH, H4b, H4d, H5d), 4.30 ± 4.46 (m, 5 H; H4a, H3b, CH2Ph,
H6d), 4.48 (d, 1 H, J(1a,2a)� 8.0 Hz; H1a), 4.48 ± 5.02 (m, 11 H; 5 CH2Ph,
H1b), 5.10 (dd, 1 H, J(1a,2a)� 8.0 Hz, J(2a,3a)� 8.0 Hz; H2a), 5.34 (dd,
1H, J(6,7)� 2.12 Hz, J(7,8)� 8.10 Hz; H7d), 5.48 (m, 2H, 2 NH), 7.10 ± 7.69
(m, 35 H; 7Ph); elemental analysis calcd (%) for C88H108N2O29S (1656.2): C
63.76, H 6.52, N 1.69; found C 63.72, H 6.25, N 1.64.


Glucopyranose 15 : A solution of 14 (160 mg, 0.1 mmol) in methanol
(10 mL) and triflic acid (2 mL) was hydrogenated in the presence of 10%
PdC (50 mg) for 12 h at room temperature, then filtered and concentrated.
The residue was treated with acetic anhydride (1 mL), pyridine (3 mL) and
4-dimethylaminopyridine (20 mg) for 24 h at room temperature. The
solvents were evaporated and the residue was purified by column
chromatography on silica gel (toluene/acetone 5:2) to afford 15. Yield:
123 mg, 88 %; [a]D�ÿ24 (c� 1, CHCl3); 1H NMR (600 MHz, CDCl3): d�
1.25 (s, 3H; OPiv), 1.86± 2.20 (m, 47 H; 3cax-H, 3dax-H, 15COMe), 2.60 (m,
2H; 3ceq-H, 3deq-H), 3.35 (m, 2H; H5a, H4b), 3.70 ± 4.46 (m, 22 H; H4a,
H5a, H6a, H6'a, H3b, H5b, H6b, H6'b, H5c, H6c, H9c, H9'c, H5d, H6d,
H9d, H9'd, 2 COOMe), 4.50 ± 4.80 (m, 4H; H1b, H4c, H4d, H8c), 4.93 ±
5.24(m, 4 H; H2aa, H2ab, H3aa, H2b, NH), 5.33 ± 5.54(m, 4 H; H3aa, H7c,
H4d, H7d, H8d), 5.67(d, 1 H, J(1,2)� 8.2 Hz; H1ab), 6.26(d, 1 H, J(1,2)�
3.7 Hz; H1aa); elemental analysis calcd (%) for C67H92N2O41 (1580.3): C
50.88, H 5.82, N 1.77; found C 50.81, H 5.73, N 1.74.


Trichloroacetimidate 16 : A solution of 14 (1 g, 0.75 mmol) and hydrazin-
ium acetate (101 mg, 1.10 mmol) in dry DMF (8 mL) was stirred for
20 min at 40 8C, then diluted with EtOAc (50 mL), washed with water, with
saturated aqueous NaHCO3 solution and then again with water, dried
(MgSO4) and concentrated. A solution of the residue, trichloroacetonitrile
(1 mL, 10 mmol) and DBU (0.15 mL, 1 mmol) in dichloromethane (10 mL)
was stirred for 45 min at room temperature, then concentrated. The residue
was eluted from a column of silica gel (toluene/acetone 2:1 containing
0.1% of Et3N) to afforded 16 as a white foam. Yield: 0.95 g, 83%; [a]D�
�8 (c� 0.8, CHCl3); 1H NMR (600 MHz, CDCl3): d� 1.30 (s, 3 H; OPiv),
1.86± 2.20 (m, 44H; 3cax-H, 3dax-H, 14 COMe), 2.60 (m, 2H; 3ceq-H, 3deq-
H), 3.35 (m, 2 H; H5a, H4b), 3.70 ± 4.46 (m, 22 H; H4a, H5a, H6a, H6'a,
H3b, H5b, H6b, H6'b, H5c, H6c, H9c, H9'c, H5d, H6d, H9d, H9'd,
2COOMe), 4.50 ± 4.80 (m, 4 H; H1b, H4c, H4d, H8c), 4.93 ± 5.24 (m, 3H;
H2a, H2b, NH), 5.33 ± 5.54 (m, 4H; H3a, H7c, H4d, H7d, H8d), 6.43 (d, 1H,
J(1,2)� 3.2 Hz, H1a), 8.63(s, 1H, NH).


(2S,3R,4 E)-2-Azido-3-O-benzoyl-4-octadecene-1,3-diol (4): Compound 4
was synthesised following a published procedure.[17]


Diol 17: A solution of 4 (68 mg, 0.16 mmol) and borontrifluoride etherate
(20 mL, 0.16 mmol) in dry dichloromethane (2 mL) was cooled to 0 8C. A
solution of the imidate 16 (118 mg, 0.08 mmol) in dry dichloromethane
(1 mL) was added dropwise to this solution under a nitrogen atmosphere.
After 1 h the solution was neutralised with triethylamine and evaporated in
vacuo. The residue was purified by flash chromatography (toluene/acetone
2:1) to afford 17. Yield: 118 mg, 82 %; [a]D��13 (c� 0.8, CHCl3);
1H NMR (600 MHz, CDCl3): d� 0.86 (t, 3 H; MeCH2), 1.16 (s, 9H; OPiv),
1.24 (m, 22 H; 11 CH2), 1.86± 2.20 (m, 46 H; 3cax-H, 3dax-H, CH2, 14COMe),
2.68 (m, 2 H; 3ceq-H, 3deq-H), 3.35 (m, 2 H; H5a, H4b), 3.38(m, 1 H, H2d),
3.60 ± 4.46 (m, 24H; H4a, H5a, H6a, H6'a, H3b, H5b, H6b, H6'b, H5c, H6c,
H9c, H9'c, H5d, H6d, H9d, H9'd, 2 COOMe, OCH2R), 4.50 ± 4.80 (m, 4H;
H1b, H4c, H4d, H8c), 4.94 (d, 1H, J(1,2)� 8.8 Hz; H1a), 4.96 ± 5.24 (m,
3H; H2a, H2b, NH), 5.33 ± 5.54 (m, 4 H; H3a, H7c, H4d, H7d, H8d,
CHOBz, CH�CHR), 5.84 (m, 1H; CH�CHR), 7.40 ± 8.00 (m, 5 H; OBz);
elemental analysis calcd (%) for C90H127N5O42 (1949.2): C 55.41, H 6.51, N
3.59; found C 55.32, H 6.63, N 3.64.


Diol 18 : Hydrogen sulfide was bubbled through a stirred solution of 17
(102 mg, 0.06 mmol) in aqueous 83% pyridine (5 mL) for 48 h at 0 8C. The
reaction was monitored by TLC. After completion of the reaction, the
mixture was concentrated, and the residue was stirred with octadecanoic
acid (39 mg, 0.12 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide hydrochloride (39 mg, 0.18 mmol) in dry dichloromethane (5 mL) for
12 h at room temperature. Column chromatography of the residue
(toluene/acetone 2:1) on silica gel gave 18 as an amorphous mass. Yield:
126 mg, 74 %; [a]D��8 (c� 0.8, CHCl3); 1H NMR (600 MHz, CDCl3):
d� 0.88 (m, 6H; 2MeCH2), 1.18 (s, 9H; OPiv), 1.24 (m, 54H; 27CH2), 1.86±
2.20 (m, 46H; 3cax-H, 3dax-H, CH2, 14COMe), 2.68 (m, 3H; 3ceq-H, 3deq-H,
CH2CON), 3.35 (m, 2H; H5a, H4b), 3.38(m, 1 H, H2d), 3.60 ± 4.46 (m, 24H;
H4a, H5a, H6a, H6'a, H3b, H5b, H6b, H6'b, H5c, H6c, H9c, H9'c, H5d,
H6d, H9d, H9'd, 2COOMe, OCH2R), 4.50 ± 4.80 (m, 4 H; H1b, H4c, H4d,
H8c), 4.93 (d, 1H, J(1,2)� 8.8 Hz; H1a), 4.96 ± 5.24 (m, 2H; H2a, H2b,
NH), 5.33 ± 5.54 (m, 4H; H3a, H7c, H4d, H7d, H8d, CHOBz, CH�CHR),
5.86 (m, 1H; CH�CHR), 7.40 ± 8.00 (m, 5H; OBz); elemental analysis
calcd (%) for C108H163N3O43 (2189.1): C 59.20, H 7.44, N 1.92; found C 59.11,
H 7.43, N 1.85.


Ganglioside GD3 (1): Sodium methoxide (20 mg) was added to a solution
of 18 (120 mg) in methanol (5 mL) and the mixture was stirred for 24 h at
room temperature. A solution of potassium hydroxide (0.2m, 1 mL) in
methanol was then added and the solution was stirred for another 24 h at
room temperature, neutralised with Amberlite IR-120 (H�) resin and
filtered, the resin was washed with chloroform/methanol (1:1), and the
combined filtrate and washings were concentrated. Column chromatog-
raphy (methanol/water 1:1 ± 6:1) of the residue on RP-18 column gave 1 as
an amorphous mass. Yield: 82 mg, 96%; [a]D�ÿ3 (c� 1, CHCl3ÿMeOH,
1:1); [a]D�ÿ2.6 (c�CHCl3ÿMeOH;[12] 1H NMR (600 MHz, MeOH,
40 8C): d� 0.79 (m, 6H; 2 CH3CH2), 1.18 (s, 52 H; 26CH2), 1.93, 1.95 (2s,
6H; 2 NCOMe), 2.08 (t, 2H; COCH2), 2.48 (m, 2H; H3cax, H3dax), 2.85 (m,
2H; H3ceq, H3deq), 4.22 (d, 1H, J(1,2)� 8.4 Hz; H1a), 4.34 (d, 1 H, J(1,2)�
7.9 Hz; H1b), 5.35 (m, 1 H; CH�CHR), 5.75 (m, 1H; CH�CHR). The
1H NMR data are in accordance with those published previously.[10, 12, 22]


Mitochondrial respiration : Mitochondria were isolated from three-month-
old rats.[27] Livers were homogenised in ice-cold isolation buffer A [250 mm
sucrose, 10mm Hepes (N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic
acid), pH 7.4, 1 mm glutathione (GSH), 1mm ethyleneglycol bis(2-amino-
ethylether)tetraacetic acid (EGTA), 1 % bovine serum albumin (BSA)].
The homogenate was centrifuged for 10 min at 700� g and the supernatant
was recentrifuged for 10 min at 1000� g. After resuspending the pellets in
isolation buffer B (125 mm KCl, 10mm Hepes, pH 7.4, 1mm GSH, 0.1 mm
EGTA), they were centrifuged for 10 min at 700� g. The supernatant was
recentrifuged for 10 min at 1000� g and the resultant pellet was used as
mitochondrial fraction. Isolated rat-liver mitochondria (protein concen-
tration 0.4 mg mLÿ1) were incubated in a medium containing 125 mm KCl,
10mm Hepes, 1mm, GSH, 2 mm rotenone, 5mm Mg2�-phosphate, 5mm
succinate, pH 7.2. Oxygen consumption was measured at 25 8C in oxygraphs
(Geiger and Para, Innsbruck, Austria) equipped with thermostatic control
and magnetic stirrers. GD3 from bovine brain (Sigma, Deisenhofen,
Germany) or synthetic GD3 was added to mitochondria after intense
sonication in a buffer. The increase of respiration due to uncoupling effects
of GD3 was measured as described.[5] Mitochondrial function was
controlled at the end of every experiment by adding 100 nm carbonyl-
cyanide-p(trifluoromethoxy)phenyl hydrazone (FCCP) to stimulate max-
imal respiration rate. The initial oxygen consumption of mitochondria
energised with succinate (31�55.6 nmol O2 per min per mg of protein) was
used as the 100 % reference value.


Oligodendrocyte culture : Mouse oligodendrocytes were isolated from a
primary mixed brain culture[28] prepared from the brains of BALB/c murine
embryos at day 15 after gestation. Oligodendrocyte precursors were shaken
off from the astrocyte monolayer at 15 to 20 days after preparation and
maintained in Dulbeccos Modified Eagle Medium (Life Technologies,
Grand Island, NY) supplemented with 10 ngmLÿ1 biotin, 100 mgmLÿ1 BSA
and 1% foetal calf serum. Fresh medium was mixed 1:1 with medium
preconditioned by astrocytes for 24 h. Four days after seeding, oligoden-
drocytes were stimulated with GD3. After 24 h, cells were fixed with
paraformaldehyde (PFA, 4%, dissolved in phosphate buffered saline) and
immunostained for the oligodendrocyte marker 2'3' cyclic nucleotide
phosphodiesterase (CNPase). , Cells were briefly permeabilised with 0.1%
Triton X-100, incubated for 45 min with a murine monoclonal antibody
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against CNPase (1:150, Sigma, Deisenhofen, Germany) that had been
incubated for 30 min with a goat-antimouse antibody coupled to Alexa-488
(Molecular Probes, Eugene, OR), stained for DNA with H-33 342 (Roche
Biochemicals, Mannheim, Germany) and mounted in Aquapolymount
(Polysciences, Warrington, PA, USA). The number of oligodendrocytes
with changed nuclear morphology was scored by counting six microscopic
fields for each experimental condition by using a fluorescent microscope
(DM IRBIL, Leica Mikroskopie und Systeme GmbH, Wetzlar, Germany).
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Multifaceted Photoreactivity of 6-Fluoro-7-aminoquinolones from the Lowest
Excited States in Aqueous Media: A Study by Nanosecond and Picosecond
Spectroscopic Techniques


Sandra Monti,*[a] Salvatore Sortino,[b] Elisa Fasani,[c] and Angelo Albini[c]


Abstract: Nanosecond and picosecond
absorption and emission spectroscopic
techniques were applied to the investi-
gation of the reactivity from the lowest
excited states of some 6-fluoro-7-piper-
azino-4-quinolone-3-carboxylic acids
(FQs) in aqueous media at neutral pH,
in the absence and presence of different
sodium salts. Following the detection of
various transients, we proposed a mech-
anism for the cleavage of the carbon-
ÿfluorine bond that proceeded through
different reaction pathways, dependent
on the molecular structure and the


characteristics of the medium. The drug
lomefloxacin (LOM), a 6,8-difluoroqui-
nolone derivative, underwent heterolyt-
ic cleavage of the C8ÿF bond from the
excited singlet state. With the 6-mono-
fluoroquinolone norfloxacin (NOR) and
the corresponding 1,8-naphthyridinone
enoxacin (ENX), the lowest singlet state
was not significantly reactive and an


important deactivation channel was in-
tersystem crossing (ISC) to the triplet
manifold. The lowest triplet state under-
went cleavage of the C6ÿF bond through
a solvent mediated process possibly via a
cyclohexadienyl anionic adduct. In the
presence of sulfite or phosphate buffer a
novel defluorination mechanism, in-
duced by electron transfer from the
inorganic anions to the FQ triplet state,
was observed. The correlation between
the transients observed and the final
photoproducts in the different media
was elucidated.


Keywords: drug research ´ fluorine
´ laser chemistry ´ photochemistry ´
quinolones


Introduction


Fluoroquinolones (FQs) are widely used antibacterial agents
that develop their pharmacological activity through the
inhibition of bacterial gyrase, an enzyme involved in DNA
replication and repair.[1] Interest in the photochemistry of
these compounds arises from their phototoxic and photo-
carcinogenic activity, a serious drawback for their use in
therapy (ref. [2] and references therein). From a chemical


point of view, the interest is motivated by the recent evidence
that the photoprocess for many of these drugs is heterolytic
photodefluorination,[2, 3] an unexpected process with fluoroar-
omatics due to the strength of the CÿF bond (dissociation
energy ca. 120 kcal molÿ1). The sparse precedents are limited
to polymethoxyfluorobenzenes,[4] 4-fluorophenol[5] and 4-flu-
oroaniline.[6] From a photobiological point of view the photo-
defluorination process is suggested to play a determining role
in the photosensitization reactions with biological sub-
strates.[7] Thus, a mechanistic investigation of the photo-
induced CÿF bond cleavage in fluoroquinolone derivatives is
required to rationalize this unusual photoprocess as well as to
substantiate hypotheses on the molecular basis of photo-
toxicity.


Virtually all of the FQs currently used in therapy are
1-alkyl-6-fluoro-7-dialkylamino (most often piperazino)-4-
oxoquinoline-3-carboxylic acids (see general formula FQ).
A few studies have recently addressed the characterization of
stable and transient species in the photodegradation of some
of these derivatives[2, 3, 8±12] but the detailed photophysical and
photochemical behavior of FQs is not yet known. The steady
state photolysis of some such drugs (see above) has recently
been investigated in neutral aqueous medium.[2, 8] In most
cases defluorination was shown to be the only process that
occurred and its efficiency increased in the order of decreas-
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ing mesomeric electron-donating effect of the group at
position 8.[2] Accordingly, loss of fluoride did not occur in
rufloxacin (RFX, Y�CÿSR),[11, 12] and accounted for only
35 ± 50 % of the photodegradation of ofloxacin (OFL, Y�
CÿOR).[2] On the contrary, in lomefloxacin (LOM, Y�
CÿF), norfloxacin (NOR, Y�CÿH) and the related 8-aza
naphthyridinone derivative enoxacin (ENX, Y�N) the only
photoreaction was defluorination, as ascertained by the
quantitative yield of drug degradation with release of
fluoride.[2]


In addition to the dependence on the molecular structure,
the FQ photodecomposition exhibited a dependence on the
characteristics of the medium. In neutral sulfite or phosphate
buffer the quantum yields were lower than in neat water.[2, 8]


The difference was a major one in the case of NOR and ENX,
where a correlation with the phosphate buffer concentration
was observed.[2] Although in every case defluorination
remained the only process that occurred, the structure of
the photoproducts changed according to the medium. Irradi-
ation of NOR and ENX in neat water (or in the presence of
5� 10ÿ4m sodium hydrogen carbonate at pH 7.2) led to the
corresponding phenols (Scheme 1, product 1) through a
formal nucleophilic substitution of the fluorine in position 6
with an OH group. On the contrary, in neutral sulfite buffer no
phenols were formed and only reductive defluorination was
observed (Scheme 1, product 2).[8] With the 6,8-difluoroder-
ivative LOM, release of fluoride selectively occurred from
position 8. In water the only photoproduct resulted from
cyclization onto the N-ethyl chain (Scheme 2, product 5)
while in sulfite buffer this product was accompanied by the
8-hydro derivative (Scheme 2, product 7).[8] In neutral phos-
phate buffer further changes were observed. In the case of
NOR the defluorinated photoproducts were not isolated, but
with ENX and LOM new products formed by both reductive
defluorination of the heteroaryl ring and oxidative fragmen-


Scheme 1. End photoproducts from the photodefluorination of NOR (Y�
CH) and ENX (Y�N) in different aqueous media, according to refs. [8]
and [13].


tation of the piperazine moiety were obtained (Scheme 1,
products 3 and 4 ; Scheme 2, products 8 and 9).[13]


As it appears from the above, the product distribution
varies greatly with structure and conditions. Different de-
fluorination mechanisms were proposed for the rationaliza-
tion of such a medium dependent behavior. In water,
formation of an aryl cation by photoheterolysis of the CÿF
bond was hypothesized.[2, 8] By contrast in both sulfite and
phosphate buffer a reductive step was suggested to precede
fragmentation.[8, 13]


Some pieces of evidence supporting part of this proposal
have been previously reported.[2, 8, 13] It appeared appropriate
to carry out a systematic examination of the excited state
deactivation pathways of NOR, ENX, and LOM in aqueous
media at neutral pH by nanosecond and picosecond time
resolved spectroscopy and fluorescence measurements as well
as examination of the effect of different sodium salts. It will be
shown that a new insight has been gained on the role of the
excited singlet and triplet states in the photodefluorination
reaction in the different media. Therefore we can propose a
rationale for the unusual photochemistry of these hetero-
cycles and discuss the correlation between transients and final
photoproducts, and we also incorporate in a unitary mecha-
nism the effect of sulfite and phosphate ions.


Results


Absorption and emission : In 1� 10ÿ2m phosphate buffer at
pH 7.4 the absorption spectra of NOR, ENX, LOM, and OFL
were characterized by an intense absorption band which
peaked in the region 260 ± 280 nm, a weaker band at 320 ±
340 nm and a long tail extending up to 380 nm. The intensity
and position of other bands present below 250 nm were more
dependent on the specific molecular structure. Aqueous
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solutions where the pH had been adjusted by the addition of a
little NaHCO3 showed little difference. FQ molecules possess
two proton binding sites, that is, the carboxy group and the
piperazinyl ring, and are characterized by two main protolytic
equilibria with pKa at approximately 5.5 ± 6.5 and approx-
imately 8.5, respectively.[14] Thus at neutral pH the predom-
inant structure is the zwitterion.


In air equilibrated solutions the fluorescence quantum yield
was close to 0.1 for all the examined molecules, except that for
ENX, where it was considerably lower (see Table 1).


Fluorescence lifetimes were extracted from the experimen-
tal time profiles taken at lf


max and are listed in Table 1. The
lifetime of NOR is 1.5 ns and is in agreement with previous
determinations,[2, 15] that of LOM is 1 ns and that of ENX is


considerably shorter. Data for OFL and rufloxacin (RFX)[12]


are reported for comparison.
The fluorescence intensities (but not the shape of the


spectra) of NOR, ENX, and LOM were considerably reduced
in the presence of phosphate buffer at pH 7.4 (by 50 ± 60 % at
0.1m concentration). A lower reduction (�20 %) was ob-
served with all the studied derivatives at pH 7.4 with other
salts, such as sodium sulfite or sodium chloride up to 0.1m, as
well as sodium hydrogen carbonate up to 10ÿ3m (higher
concentrations were not checked because of the significant
pH change introduced). A Stern ± Volmer treatment of the
observed variations in the fluorescence intensity versus the
total phosphate concentration afforded the quenching con-
stants (Kf


SV�. These were 16 and 15mÿ1 for NOR and ENX,


Table 1. Properties of photoexcited FQ drugs in aqueous solution at pH 7.4. Phosphate buffer 0.01m was used except when indicated.


lf
max/nm Ff tf/ns lTÿT


max /nm eTÿT
max FT/mÿ1cmÿ[d] tT/ms tX/ms[c] 109� kO2


/mÿ1 sÿ1


NOR 410 0.11 1.5[a] 620[c] 3400[c] 1.3[c] 3.6 2.7[c]


ENX 380 0.01 < 0.5 520[c] 3500[e] 0.85[c] � 2 2.4[c]


(2.8)[g]


LOM 415 0.08 1.0[b] 500[c] 900[c] � 0.1[c] > 0.2
OFL 460 0.1 4.0 620 2300 1.8 1.7
RFX 470 0.07 4.8 640 2800[h] 10[f,h] 1.7


(1.6)[h]


[a] tf is the same in pure water and 0.97 ns in 0.1m phosphate buffer, pH 7.4. [b] tf is 1.5 ns in pure water and 0.91 ns in 0.1m phosphate buffer, pH 7.4. [c] 1�
10ÿ3m sodium hydrogen carbonate, pH 7.4. [d] values determined by comparison with eTÿTe


max FT� 6500mÿ1 cmÿ1 for BP in acetonitrile (see Experimental
Section). [e] From ref. [9]. [f] Limiting value at infinite substrate dilution. [g] Estimated on the basis of the photodegradation quantum yields in air
equilibrated solutions from ref. [2], using the flash photolytically determined triplet lifetime. [h] From ref. [12]. The photoreaction is decarboxylation.


Scheme 2. End photoproducts from the photodefluorination of LOM in different aqueous media, according to refs. [8] and [13].
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10mÿ1 for LOM and<1mÿ1 for OFL and RFX (Figure 1). The
buffer concentration had no significant influence on the
emission lifetimes, except for NOR where a decrease from
1.5 ns at 0.01m to 0.97 ns at 0.1m phosphate was observed (see
Table 1). It appears that dynamic quenching of the FQ excited


Figure 1. Stern ± Volmer plots of the fluorescence intensity quenching by
phosphate buffer at pH 7.4. Slope Kf


SV : NOR (&) 16mÿ1, ENX (*) 15mÿ1,
LOM (&) 10mÿ1, OFL (*) and RFX (~), �1mÿ1.


singlet (i.e. , quenching upon diffusive encounter of the
excited state with the salt anion affecting the lifetime) is not
the main process. The small lifetime decrease actually
observed with NOR can account for only approximately
30 % of the total Kf


SV. Thus, it is likely that a static effect
(influencing the emission intensity but not the lifetime)
caused by an interaction of the phosphate anions with
NOR, ENX, and LOM in the ground state is involved.


Nanosecond laser flash-photolysis


Triplet spectra and quantum yields : Deoxygenated FQ
solutions with a concentration of 0.4 to 1.5� 10ÿ4m in aqueous
media were used. In order to ensure that the zwitterion was
the prevailing species, the pH was adjusted to 7.4 by the
addition of 1� 10ÿ3m NaHCO3. Laser photolysis experiments
performed in neat water showed that such a low carbonate
concentration did not significantly affect the observed spectra
or kinetics (see below).


The absorption changes produced by laser excitation
(�4 mJ pulseÿ1) in Ar saturated solutions of NOR, ENX,
and OFL were characterized by a large visible band, as shown
by the differential absorptions in Figure 2, where the relative
intensities are compared. Excitation of LOM led to a weaker
transient absorption (Figure 2).


These transients were quenched by oxygen with rate
constants kO2


in the range 2 ± 3� 109mÿ1 sÿ1, and were assigned
to the FQ triplet states on the basis of the reasonable lifetime
(in the ms range, see below), effective oxygen quenching, and
quenching by various additives (see below). The spectrum of
ENX (lmax 520 nm) was quite similar to that previously
assigned to the triplet state in phosphate buffer.[9] For NOR
and OFL the spectral features of the transients (lmax 620 nm),
their intensity and the oxygen quenching rate constants were
similar to those observed with RFX (lmax 640 nm)[12] and with
OFL[18] and were likewise attributed to the triplet state. The


Figure 2. Triplet ± triplet absorption spectra of FQs in aqueous media
pH 7.4: NOR (&), ENX (*), LOM (&) in 1� 10ÿ3m sodium hydrogen
carbonate. OFL (&) and RFX (~, see ref. [13]) are in 1� 10ÿ2m phosphate.
Spectral profiles were taken 0.2 ms after the pulse for NOR, ENX, OFL,
and RFX and 20 ns after the pulse for LOM.


weak absorption observed with LOM (lmax ca. 500 nm) was
tentatively assigned again to the population of the lowest
triplet state. This was supported by the blue shift of lmax,
similar to that observed with ENX, the other molecule with an
electron-withdrawing group in position 8.


The values obtained for the product eTÿT
max FT (Table 1) of


ENX, NOR, OFL, and RFX were significantly higher than
that of LOM. For the separate evaluation of the triplet
quantum yields, the values of the molar absorption coeffi-
cients at lTÿT


max are required. Previous determinations for ENX
(eTÿT


max � 4100mÿ1 cmÿ1)[9] and RFX (eTÿT
max � 3900mÿ1 cmÿ1)[12]


were obtained at high laser pulse energies by the singlet
depletion method.[16] This may lead to an error if other
phenomenon contribute at high pulse energy. For example,
photoionization may occur and the solvated electron may
contribute to the absorption. In order to clarify this, the
transient signals at short time delay at 720 nm (lmax of the
solvated electron) were compared in Ar and N2O saturated
solutions as a function of the pulse energy. N2O is known to be
an efficient electron scavenger (kq� 9.1� 109mÿ1 sÿ1)[17] and in
a few nanoseconds converts the solvated electrons according
to Equation (1).[16]


N2O� eÿaq�H2O!N2�OH .�OHÿ (1)


For NOR, and ENX the end-of-pulse transient absorption at
720 nm was identical within the experimental uncertainty
under both conditions for excitation energies up to
5 mJ pulseÿ1 (as in Figure 2). However, at higher laser
energies the solvated electron absorption contributed signifi-
cantly to the detected signal, as shown by the progressive
increase of DA720 observed in Ar saturated solution up to 25 ±
35 mJ pulseÿ1, whereas in the presence of N2O, after total
scavenging of the solvated electrons, the signal saturated at
approximately 15 ± 20 mJ.


Thus evidence for both formation of a monophotonic
transient and photoionization (apparently with a biphotonic
contribution under the present conditions) was obtained at
high pulse energy. Similar results were also obtained with
RFX and OFL. For OFL monophotonic photoionization was
recently reported by Navaratnam and Claridge.[18] These
authors assigned a value of 11 000mÿ1 cmÿ1 to the molar
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absorption coefficient of the triplet at 620 nm by the energy
transfer method and this led to FT� 0.33.[18]


The eTÿT
max FT values in Table 1 were obtained at low laser


energy (as described in the Experimental Section) and can be
used to obtain information on FT on the basis of the following
additional evidence. We have previously studied RFX as an
oxygen sensitizer and found that FD� 0.32 at 75 % triplet
quenched,[12] and this implies that with this FQ, FT �0.4 and
eTÿT


max �7000 Mÿ1 cmÿ1 or lower. On this basis we can use the
experimental eTÿT


max FT value (Table 1) for the evaluation of the
lower limit for FT, assuming, as it appears reasonable, that
eTÿT


max remains similar along the series. This gives FT� 0.5 for
both ENX and NOR, �0.3 for OFL and �0.1 ± 0.2 for LOM.


Triplet lifetime : The decay of the FQ triplets was in the
microsecond or submicrosecond range. In the case of NOR
and ENX, the decay profile was not uniform, as apparent in
the red tail of the spectra, where a slight rise followed by a
slower decay occurred (see Figure 3 for the case of NOR). A


Figure 3. Absorption time profiles observed upon excitation of NOR
2.7� 10ÿ4m at pH 7.4 in aqueous solution containing 10ÿ3m sodium
hydrogen carbonate, a) 620 nm, b) 720 nm. lexc� 355 nm, �4 mJpulseÿ1,
optical path 1 cm.


biexponential analysis applied fairly well. The time constants
derived (reported in Table 1) were attributed to the triplet
state (tT 1.3 ms for NOR and 0.85 ms for ENX) and to a further
transient X formed from the triplet. Transient X was more red-
shifted (lmax(XNOR) ca. 720 nm, tXNOR


� 3.6 ms, and lmax


(XENX)> 650 nm, tXENX
� 2 ms). These features were somewhat


dependent on the conditions. For NOR in unbuffered aqueous
solution (pH �6.5) or when the pH was adjusted to 7.4 by the
addition of NaOH (rather than by 10ÿ3m NaHCO3 as in the
previous case) biexponential kinetic analysis gave time
constants of 1.4 ms and 4.1 ms for the triplet and XNOR states,
respectively (Figure 4).


The absorption for LOM in the red edge of the spectrum
also decayed slower than in the blue side (t510�100 ns and t750


>200 ns). However the unfavorable signal-to-noise ratios
prevented a reliable biexponential treatment in this case.


Effect of phosphate buffer : Phosphate buffer at a concen-
tration of �0.01m significantly affected the observed tran-
sients. As is clearly observed for NOR (Figure 5), the effect
was twofold. First, there was a decrease in the initial triplet


Figure 4. Absorption changes observed upon excitation of NOR 2.7�
10ÿ4m in neat water. lexc� 355 nm, �4 mJ pulseÿ1, optical path 1 cm:
(*) 0.250 ms; (*) 1.3 ms; (~) 4 ms and (&) 15 ms after pulse. Inset: time
profiles at a) 520 nm and b) 720 nm.


Figure 5. Dependence of the laser induced absorption changes in NOR
(A355� 0.24) on the concentration of phosphate buffer, pH 7.4: A) and
B) 620 nm, C) 720 nm, a) 0.01m, b) 0.0m (neat H2O, pH � 6.5), c) 0.05m,
d) 0.1m.


yield, as shown by the decreasing of the end-of-pulse intensity
upon increasing the phosphate concentrations (Figure 5A).[19]


A Stern ± Volmer treatment of these quantities gave KT
SV�


13.5� 3.5mÿ1, in good agreement with the Kf
SV values derived


from the quenching of the singlet emission intensity (see
above). Second, there was a dynamic quenching and the
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decrease of the 620 nm absorption band with elapsing time
was accompanied by the concomitant formation of a new
absorption around 700 nm, assigned to a further transient
indicated as YNOR (Figure 5B and C and Figure 6). The two
species appeared to have largely superimposed spectra. Thus
in the whole range explored the time profiles of the


Figure 6. Absorption changes observed upon excitation of NOR 2.7�
10ÿ4m in phosphate buffer 10ÿ2m. lexc� 355 nm, �4 mJ pulseÿ1, optical
path 1 cm: (*) 0.15 ms ; (*) 1 ms; (~), 4 ms ; (~) 8 ms after pulse.


absorption changes were well described by a biexponential
function. Kinetic analysis at 620 and 720 nm in 0.01m
phosphate buffer led to time constants of 0.64 ms and 2.0 ms,
assigned respectively to the triplet state and to the transient
YNOR. Extension of the biexponential analysis to 5� 10ÿ2m
and 1� 10ÿ1m phosphate buffer, gave two bimolecular rate
constants for the interaction with phosphate, kT


q � 8�
107 mÿ1 sÿ1 and kY


q � 6.5� 106 mÿ1 sÿ1 for the triplet and for
transient YNOR, respectively.


The effect was even more apparent with triplet ENX, where
a quenching constant kT


q � 9.8� 108mÿ1 sÿ1 was obtained. This
caused tT to be shortened from 0.85 ms in the absence of
phosphate to 90 ns in 0.01m phosphate buffer, at pH 7.4. An
analogous transient YENX was formed, in this case with
absorption maximum at 670 nm.[9]


On the other hand, phosphate buffer up to 0.1m had little
effect on the LOM triplet lifetime (tT� 100 ns), thus an upper
limit of 1� 107mÿ1 sÿ1 was estimated for the triplet quenching
constant.


Effect of sulfite buffer : Sulfite buffer had an effect similar to
that of phosphate. The decay of triplet NOR was affected by
the sulfite concentration according to a rate constant of kT


q �
2.6� 108mÿ1 sÿ1 and correspondingly a second kinetic compo-
nent was observed at 700 ± 750 nm, although there was no
rising phase. The approximate spectra of the component YNOR


in sulfite could be obtained by subtraction of the residual
contribution of the triplet state from the transient absorption
taken 200 ns after the pulse.[20] As it appears from Figure 7A,
the spectrum of this transient was fairly consistent with that of
the species YNOR obtained in phosphate.


In the case of ENX, quenching of the triplet by sulfite
occurred with rate constant KT


q � 4.8� 108mÿ1 sÿ1 and growth
of the intermediate at 670 nm was observed, as previously
reported.[8] Again, a second transient absorption was detected
quite similar to that observed in phosphate (YENX, see
Figure 7B).


Figure 7. Absorption changes observed (B) in 6.5� 10ÿ5m ENX, (*) in
phosphate buffer 0.01m, pH 7.4, 450 ns after pulse, (*) in sulfite buffer
0.01m, pH 7.1, 430 ns after pulse. Laser energy ca. 2 mJpulseÿ1; A) 200 ns
after pulse, after subtraction of the triplet contribution (see text), (&) in
NOR 2.7� 10ÿ4m in 0.01m phosphate buffer pH 7.4; (&) in NOR 3.5�
10ÿ4m in 0.005m sulfite buffer, pH 7.1. Laser energy ca. 4 mJpulseÿ1.


The decay of the transients Y was sensitive to the buffer
concentration. In Table 2 the rate constants for the quenching
of the FQ triplets and of the transients Y, determined by
biexponential analysis in the presence of phosphate and
sulfite, are summarized.


Picosecond laser flash photolysis


Laser induced absorption with picosecond resolution was
performed to compare the excited singlet behavior of LOM
and ENX. These molecules, both with well characterized final
photoproducts, were chosen because of their opposite proper-
ties, that is, the low FT (see above) and suspected singlet
photoreactivity[2] of LOM and higher FT and predominant
triplet photoreactivity of ENX.[9]


Aerated solutions of LOM 1.2� 10ÿ4m in neat water were
excited at 355 nm by laser pulses of 35 ps. Figure 8 shows the
spectral changes observed 55 ps and 1.7 ns after time zero (see
Experimental Section). A broad, symmetric, positive band
peaking at 700 nm and a negative signal at 470 nm were
detected. Since ground state LOM has no absorption in the
450 ± 500 nm region, the negative signal could not be attrib-
uted to ground state depletion. In the inset the signal decay at
700 nm and recovery at 470 nm are represented. The profiles
are exponential and the time constant, �1 ns at both wave-
lengths, is equal to the fluorescence lifetime. The negative
signal at 470 nm was therefore attributed to fluorescence,
reaching the detector along with transmitted light, and the
700 nm band was assigned to S1 ± Sn absorption. In view of the
discussion on the photochemical paths (see below), it is
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Figure 8. Absorption changes observed upon excitation of LOM 1.2�
10ÿ4m in neat water. lexc� 355 nm, 35 ps, �4 mJpulseÿ1, optical path
1 cm: a) zero time (see Experimental Section); b) 55 ps; c) 1.7 ns. Inset:
time profiles at 700 and 470 nm.


important to notice that addition of NaCl 0.1m did not produce
any spectral or kinetic modification.


Laser excitation of ENX solutions, 1.4� 10ÿ4m in water,
induced absorption changes in the region 450 ± 750 nm at
100 ps delay. After 200 ps a band with a maximum at�520 nm
was recognized (Figure 9). In the explored delay time interval
(up to 2.7 ns) the difference spectrum did not change


Figure 9. Absorption changes observed upon excitation of ENX 1.4�
10ÿ4m in neat water. lexc� 355 nm, 35 ps, �4 mJpulseÿ1, optical path
1 cm: a) zero time (see Experimental Section), b) 100 ps, c) 200 ps,
d) 2.7 ns.


significantly. The 520 nm max-
imum was assigned to the T1 ±
Tn absorption on the basis of
the triplet spectrum obtained
by nanosecond laser flash pho-
tolysis. Comparison with the
spectrum reported in Figure 2
indicates some discrepancy
above 600 nm.


A contribution from a tran-
sient other than the triplet as
well as the occurrence of some
distortion of the triplet absorp-
tion profile are both possible
and the very different condi-
tions used in the picosecond
experiment preclude unambig-
uous assignment.


Discussion


The above results can be used to examine the mechanism of
the photoreaction of fluoroquinolones in the light of the
steady state studies previously published. In order to facilitate
the discussion, the photoproducts in the case of NOR, ENX,
and LOM are indicated in Scheme 1 and 2 and the photo-
degradation quantum yields in the same media are reported in
Table 3. OFL is much less reactive (FÿFQ ca. 0.001). Defluori-
nation is the only significant reaction for the above molecules
(see the structure and the yield of the photoproducts and the
high percentages of fluoride released in Table 3). The photo-
chemistry of FQs is discussed below in terms of reactions from
the singlet and the triplet state, and the latter case involves
further intermediates X and Y under some conditions (see
Scheme 3).


Table 2. Reduction potential of ground state (Ered/V) and triplet energy (E T/eV) of FQs; quenching rate
constants (kq/mÿ1 sÿ1) of FQ intermediates, triplet and Y, by buffer salts.


Ered/V vs Ag/AgCl (E T/eV) kT
q /mÿ1 sÿ1 kY


q /mÿ1 sÿ1


triplet state Transient Y


HPO4
2ÿ/H2PO4


ÿ SO3
2ÿ/HSO3


ÿ HPO4
2ÿ/H2PO4


ÿ SO3
2ÿ/HSO3


ÿ


ref. [8] ref. [8]
NOR ca. ÿ1.39 (2.9) 8.0� 107 2.6� 108 6.5� 106 7.5� 107


(1.3� 108)[a]


ENX ÿ 1.31 (2.8) 9.8� 108 4.8� 108 < 106 1.2� 108


(2� 108)[a]


LOM ÿ 1.34 < 107 > 108


OFL ca. ÿ1.4 1.0� 108


[a] Derived from the Stern ± Volmer treatment of the photodegradation quantum yields,[2] using the steady state
KSV values from the photoreaction (KSV� 194mÿ1 for NOR and 179mÿ1 for ENX)[2, 13] and the triplet lifetimes
from flash photolysis.


Table 3. Photodegradation of FQ in neutral aqueous media.


H2O 0.02m
sulfite


0.1m
phosphate


%Fÿ Products
(approx. yield, %)


Ref. [2] Ref. [8] Ref. [2]


LOM 0.55 Ar 100 5 (70)
0.49 air 100


0.28 100 5 (45), 7 (15)
0.4 Ar 95 5 (25), 8�9 (20)
0.3 air 80


ENX 0.13 Ar 99 1 (75)
0.08 air 100


0.027 100 2 (55)
0.01 Ar 100 3� 4 (60)
0.02 air 73


NOR 0.06 Ar 100 1 (50)
0.01 air 98


0.004 100 2 (40)
0.0042 Ar 89
0.007 air 49


OFL 0.0012 Ar 80
0.0016 air 87


< 0.0001 < 5
0.0015 Ar 35
0.0025 air 50
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Scheme 3. Proposed mechanisms for excited state reactivity of the
examined fluoroquinolones.


Singlet state reaction : The high photodegradation quantum
yield of LOM in water (FÿFQ >0.5), not significantly affected
by oxygen and compared with a FT <0.2, requires that the
reaction mainly proceeds from the excited singlet state. As
mentioned above, the process which occurs is defluorination.
This would be expected to generate an aryl cation (Scheme 3,
path a). However, no transient was revealed in the picosecond
experiments except the singlet (see Figure 8), and there is no
direct evidence for such a cation. The chemistry observed is
carbene-like, with intramolecular insertion into the CÿH
bond of the neighboring N-ethyl group.[21a,b] This fits with the
suggested cationic intermediate, since the parent phenyl
cation has been shown to attack an alkyl chain at the ortho
position.[21c] Further support for the cationic nature of the
intermediate is given by the observed substitution of a chloro
for a fluoro atom in chloride containing solutions. Thus, although
intramolecular insertion is faster than water addition, a
charged nucleophile is incorporated. The lifetime of the
cation is estimated to be of the order of 10 ns, since trapping
by Clÿ at low concentrations (1� 10ÿ2m) is effective,[21b] and
thus the failure in detection is due to either an unfavorable
wavelength window or to low absorption coefficients rather
than to the short lifetime.[22] It should also be pointed out that
independently of the formation mechanism of this intermedi-
ate, the chemistry observed is reminiscent of a triplet and not
a singlet phenylium cation. The triplet cation has a p5s1, not a
p6s0 structure and a chemoselective reactivity.[23]


The reactivity of the singlet state appears to be related to
the intramolecular charge transfer character of this state
(from the amino group in 7 to the quinolone moiety). This
character is indicated by the large Stokes shift of the
fluorescence (ca. 6000 cmÿ1).[23] In the case of LOM, this
character is increased by the presence of a second electron with-
drawing fluorine, and this makes heterolytic cleavage of the
CÿF bond fast enough to compete with ISC and emission. This
reaction is typical of quinolones with a fluoro atom in position 8,
since exactly the same pattern of reaction (selective loss of the
fluoro in 8 followed by intramolecular attack onto the N-alkyl
chain in water or, in the presence of chloride, formation of the
8-chloro derivative) has been observed in the case of
fleroxacin (a 7-piperazinyl-5,6,8-trifluoroquinolone).[10, 21d]


As previously reported,[2] regioselectivity in the heterolysis
is in accord with a mesomeric formula with the charge on the
7-amino group and the pyridone aromatic ring, possible for
the cation in position 8, but not for that in position 6.


The fast heterolytic cleavage from the excited singlet state
in the case of LOM explains the relative insensitivity to the


presence of oxygen and to the environment, characteristic of
the photoreaction of this molecule (compare with the much
larger effects in the case of NOR and ENX, see Table 3),[2]


although a minor contribution of the triplet state to the
photoreaction is likely (see below).


Triplet state reaction : In the case of NOR and ENX oxygen
strongly reduces the photodegradation quantum yield (see
Table 3), and indicates a long-lived excited state as the main
precursor. Sensitization by benzophenone was observed with
ENX.[9] Indeed, a large triplet absorption is revealed by
nanosecond flash photolysis with the above molecules as well
as with the almost unreactive OFL. ISC is thus an efficient
deactivation process from the excited singlet state for all of
the considered FQs, except for the case of LOM where direct
reaction predominates. Formation of the triplet can be
followed by picosecond spectroscopy (see Figure 9). Effective
oxygen quenching (rate constants in the range 2 ± 3�
109mÿ1 sÿ1) is consistent with the effect of air equilibration
on the photodegradation quantum yields (see Table 1).


Thus, the reaction of NOR and ENX predominantly
involves the triplet state. Both these molecules give the
corresponding phenol as the only photoproduct in neutral
aqueous solution, through a formal nucleophilic substitution
of the fluorine in position 6 with an OH group (see Scheme 1).
Two mechanisms can be envisaged: i) heterolytic cleavage of
the triplet state to give an aryl cation, analogously to the case
of the singlet seen above, and ii) reaction of the excited state
with water forming a s bond in a cyclohexadienyl (Meisen-
heimer) anion, which subsequently releases fluoride (SN2Ar*
mechanism). Mechanism ii) was shown to apply in several
aromatic photosubstitutions via the triplet states,[27] and an
increase in quantum yields of defluorination with increasing
pH was observed. The strong pH dependence of reaction
quantum yield in FQs, due to the above mentioned ionic
equilibria of these zwitterions, precludes the possibility of a
similar investigation in this case. However, the lack of any
chloro-substituted derivative formation when NOR and ENX
are photolysed in the presence of sodium chloride (up to
0.1m)[8] suggests that no aryl cation is present in this case,
contrary to the case of LOM and fleroxacin.


This was confirmed by flash photolysis which showed that
with these two drugs the decay of the triplet is coupled with
the formation of a further transient X absorbing around
700 nm (Figure 3). This transient is too long-lived to be
identified as the aryl cation (see also above), but could be the
p anion formed by addition of solvent (OHÿ or H2O) to the
triplet state according to mechanism ii), see Scheme 3, path b.
The exact characterization of X is difficult, but the visible
absorption of the transient is in agreement with the spectral
properties of such anions.[25] Furthermore, the more efficient
defluorination of ENX (activated by aza substitution in 8) in
comparison with NOR and the inefficient defluorination in
the electron-donating substituted OFL and RFX support a
nucleophilic attack in the reaction.


Effect of inorganic anions : A remarkable result of our
previous steady-state studies was the complex effect of
inorganic ions, that leads to large changes in both the
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degradation quantum yield and product distribution.[2, 8, 13] A
general salt effect with a moderate acceleration of the
photoreactions has been documented,[2] but the most impor-
tant effects evidenced in those works were specific and their
rationalization was not straightforward since various steps of
the photoprocess appeared to have been affected.


First, phosphate has a significant effect on the fluorescence
quantum yield of NOR, ENX, and LOM, but not on OFL and
RFX (Figure 1 and Table 1). The nature of the phenomenon is
mainly static and can be rationalized by an electrostatic
association (Ka �10 ± 15mÿ1) of the phosphate dianion with
the positively charged>N(4')H2


�moiety of these zwitterionic
molecules with two hydrogen bonds (Scheme 4). Accordingly,


N
N Y N


O
COO


H


H
Et


O
P


O


OH


Ka


O


FQ  +  HPO4
2-


Scheme 4. Hypothesized structure of ground state associates of fluoroqui-
nolones with phosphate dianions (Y�CH, N, CF).


the effect is small with OFL and RFX,[9] since in these cases
the N(4') nitrogen is methylated and not capable of such
strong interaction. Ground state association with phosphate
precludes fluorescence, either by increasing the internal
charge transfer interaction in the singlet excited state and
channeling the energy into a radiationless path or by
promoting the deprotonation of the nitrogen atom in the
excited state through the action of the closely located
phosphate dianion, which acts as a proton acceptor. A lower
basicity of the piperazinyl N(4') in the excited state is indeed
expected on the basis of the pH dependence of the FQ
absorption spectra.[9, 18] The specific electrostatic effect of the
phosphate anion, contrasting with the much smaller effects
displayed by the sulfite anion, appears to be related to a more
favorable geometry of the complex formed in the first case.


Anions have no significant effect on the singlet state
chemistry, apart for the observed chloride trapping of the
singlet derived carbocation in the case of LOM. However,
sulfite and phosphate have a major effect both on the triplet-
derived products and on the triplet evolution, as evidenced by
product studies and flash photolysis, respectively.


In the case of sulfite, the quenching mechanism operative
clearly involves electron transfer from the sulfite anions to the
triplet state (path c in Scheme 3). This is supported by i) the
marked exothermicity of the process (redox potentials
E(SO3


ÿ ./SO3
2ÿ)� 0.63 V and E(SO3


ÿ ./HSO3
ÿ)� 0.84 V vs


NHE,[26] Ered values for FQ in Table 2), justifying the observed
high values of kT


q (>1� 108mÿ1 sÿ1), ii) the fact that the
photoreaction under these conditions is reductive defluorina-
tion and iii) the analogy with the cathodic process, which leads
to the same defluorinated products from ENX, NOR, and


LOM (again selectively from position 8 in the last case).[27a]


From NOR and ENX quenching of the triplet leads to
transients (Y) absorbing in the red (ca. 720 nm and 670 nm,
respectively) which, on the basis of the above considerations,
are identified as the corresponding radical anions. The
absorbing properties of these species are in reasonable
agreement with those of the radical anions of the related
compounds flumequine[28] and OFL,[18] both extended up to
650 nm. The few literature precedents available suggest that
cleavage of the strong CÿF bond is not an efficient process in
aromatic radical anions,[27b,c] and consistently the measured
quantum yields are low (a few percent or lower, see Table 3).
The overall process which leads to the final even-electrons
products must involve further intermediates. In fact, in the
case of ENX, flash photolysis[8] evidenced at least one further
long-lived transient (lmax 650 nm) formed upon decay of
transient YENX.


In the case of LOM, the intersystem crossing quantum yield
is low, and, although sulfite quenching of the triplet state was
evidenced,[8] the resulting transient was too weak for un-
ambiguous characterization. With LOM the quantum yield of
decomposition is only marginally affected by the presence of
sulfite and the main path of the photoreaction remains the
same as in neat water, with reductive defluorination only as a
minor path.


The effect of phosphate is in many respects similar to that of
sulfite. Indeed, the same transients Y are observed from both
NOR and ENX (Figure 7, Scheme 3) and, again, the reaction
quantum yield is strongly diminished and reductive defluori-
nation occurs though accompanied in this case by degradation
of the piperazine side-chain. This supports electron transfer to
the FQ triplet from phosphate (probably from the more reduc-
ing dianion HPO4


2ÿ, see below). Phosphate is certainly a poorer
reducing agent than sulfite. However, there are indications
that it could act as a reducing agent with excited states.[27d]


In the case of FQs, the reduction potential is about ÿ1.3/
ÿ1.35 V vs Ag/AgCl[30a] and the triplet can be located close to
2.7 ± 2.9 eV on the basis of the onset of the low temperature
phosphorescence spectra.[9, 15] The potential of the couple
HPO4


ÿ ./HPO4
2ÿ is estimated to be significantly lower than


1.9 V vs NHE.[29] These data support that reduction of triplet
FQs by phosphate is close to thermoneutral. Quenching of the
triplet is accompanied by quenching of the photodecomposi-
tion, and the flash photolysis determined rate constants (kT


q �
can be compared with the values (reported in parentheses in
Table 2) derived from the Stern ± Volmer treatment of the
decomposition quantum yields versus the phosphate buffer
concentration (KSV� kq� t), by assuming the FQ triplet as the
reacting state.


Given the different approach involved, the two values are
acceptably close for NOR (KSV� 194mÿ1 vs 112mÿ1), while in
the case of ENX the steady state derived value is significantly
lower than expected from the triplet quenching (KSV� 179mÿ1


vs 760mÿ1). In other words, the overall photochemical
degradation is less diminished when the concentration of
the phosphate buffer increases than would be expected from
the shortening of the triplet lifetime. Indeed, although the
photoreaction in neat water is depressed by phosphate,
quenching is accompanied by induction of a different
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reaction, which is one order of magnitude more efficient with
ENX than with NOR.[27]


A further mechanistic complication may be due to the role
of the singlet excited state in the chemical reaction at high
phosphate buffer concentrations. A significant fraction of
molecules associated to the phosphate anions may on one
hand lower the reaction quantum yield by lowering the
efficiency of triplet formation (as it is the case with NOR), but
on the other side introduce a new contribution to the
reductive decomposition. In the latter case the slope of the
(F0/F versus [phosphate] plot would be decreased, as it
appears to be the case with the more easily reducible ENX.[13]


In the case of LOM, the low effect of phosphate on the
photoreaction quantum yield even at a high concentration
(>0.1m) is consistent with a singlet photoreactivity of
prevailing unimolecular nature. This is in accord with the
fact that reductive ring defluorination and side-chain oxida-
tion are only minor processes with this molecule, for which the
CÿF bond heterolysis from the singlet remains the main path
also in the presence of the above anions.[13]


As for the final photoproducts in the presence of phosphate,
we have suggested elsewhere[13] that the oxidized phosphate
radical abstracts hydrogen from the piperazine side chain
initiating the degradation of this moiety and that fluoride loss
and hydrogen abstraction both occur in cage before separa-
tion and diffusion of the radical ions. In this respect, the
observed FQ anion (Figure 7) would represent the escaped
fraction. If an absorption coefficient at lmax of 2500mÿ1 cmÿ1


applies (as that of the OFL anion[18]), the quantum yield of
this species, estimated from the intensity of the absorption at
670 and 700 nm with ENX and NOR, respectively, is of the
same order of magnitude as that of the triplet (�0.5). Thus the
low values of FÿFQ (�10ÿ2, Table 3) in these derivatives are
attributed to back electron transfer after reduction to the
radical anions.


There are some further complications. The decay of the FQ
radical anion (transient Y) is faster at higher sulfite and
phosphate concentrations, and this suggests that bimolecular
quenching of the radical anion by the inorganic anions plays
some role (Table 2). This is reasonable in the case of sulfite,
where further reduction of FQÿ . to the dianion FQ2ÿ seems
viable,[8] but not in the case of phosphate. Care should be
exerted in the rationalization, since the observed effect might
be because of a nonappropriate exponential description of
FQÿ . decay at different phosphate concentrations.[34]


Electron transfer is probably a general phenomenon with
triplet FQs, since a favorable thermodynamic balance applies
to other anions, for example, to sodium hydrogen carbonate
(potential of the couple CO3


ÿ ./CO3
2ÿ� 1.5 V vs NHE).[32]


However, we could not investigate this point since sodium
hydrogen carbonate could be used only at a low concentration
(<10ÿ3m, where the FQ triplet lifetimes are practically the
same as in water), without affecting the pH of the solution.


Conclusion


The present investigation reveals that three mechanisms are
involved in the photodegradation of FQs and correlates the


observed behavior with the molecular structure and the
medium characteristics. i) Significant heterolysis appears to
occur in the singlet state and for a precise structure, that is,
when electron-withdrawing substituents increase the internal
charge-transfer character of the excited state and a strongly
stabilized cation (in position 8) is formed. In this case, the
reaction is quite efficient (FÿFQ� 0.55 for LOM), while in the
other case (F in position 6 only) the cleavage of the strong
CÿF bond does not compete with ISC. ii) A reaction also
occurs in the triplet state, but in this case an addition ± elimi-
nation mechanism via a cyclohexadienyl anion is involved.
The importance of this process is proportional to the electro-
philicity of the molecule (ENX>NOR�OFL;RFX) and
leads to FÿFQ varying from 0.13 to �0.001 in the series. iii)
With (weakly) electron-donating anions a third type of
photochemisty is observed that, besides association in the
ground state, involves electron transfer to the triplet state and
formation of the drug radical anion and of an inorganic
radical. This is the least efficient of the three processes (FÿFQ


in the order of 0.01), but formation of odd-electron species by
interaction with inorganic anions is noteworthy. Such photo-
induced electron transfer with inorganic ions may be a general
phenomenon, though it has little precedent. This and other
aspects of this work suggests that the photochemistry of
organic molecules in aqueous and in saline solution may
reveal new features and warrants further studies.


Finally, the debate of the origin of the phototoxic effects of
drugs is open. Most often, oxygen sensitization is assumed to
be the main mechanism, while the role of photoreactions of
drug molecules has been scarcely documented as yet. The
present investigation shows that fluoroquinolones react with
largely variable quantum yield (0.001 to 0.55) by different
mechanisms. Hopefully, the present results may contribute to
the rationalization of the phototoxic effects of these drugs and
be useful in further photobiological studies, for which these
drugs are particularly suited substrates in view of their
absorption in the UV-A.


Experimental Section


Materials : Norfloxacin and enoxacin were purchased from Sigma Chem-
icals (Milan) and used as received. Lomefloxacin hydrochloride was
obtained from the same supplier and the free base was prepared according
to the procedure described.[2] Water was purified by passage through a
Millipore MilliQ system. Na2HPO4 ´ 2 H2O, NaH2PO4 ´ H2O, Na2SO3,
Na2S2O5 and NaHCO3 for the preparation of buffers at pH 7 ± 7.4 were
pro analysis products from Merck. The pH of the solutions was measured
through a glass electrode.


Spectroscopic measurements : UV/Vis absorption spectra were taken by
means of a Perkin ± Elmer Lambda5 spectrophotometer. Emission spectra
were obtained by means of a Spex Fluorolog-2 F-111 spectrofluorometer.
The fluorescence quantum yields were obtained using quinine sulfate in
H2SO4 (1n) as standard. The absorbance of the samples at lexc� 340 nm
was �0.1 for a 1 cm pathlength.


Time resolved emission : The fluorescence lifetime in aerated solutions was
determined by means of a time correlated single photon counting system
(IBH Consultants LTD). A nitrogen filled lamp was used for excitation at
337 nm. Fluorescence decays, well described by a monoexponential
function, were extracted from the observed emission signals by deconvo-
lution of the instrumental response function. The software package was
provided by IBH Consultants LTD.
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Nanosecond laser flash photolysis : The setup for the nanosecond absorp-
tion measurements was described previously.[35] The minimum response
time of the detection system was approximately 2 ns. The laser beam (Nd/
YAG at l� 355 nm, either a JK-Lasers system, pulse width 20 ns FWHM,
or a Continuum Surelite II-10 system, pulse width 7 ns FWHM) was
focused on a 3 mm high and 10 mm wide rectangular area of the cell and the
first 2 mm were analyzed at a right angle geometry. The incident pulse
energies used were �4 mJpulseÿ1. The bandwidth used in the spectroki-
netic measurements was 2 nm (1 mm slit width). The spectra were
reconstructed point by point from time profiles taken each 10 nm. The
sample absorbance was 0.2 ± 0.5 at 355 nm over 1 cm. Oxygen was removed
by vigorously bubbling the solutions with a constant flux of argon,
previously passed through a water trap to prevent evaporation of the
sample. The same procedure was used to prepare either oxygen or N2O
saturated solutions. The solution (in a flow cell of 1 cm pathlength) was
renewed after each laser shot. The temperature was 295� 2 K. The
detector system was perturbed at l<475 nm by the intense emission of FQ,
generated by the laser excitation. For this reason transient spectra in this
wavelength region were not significant at short delays.


The product of the triplet absorption coefficient times the quantum yield of
triplet formation, eTÿT


max FT, was obtained by comparison of the absorbance
of triplet FQ at lmax of the T ± T spectra with that found with an optically
matched solution of benzophenone (BP) in acetonitrile, for which a unitary
FT and an absorption coefficient at 520 nm of 6500mÿ1 cmÿ1 were
assumed.[36] The FQ and BP ground state concentrations were chosen as
to give A355� 0.02 ± 0.1 across the 2 mm width of the analysis beam. The
slope of linear plots at different incident pulse energies below 2 mJ pulseÿ1


were compared. The uncertainty is �10 %.


Acquisition and processing of absorption signals were performed by a
home made program using Asyst 3.1 (Software Technologies, Inc.).
Nonlinear fitting procedures by the least square method and c2 and
distribution of residuals were used to judge the goodness of the fit.


Picosecond laser flash photolysis : Transient absorption spectra in the
subnanosecond time region were obtained by a pump ± probe technique,
already described in detail.[37] Pump pulses of 35 ps (FWHM) at 355 nm
were generated by an actively-passively mode-locked Nd-YAG laser source
(Continuum PY62 ± 10). The probe was a 35 ps pulse with a continuum
spectral distribution from 400 nm to the near infrared, split in two beams to
interrogate both excited and unexcited portions of the sample. The pump
and probe beams were positioned to pass colinearly through the sample
and to overlap over 1 cm pathlength. Sample and reference beams
emerging from the cell were focused into two optical fibers coupled to a
spectrograph (Spectrapro 275, Acton Research Corp., 0.275 cm focal
length) and to an optical multichannel analyzer, with a double diode array
detector placed on the focal plane (Princeton Instruments). The spectral
resolution was 0.58 nm. An integrated software package (P-OSMA),
provided by Spectroscopy Instruments GmbH, controlled the experiment.
Time resolution was obtained by variation of the pathlength of the
excitation beam by means of a mechanical, computer-controlled, delay line
on which dichroic mirrors were mounted. In this way, the time interval
between excitation and probing was adjusted. The instrumental response
function was checked by detecting the S1 ± Sn absorption of Rhodamine 6G
in methanol.[37] The duration of the laser pulse limited the time resolution
of the system. Consecutive absorption spectra were taken at several time
delays and allowed the reconstruction of the decay profiles. The maximum
delay achieved was ca. 3 ns. Zero time was assumed to be that
corresponding to the onset of the build-up of the fluorescence signal of
LOM at 470 nm, contemporarily detected. Aerated solutions (typically,
1000 mL by volume, 0.8 ± 1.5 absorbance over 1 cm at 355 nm) were
circulated in a flow quartz cell by a peristaltic pump to minimize the
photodegradation. The laser, run at 10 Hz, delivered typically 2 ±
4 mJpulseÿ1.
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Novel Perylene Chromophores Obtained by a Facile Oxidative
Cyclodehydrogenation Route


Mike Wehmeier, Manfred Wagner, and Klaus Müllen*[a]


Abstract: New perylene chromophores, phenyl-substituted diindeno[1,2,3-cd:
1',2',3'-lm]perylenes 5 a,b and 4,4',7,7'-tetraphenyldiacenaphtho[1,2-k:1',2',k']di-
indeno[1,2,3-cd:1',2',3'-me]perylenes 22 a,b, have been synthesized from substituted
fluoranthene derivatives 3 a,b and 4 a,b by means of a surprisingly simple oxidative
cyclodehydrogenation reaction. The resulting chromophores, when substituted with
alkyl chains at the periphery, show good solubility in organic solvents, and a full
characterization of the novel red, green, and blue dyes by field-desorption mass
spectrometry, UV/Vis and 1H and 13C NMR spectroscopy becomes possible.


Keywords: chromophores ´
dehydrogenation ´ dyes/pigments


Introduction


Since the discovery of fullerenes, polycyclic aromatic hydro-
carbons (PAHs) have regained considerable interest. From a
synthetic point of view, it is challenging to create
fullerene subunits[1, 2] and to produce larger and
more complex PAHs.[3±5] Furthermore, investiga-
tions are stimulated by the useful properties of
PAHs in optoelectronics[6] and dyestuff chemis-
try.[7] Recently, our group established a two-step
method to extended polycyclic aromatic hydro-
carbons such as 1 and 2. The synthetic approach
for 1 and 2 involves the construction of soluble
polyphenylene precursors with a close spatial
arrangement of the phenyl rings followed by a
planarization of these precursors to the PAHs by
intramolecular cyclodehydrogenation.[8±10] Com-
pounds such as 1 and 2 are building blocks for
supramolecular architectures, for example, 1
shows a stable discotic mesophase over a wide
temperature range and forms monomolecular
adsorbate layers on suitable substrates.[8, 11]


In this paper, we report the extension of the
aforementioned dehydrogenative coupling route
to PAHs with five-membered rings, namely
7,8,9,10-tetraphenylfluoranthene (3 a) and 7,14-
diphenylacenaphtho[1,2-k]-fluoranthene (4 a) as


well as their alkyl-substituted derivatives 3 b and 4 b. Molec-
ular orbital calculations[12] suggest that radical cations of 3 and
4 possess the highest spin density mainly on the peri-positions.
We therefore assumed that oxidation of 3 and 4 to the


[a] Prof. Dr. K. Müllen, Dr. M. Wehmeier,
Dr. M. Wagner
Max-Planck-Institut für Polymerforschung
Ackermannweg 10, 55128 Mainz (Germany)
Fax: (�49) 6131-379-350
E-mail : muellen@mpip-mainz.mpg.de


FULL PAPER


Chem. Eur. J. 2001, 7, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0710-2197 $ 17.50+.50/0 2197







FULL PAPER K. Müllen et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0710-2198 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 102198


corresponding radical cations could allow not only intra-
molecular cyclodehydrogenation, but also intermolecular
oxidative coupling, which leads to more complex molecular
structures such as the perylene chromophores 5 a and 5 b.
Perylenes are important chromophores in dye-stuff chemis-
try[13±15] due to their excellent thermal, chemical, and photo-
chemical stability and they have recently been applied in
photovoltaic cells[16] and optical switches.[17]


Our group has synthesized terrylene (7) and quaterrylene
(8) dyes, which constitute homologues of the well-known
perylenetetracarboxdiimides (6).[18±20] The key steps of their
synthesis consist of a palladium-catalyzed coupling reaction of
suitable precursors followed by a final bond closure to the
double-stranded rylene structure. The proposed cyclodehy-
drogenation route further extends the class of perylene
chromophores.


Results and Discussion


Synthesis : Alkyl substitution is a prerequisite for the solubi-
lization of large polycyclic aromatic hydrocarbons and is also
important for the formation of liquid crystalline phases. The


synthesis of a 7,8,9,10-tetrakis(4-dodecylphenyl)fluoranthene
(3 b) required a new tetra-phenylcyclopentadienone deriva-
tive 9 b. This should then be subjected to Diels ± Alder
cycloaddition with acenaphthylene (10) in a similar fashion
to the parent, commercially available tetraphenylcyclopenta-
dienone 9 a (see Scheme 1).


Scheme 1. Synthetic pathway to 2,3,4,5-tetrakis(4-dodecylphenyl)-cyclo-
pentadien-1-one (9 b) with R�ÿ(CH2)11CH3.


The tetradodecyl-substituted derivative 9 b had to be syn-
thesized in a twofold aldol condensation reaction of diben-
zylketone 13 and diketone 17; this is a variation of the
reaction conditions published by Grummit and Johnson.[21]


Alkyl-substituted dibenzylketone 13 was available in a two-
step procedure: bromomethylation of dodecylbenzene (11)
with sodium bromide and para-formaldehyde in a mixture of
concentrated sulfuric acid and glacial acetic acid yielded
4-bromomethyl dodecylbenzene (12). The raw product con-
tained a mixture of ortho- and para-isomers, and after work-
up the desired compound 12 could be isolated in 20 % yield
only. Afterwards, 12 was converted into the desired com-
pound 13 by a carbonylation reaction with iron pentacarbonyl
under phase-transfer conditions following the reports of
Otsuji[22] and Thilmont (yield: 67 %).[23] The synthesis of the
alkyl-substituted diketone 17 was accomplished by using a
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procedure of Mueller-Westerhoff,[24] which includes lithiation
of 4-bromododecylbenzene (16) with sec-butyllithium in
tetrahydrofuran and subsequent treatment with 1,4-dimethyl-
piperazine-2,3-dione (yield of 17: 50 %). The aforementioned
4-bromododecylbenzene (16) was readily available by Frie-
del ± Crafts acylation of bromobenzene (14) with lauroyl
chloride (yield: 53 %) followed by a Wolff ± Kishner reduction
of the resulting ketone 15 (yield: 76 %). The Diels ± Alder
reaction of 9 a,b with 10 gave a mixture of 3 a,b and the
dihydroderivative 3'a,b. Subsequent treatment of this mixture
with KMnO4 in refluxing acetone provided 3 a,b in essentially
quantitative yield.


The key step of the synthetic route was the oxidative
coupling reaction of the tetraphenylfluoranthene precursors
3 a,b. In the literature, various reaction systems like AlCl3/
NaCl (Scholl reaction),[25] Tl(OCOCF3)3,[26] CoF3/TFA,[27]


SbCl5,[28] or FeCl3
[29] are reported for such oxidative cyclo-


dehydrogenation reactions. Recently, Bard[30] synthesized
dibenzotetraphenylperiflanthene (19) in moderate (56 %)


yield by treatment of (7,12-diphenyl)-
benzo[k]fluoranthene (18) with CoF3


in trifluoroacetic acid.
Applying this method to 3 a, we


found that conversion into
4,4',5,5',6,6',7,7'-tetraphenyldiindeno-
[1,2,3-cd:1',2',3'-lm]perylene (5 a) was
low, and large amounts of the starting
material were recovered. We then
changed to experimental procedures
established in our group for the syn-
thesis of large polycyclic aromatic
hydrocarbons: successful cyclodehy-
drogenation reactions have been per-
formed under Kovacic conditions
(AlCl3/Cu triflate/CS2)[8] or FeCl3 in
dichloromethane.[10] However, ex-
periments on 3 a,b under these reac-
tion conditions led to undesired mul-
tifold chlorination of the fluor-


anthene derivatives. Therefore, it was necessary to modify
the conditions as reported elsewhere for derivatives of 1.[20]


Successful intermolecular coupling of 3 a and b in almost
quantitative yield was achieved by adding a solution of FeCl3


in nitromethane, rather than solid FeCl3, to a solution of the
precursors in dichloromethane, while strongly purging with
argon. Predissolving the oxidizing agent in nitromethane
speeds up the desired reaction, while bubbling with argon
helps to remove evolving HCl, which otherwise facilitates
undesired chlorination of the aromatic reactant. Surprisingly,
the coupling reaction of tetraphenylfluoranthene 3 a and the
alkyl-substituted homologue 3 b using the above-described
method afforded different structural motifs (Scheme 2).


While in the case of 3 a only intermolecular coupling to the
red chromophore 5 a occurred, the intermolecular coupling of
3 b was accompanied by an intramolecular reaction of the
peripheral phenyl rings that leads to the dark green colored
compound 5 b with an extended polyaromatic system. The
synthetic results are independent of the amount of oxidizing
agent.


The almost quantitative yields of the above-described
syntheses gave hope that treatment of 4 a,b under the same
conditions would allow a polymerization that leads to the
ladder-type structures 26 a,b. The synthetic pathway to 4 a,b is
outlined in Scheme 3.


The synthetic buildup of both precursors (4 a,b) proceeded
analoguous to compounds 3 a,b by a method originally
developed by Dilthey.[31] After a twofold aldol condensation
of the dibenzyl ketones 13 a,b and acenaphthenequinone 20


Scheme 2. Synthetic pathway to 5 a and 5 b with a : R�H and b : R�ÿ(CH2)11CH3. i) DT, reflux xylene;
ii) KMnO4; iii) FeCl3/CH3NO2; iv) FeCl3/CH3NO2.
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(yield: 86 ± 94 %), the resulting 7,9-diphenyl-8H-cyclopenta-
[1]acenaphthylen-8-ones (21 a,b) were treated with acenaph-
thylene (16) in a [4�2]-cycloaddition followed by treatment
with KMnO4 in acetone to give the desired 7,14-diphenylace-
naphtho[1,2-k]-fluoranthenes (4 a,b) (yield: 83 ± 87 %). Com-
pounds 4 a,b were then subjected to oxidative cyclodehydro-
genation under the same reaction conditions as for 3 a,b with
the aim of constructing an extended ladder-type polymer by
means of oxidative coupling at both ends of the molecule.
However, work-up of the reaction led exclusively and
quantitatively to a blue reaction product that could be
unambiguously characterized as 4,4',7,7'-tetraphenyldiace-
naphtho[1,2-k:1',2',k']diindeno-[1,2,3-cd:1',2',3'-me]perylenes
(22 a,b).


All attempts to obtain higher oligomers under harsher
reaction conditions (e.g. use of SbCl5 as oxidizing agent),
higher reaction temperatures, and longer reaction times
failed.[32]


Structure elucidation : The structures of 5 a, 5 b, 22 a, and 22 b
were proven by 1H NMR spectroscopy, field-desorption mass
spectrometry, and UV/Vis spectroscopy. As a result of
solubility problems, it was possible to obtain 13C NMR


spectroscopic data only for 5 a
and 22 b. Planarization of the
outer phenyl rings from 3 b to
5 b becomes apparent in the
1H NMR spectra. In accordance
with the extended p-system,
resonances occur at consider-
ably lower field than for the
non-planarized analogue 5 a.
The assignment, based on two-
dimensional H,H-correlated
NMR analysis of the resonan-
ces, is given in Table 1.


As was mentioned before,
compound 5 b was expected to
be a candidate for thermotropic
liquid crystalline phase behav-
ior. However, when 5 b was
investigated by means of polar-
ization microscopy, differential
scanning calorimetry, and X-ray
diffractrometry, no transition
into a discotic mesophase could
be observed. By means of a
polarization microscope, a di-
rect transition of the crystalline
solid into the isotropic melt was
visible above 300 8C under a
nitrogen atmosphere.


Electronic spectra : The three
perylene chromophores form
deep red (5 a), green (5 b), and
blue (22 a,b) solutions in com-
mon organic solvents like


Scheme 3. Synthetic pathway to 7,14-diphenylacenaphtho[1,2-k]-fluoranthenes (4a,b) and oxidative cyclodehy-
drogenation of 4a,b to 22 a,b with a : R�H and b : R�ÿ(CH2)11CH3 i) KOH/EtOH, DT; ii) acenaphthylene (10),
DT; iii) FeCl3/CH3NO2.


Table 1. Aromatic 1H NMR chemical shifts of 5a, 5b, 22a, and 22b in
C2D2Cl4 at 135 8C.


d Type H Integration


5a 7.8 d 1 4H
7.30 ± 7.26 m H phenyl 10H
6.87 ± 6.78 m H phenyl 10H
6.55 d 2 4H


5b 9.42 d 3 4H
8.87 s 7 4H
8.84 d 1 4H
8.76 s 6 4H
8.68 s 5 4H
8.08 d 2 4H
7.65 d 4 4H


22a 7.83 d 1 4H
7.75 ± 7.71 m 3,4,5,8 24H
7.3 dd 7 4H
6.72 d 6 4H
6.64 d 2 4H


22b 7.83 d 1 4H
7.66 d 8 4H
7.58 d 3 or 4 8H
7.51 d 3 or 4 8H
7.29 dd 7 4H
6.81 d 6 4H
6.64 d 2 4H
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chloroform or toluene. As can be seen from Figure 1 and
Figure 2, absorption of the three chromophores covers a
broad range of the visible spectrum. Comparison of 5 a and 5 b
shows that, in accordance with the planarization of the outer


phenyl rings and the resulting
extension of the aromatic p-
system, not only a bathochro-
mic shift becomes apparent, but
also the absorption coefficient
increases. All solutions are
highly fluorescent, with a bright
fluorescence under UV irradi-
ation and even a pronounced
fluorescence under ambient
lighting. Figure 2 shows the cor-
responding UV/Vis absorption
and fluorescence spectra mea-
sured in chloroform for 5 a.


The Stokes shift is small,
which can be explained by the
rigid structure of the chromo-
phoric unit. Table 2 summarizes
UV/Vis spectroscopic data of


the precursor molecules 3 and 4, chromophores 5 a, 5 b, 22,
parent periflanthene (23),[33] dibenzotetraphenyl-periflan-
thene 19 synthesized by Bard,[30] and a model compound 24
for a ladder polymer of similar structural type reported by


Figure 1. UV/Vis spectra of 5a (solid line) and 5 b (dotted line) in chloroform.


Figure 2. A: UV/Vis absorption (dotted line) and fluorescence (solid line) spectra of 5 a in chloroform. For e values of compound 5a see Figure 1; B: UV/Vis
absorption (dotted line) and fluorescence (solid line) spectra of 5 b in chloroform. For e values of compound 5 b see Figure 1; C: UV/Vis absorption (dotted
line) and fluorescence (solid line) spectra of 22a in chloroform. Due to the low solubility of compound 22a (a : R�H), the e values could not be determined;
D: UV/Vis absorption (dotted line) and fluorescence (solid line) spectra of 22 b (b : R�ÿ(CH2)11CH3) in chloroform. For e values of compound 22b, see
Experimental Section.
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Schlüter[34] as well as the rylenetetracarboximides
synthesized in our group recently.


Clearly visible is the strong bathochromic shift of
roughly 150 nm as a result of the dimerization and
the corresponding buildup of a perylene chromo-
phoric subunit of 3 to 5 and 4 to 22, respectively.
Comparing the absorption maxima of the parent
polyaromatic unit periflanthene (23) with that of
octaphenylperiflanthene (5 a), one observes that
only a small bathochromic shift of 25 nm is obtained
by attaching eight phenyl rings. The small shift is
based on the fact that the outer phenyl rings rotate
out of the plane of the aromatic p-system. In
contrast, twofold acenaphthoannelation like for
compound 22 b or planarization into compound 5 b
leads to a strong bathochromic shift due to the
extension of the p-system. Compound 24 illustrates
that not only simple extension of the p-system is a
prerequisite for absorbance at low energies. The
ladder structure 24 is by far more extended than
those of 22 and 19, but as a result of their perylene
subunit, compound 19 absorbs at a comparable
wavelength and 22 even at lower energies. When
the spectroscopic data of 5 a, 5 b, and 22 b are
compared with the rylene structures 6, 7, and 8, the
chromophores presented in this paper can be
considered attractive candidates for fluorescent
materials. With regard to the ease of the synthetic
buildup in relatively few steps from commercially
available starting compounds and the absorption
maxima between perylene and the terrylenediimide,
this holds specially true for the red chromophore
(5 a) and blue chromophore 22. In contrast, for the
synthesis of the green chromophore 5 b, a multistep
procedure has to be undertaken. However, with the
absorption maxima at lower energies than 7 and
only a few known fluorophores absorbing in this
region of the visible spectrum, 5 b can also be
expected to be an attractive dye.


Conclusion


We present the synthesis of perylene derivatives 5 a,
5 b, and 22 by means of a short and convenient
synthetic scheme. They show intense absorptions in
the range from 550 nm (5 a) to 670 nm (5 b) and,
remarkably, strong emissions from 590 nm (5 a) to
700 nm (5 b). The ease of the synthetic buildup
should make it possible to incorporate functional
groups by the buildup of the corresponding tetra-
phenylcyclopentadienones. Hereby, tailor-made
spectroscopic properties could be achieved, which
are a prerequisite for applications that require dyes
with absorption and emission in a specific region of
the visible spectrum. The same synthetic strategy
could be used to covalently link the dyes to
polymers and therefore obtain migration-stable
immobilized dyes. For a more comprehensive as-


Table 2. Summarized UV data (lmax, log e, and lmax of fluorescence) of compounds 3, 4,
5a, 5b, 6, 7, 19, 22, 23, and 24.


lmax


[nm]
log e


[Lmolÿ1 cmÿ1]
maximum of
fluorescence[a] [nm]


375 4.4 [b]


427 4.41 [b]


540 3.79 [b]


564 4.94 587


670 4.99 696


602 5.06 632


581 [b] [b]


582 [b] [b]


525 4.67 556


664 5.08 707


[a] Excitation in the maximum of absorption. [b] Not available.
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sessment of the potential of the synthesized chromophores, a
detailed investigation of the photophysical properties is
ongoing.


Experimental Section


Spectral data were obtained on Nicolet FT-IR 320 (IR), Perkin Elmer-
Lambda 9 and 15 (UV/Vis), Varian Gemini 200, Bruker AC 300, or
AMX 500 (NMR). For the 2D-1H-1H NMR experiment, the cosy45
pulseprogram was used with a 90 degree pulse of 16 us and a relaxation
delay d1 of 4 s.


Finnigan MAT 312 (FD-MS) instruments were used. The melting points
(m.p.) have been reported uncorrected. FeCl3 was purchased from Merck,
and all other chemicals were purchased from Aldrich and used as received.
Tetrahydrofuran was deionized before use. All other solvents were used as
received. KOH/EtOH was prepared by dissolving KOH (3 g) in ethanol
(15 mL) at elevated temperature.


4-Bromomethyldodecylbenzene (12): Semi-concentrated sulfuric acid
(80 mL) was added to a mixture of dodecylbenzene (75 g, 303 mmol),
para-formaldehyde (12.5 g, 420 mmol), sodium bromide (51.6 g), and
glacial acetic acid (24 mL) over 3 h. The reaction mixture was then stirred
for another 12 h at the same temperature. After cooling to room temper-
ature, deionized water (300 mL) was added. The reaction mixture was
extracted with dichloromethane, the organic phase was separated, dried
over magnesium sulfate, and the solvent was evaporated under vacuum.
The resulting precipitate was purified by chromatography on silica gel with
petroleum ether as eluent (24 % yield).


M.p. 46 8C. 1H NMR (300 MHz, CDCl3, 30 8C): d� 7.32 (d, 3J(H,H)�
8.2 Hz, 2 H; ArÿH), 7.17 (d, 3J(H,H)� 8.2 Hz, 2 H; ArÿH), 4.51 (s, 2H;
H-5), 2.62 (t, 3J(H,H)� 7.6 Hz, 4H; a-CH2ÿ), 1.70 ± 1.20 (m, 20H;ÿCH2ÿ),
0.91 (t, 3J(H,H)� 6.5 Hz, 3 H; ÿCH3); 13C NMR (75 MHz, CDCl3, 30 8C):
d� 143.9, 135.4, 129.4, 129.2, 36.4, 36.1, 34.2, 32.3, 31.7, 30.1, 30.0, 29.9, 29.8,
29.7, 23.1, 14.5; MS (FD): m/z (%): 340.5 ([M]� , 100); elemental analysis
calcd (%) for C19H31Br (339.35): C 67.25, H 9.20, Br 23.54; found C 67.16, H
9.26, Br 23.31.


1,3-Bis(4-dodecylphenyl)-propan-2-one (13 b): Iron pentacarbonyl (7.3 g,
4.9 mL, 37 mmol) was added to a refluxing mixture of 4-bromomethyldo-
decylbenzene (24 g, 71 mmol) (12), sodium hydroxide (12.3 g), benzyltri-
ethylammonium chloride (0.54 g), deionized water (7 mL), and dichloro-
methane (170 mL) under a nitrogen atmosphere. The reaction mixture was
then refluxed with rigorous stirring overnight. After cooling to room
temperature, the reaction mixture was neutralized with HCl (2n), the
organic phase was separated, washed with HCl (2n) and deionized water,
dried over magnesium sulfate, and the solvent was evaporated under
vacuum. The resulting solid was purified by chromatography on silica gel
with a mixture of dichloromethane and petroleum ether (3:1) as eluent
(47 % yield).


M.p. 72 ± 74 8C. 1H NMR (300 MHz, CDCl3, 30 8C): d� 7.15 (d, 3J(H,H)�
8.0 Hz, 4 H; ArÿH), 7.07 (d, 3J(H,H)� 8.0 Hz, 4 H; ArÿH), 3.69 (s, 4H;
H-2), 2.60 (t, 3J(H,H)� 7.4 Hz, 4H; a-CH2ÿ), 1.70 ± 1.10 (m, 40H;ÿCH2ÿ),
0.91 (t, 3J(H,H)� 6.8 Hz, 6 H; ÿCH3); 13C NMR (75 MHz, CDCl3, 30 8C):
d� 206.5, 142.2, 131.7, 129.8, 129.2, 49.2, 36.1, 32.4, 31.9, 30.0, 29.8, 23.2,
14.6; nÄ � 1715 (C�O), 1677 cmÿ1 (C�O); MS (FD): m/z (%): 546.4 ([M]� ,
100); elemental analysis calcd (%) for C39H62O (546.92): C 85.65, H 11.43;
found C 85.17, H 11.40.


4-Bromododecanoylbenzene (15): Dodecanoyl chloride (219 g, 231 mL,
1 mol) was added dropwise to a mixture of bromobenzene (314 g, 2 mol)
and aluminum chloride (160 g, 1.2 mol). The reaction mixture was then
stirred at 50 8C for 1 h, poured into ice water, and extracted with
dichloromethane. The organic phase was washed with HCl solution (2n)
and brine and dried over magnesium sulfate. After removal of the
solvent under vacuum, the residue was purified by recrystallization from
ethanol to afford 4-bromododecanoylbenzene (15) as colorless plates (yield
67%).


M.p. 64 8C. 1H NMR (300 MHz, CDCl3, 30 8C): d� 7.73 (d, J� 8.0 Hz, 2H),
7.52 (d, J� 8.0 Hz, 2H), 2.83 (t, J� 7.5 Hz, 2 H), 1.63 (q, J� 7.5 Hz, 2H),
1.31 ± 1.08 (m, 16H), 0.89 (t, J� 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3,
30 8C): d� 199.8, 136.2, 132.2, 130.0, 128.3, 39.0, 32.3, 30.0, 29.9, 29.7, 24.7,


23.1, 14.5; nÄ � 1711 (C�O), 1672 cmÿ1 (C�O); MS (FD): m/z (%): 338.5
([M]� , 100).


4-Bromododecylbenzene (16): A mixture of 4-bromododecanoylbenzene
(15) (200 g, 589 mmol), hydrazine hydrate (98 %, 85.8 mL), and KOH
(132 g, 2.36 mol) in triethylene glycol (1 L) was refluxed for 2 h. The
mixture was deionized at atmospheric pressure until the temperature of the
reaction mixture reached 210 8C. After cooling to room temperature, the
resulting mixture was poured into water, acidified with conc. HCl solution
(220 mL), and extracted with dichloromethane. The organic phase was
washed with water, dried with magnesium sulfate, and concentrated under
reduced pressure. The residue was purified by column chromatography on
silica gel with petroleum ether to afford the benzene 16 as a colorless oil
(yield 68 %).
1H NMR (300 MHz, CDCl3, 30 8C): d� 7.40 (d, J� 8.0 Hz, 2H), 7.06 (d, J�
8.0 Hz, 2 H), 2.58 (t, J� 7.5 Hz, 2H), 1.61 (p, J� 7.5 Hz, 2H), 1.36 ± 1.18 (m,
18H), 0.92 (t, J� 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3, 30 8C): d�
142.25, 131.65, 130.56, 119.64, 35.76, 32.33, 31.72, 30.05, 29.98, 29.87,
29.76, 29.60, 23.10, 14.51; MS (FD): m/z (%): 324.2 ([M]� , 100).


4,4'-Didodecylbenzil (17): sec-Butyllithium (0.11 mol) was added to
4-bromododecylbenzene (16) (35.8 g, 0.11 mol) in tetrahydrofuran
(100 mL) at ÿ78 8C. The reaction mixture was allowed to warm to 0 8C
and subsequently added to a suspension of 1,4-dimethylpiperazine-2,3-
dione (7.1 g, 0.05 mol) in tetrahydrofuran (180 mL). After stirring over-
night, the reaction was quenched with HCl (300 mL, 2n). Dichloromethane
(300 mL) was then added, and the organic phase was separated, washed
with HCl (2n) and deionized water, and dried over magnesium sulfate. The
solvent was evaporated under vacuum. The resulting solid was purified by
chromatography on silica gel with a mixture of dichloromethane and
petroleum ether (3:1) as eluent (yield 57%).


M.p. 47 8C. 1H NMR (300 MHz, CDCl3, 30 8C): d� 7.90 (d, J� 8.2 Hz, 4H),
7.30 (d, J� 8.2 Hz, 4 H), 2.68 (t, J� 7.4 Hz, 4 H), 1.8 ± 1.1 (m, 40H), 0.88 (d,
J� 7.6 Hz, 6H); 13C NMR (75 MHz, CDCl3, 30 8C): d� 194.8, 151.2, 131.2,
128.8, 129.3, 36.5, 32.2, 31.3, 29.9, 29.8, 29.7, 29.6, 29.5, 23.0, 14.4; nÄ �
1671 cmÿ1 (C�O); MS (FD): m/z (%): 546.3 ([M]� , 100); elemental
analysis calcd (%) for C38H58O2 (546.87): C 83.46, H 10.69; found C 83.49, H
10.89.


Tetra(4-dodecyl-phen-1-yl)cyclopentadienone (9b): A solution of KOH
(1.2 g, 22 mol) in ethanol (6 mL) was added to a refluxing solution of 4,4'-
didodecylbenzil (17) (12 g, 22 mmol) and 1,3-bis(4-dodecylphenyl)-propan-
2-one (13) (10.81 g, 20 mmol) in ethanol (36 mL). After five minutes the
reaction was cooled to 0 8C, and the resulting purple oil was separated from
the solvent. Column chromatography of this viscous oil eluted with
petroleum ether/CH2Cl2 (4:1) as eluent afforded 9 b as a purple solid (yield
43%).


M.p. 55 8C. 1H NMR (300 MHz, CDCl3, 30 8C): d� 7.19 (d, J� 8.2 Hz, 4H),
7.05 (d, J� 8.2 Hz, 4 H), 6.98 (d, J� 8.2 Hz, 4H), 6.83 (d, J� 8.2 Hz, 4H),
2.55 (t, J� 7.5 Hz, 4H), 1.8 ± 1.1 (m, 40 H), 0.91 (d, J� 7.6 Hz, 6H);
13C NMR (75 MHz, CDCl3, 30 8C): d� 154.6, 143.6, 142.5, 131.2, 130.4,
129.8, 128.9, 128.5, 128.3, 125.2, 36.2, 32.4, 31.7, 31.5, 30.2, 30.0, 29.9, 29.7,
23.2, 14.6; nÄ � 1710 cmÿ1 (C�O); MS (FD): m/z (%): 1057.0 ([M]� , 100);
elemental analysis calcd (%) for C77H116O (1108.16): C 87.43, H 11.05;
found C 87.12, H 11.02.


7,8,9,10-Tetraphenylfluoranthene (3 a): A mixture of acenaphthylene (10)
(1.9 g, 12.5 mmol) and tetraphenylcyclopentadienone (9a) (5.11 g,
13.3 mmol) in xylene (40 mL) was refluxed for 16 h under an argon
atmosphere. After cooling to room temperature, ethanol (300 mL) was
added to the reaction mixture. The precipitated solid was filtered, washed
with ethanol, and dried in vacuum. Subsequently, the solid was dissolved in
a refluxing mixture of acetone/benzene (1:5, 100 mL) and treated with
aliquots of a solution of KMnO4 in acetone until the reaction mixture
remained purple. After filtration over a column of silica gel to remove
KMnO4, evaporation of the solvent, and drying in vacuum, 3 a was obtained
as a yellow, strongly fluorescent solid (yield 85 %).


M.p.> 300 8C. 1H NMR (300 MHz, CDCl3, 30 8C): d� 7.66 (d, 3J(H,H)�
8.0 Hz, 2 H), 7.31 ± 7.23 (m, 12H), 6.89 ± 6.77 (m, 10 H), 6.63 (d, 3J(H,H)�
8.0 Hz, 2 H); 13C NMR (75 MHz, CDCl3, 30 8C): d� 142.3, 141.4, 138.7,
138.2, 138.0, 132.8, 131.7, 131.3, 129.3, 129.0, 128.1, 127.8, 127.7, 126.6, 124.5;
lmax (CHCl3, e)� 373 (27 500), 295 nm (69 500); MS (FD): m/z (%): 506.6
([M]� , 100); elemental analysis calcd (%) for C40H26 (506.64): C 94.83, H
5.17; found C 94.83, H 5.14.
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7,8,9,10-Tetrakis(4-dodecylphenyl)fluoranthene (3b): A mixture of ace-
naphthylene (10) (0.4 g, 2.6 mmol) and tetra(4-dodecyl-phen-1-yl)cyclo-
pentadienone (9 b) (3.0 g, 2.8 mmol) in xylene (20 mL) was refluxed for
16 h under an argon atmosphere. After cooling to room temperature,
ethanol (300 mL) was added to the reaction mixture. The precipitated solid
was filtered, washed with ethanol, and dried in vacuum. Subsequently, the
solid was dissolved in a refluxing mixture of acetone/benzene (1:5, 100 mL)
and treated with a solution of KMnO4 in acetone until the reaction mixture
remained purple. After filtration over a column of silica gel to remove
KMnO4, evaporation of the solvent, and drying in vacuum, 3b was
obtained as a yellow strongly fluorescent solid (yield 77%).


M.p. 57 ± 58 8C. 1H NMR (300 MHz, CDCl3, 30 8C): d� 7.63 (d, 3J(H,H)�
8.0 Hz, 2 H), 7.24 (dd, 3J(H,H)� 8.0 Hz, 3J(H,H)� 6.7 Hz, 2H), 7.17 (d,
3J(H,H)� 7.3 Hz, 4H), 7.06 (d, 3J(H,H)� 7.3 Hz, 4 H), 6.73 (d, 3J(H,H)�
8.0 Hz, 4 H), 6.67 (d, 3J(H,H)� 6.7 Hz, 2 H), 6.63 (d, 3J(H,H)� 8.0 Hz,
2H), 2.61 (t, 3J(H,H)� 7.3 Hz, 4 H; a-CH2), 2.34 (t, 3J(H,H)� 7.4 Hz, 4H;
a-CH2), 1.65 ± 1.15 (m, 80H; ÿCH2ÿ), 0.89 (t, 3J(H,H)� 6.7 Hz, 12H;
ÿCH3); 13C NMR (75 MHz, CDCl3, 30 8C): d� 142.3, 142.5, 140.7, 138.9,
138.8, 138.7, 138.6, 137.8, 132.7, 131.5, 131.2, 129.2, 128.9, 127.7, 127.4, 124.4,
36.7, 33.3, 32.5, 31.1, 31.0, 30.9, 30.7, 30.1, 24.1, 15.6; lmax (CHCl3, e)� 375
(26 000), 298 nm (68 000); MS (FD): m/z (%): 1179.7 ([M]� , 100); elemental
analysis calcd (%) for C88H122 (1179.93): C 89.58, H 10.42; found C 89.35, H
10.69.


4,4',5,5',6,6',7,7'-Tetraphenyldiindeno[1,2,3-cd:1',2',3'-lm]perylene (5a): A
solution of FeCl3 (1.9 g, 11.7 mmol) in nitromethane (3 mL) was added
dropwise to a stirred solution of 7,8,9,10-tetraphenylfluoranthene (3a)
(506 mg, 1 mmol) in CH2Cl2 (40 mL). An argon stream was bubbled
through the reaction mixture throughout the entire reaction. After stirring
for another five minutes, the reaction was quenched with methanol
(40 mL). The precipitate was filtered, washed with methanol (40 mL), and
dried under reduced pressure. The crude product was purified by column
chromatography on silica gel with dichloromethane/petroleum ether (1:1)
to afford red 5 a (yield: 90%).


M.p.> 300 8C. 1H NMR (500 MHz, C2D2Cl4, 130 8C): d� 7.80 (d, 3J(H,H)�
7.3 Hz, 4H), 7.30 ± 7.26 (m, 20H), 6.87 ± 6.78 (m, 20 H), 6.55 (d, 3J(H,H)�
7.3 Hz, 4 H); 13C NMR (125 MHz, C2D2Cl4, 130 8C): d� 141.3, 140.2, 137.8,
137.2, 136.8, 134.8, 131.7, 130.5, 128.4, 127.2, 126.9, 125.6, 124.4, 122.2, 121.8;
lmax (CHCl3, e)� 564 (86 500), 523 (60 150), 480 (25 650), 316 (62 500),
275 nm (79 500); MS (FD): m/z (%): 1008.9 ([M]� , 100); elemental analysis
calcd (%) for C80H48 (1009.26): C 95.21, H 4.79; found C 95.73, H 4.99.


Compound 5b : A solution of FeCl3 (1.7 g, 10 mmol) in nitromethane
(1.7 mL) was added dropwise to a stirred solution of 7,8,9,10-tetrakis(4-
dodecylphenyl)fluoranthene (3b) (500 mg, 0.4 mmol) in CH2Cl2 (40 mL).
An argon stream was bubbled through the reaction mixture throughout the
entire reaction. After stirring for another 30 min, the reaction was
quenched with methanol (50 mL). The precipitate was filtered, washed
with methanol (40 mL), and dried under reduced pressure. The crude
product was purified by column chromatography on silica gel with
dichloromethane/petroleum ether (1:1) to afford dark green 5 b (yield:
45%).


M.p.> 300 8C. 1H NMR (500 MHz, [D4]p-dichlorobenzene, 155 8C): d�
9.42 (d, 3J(H,H)� 7.3 Hz, 4H), 8.87 (s, 4H), 8.84 (d, 3J(H,H)� 7.8 Hz,
4H), 8.76 (s, 4 H), 8.68 (s, 4H), 8.08 (d, 3J(H,H)� 7.8 Hz, 4 H), 7.65 (d,
3J(H,H)� 7.3 Hz, 4 H), 3.28 (t, 3J(H,H)� 7.7 Hz, 8H; a-CH2), 3.18 (t,
3J(H,H)� 7.7 Hz, 8 H; a-CH2), 2.20 ± 1.44 (m, 160 H; ÿCH2ÿ), 1.00 (t,
3J(H,H)� 7.1 Hz, 24H;ÿCH3); lmax (CHCl3, e): 670 (98 300), 615 (69 500),
571 (29 500), 458 (40 500), 408 (79 800), 346 nm (107 100); MS (FD): m/z
(%): 2343.5 ([M]� , 100); elemental analysis calcd (%) for C176H228


(2343.74): C 90.19, H 9.81; found C 89.88, H 9.67.


7,9-Diphenyl-8H-cyclopenta[l]acenaphthylen-8-one (21 a): KOH/EtOH
(3 mL) was added to a refluxing solution of acenaphthenequinone (20)
(1.73 g, 9.5 mmol) and 1,3-diphenylpropane-2-one (13 a) (2 g, 9.5 mmol) in
ethanol (10 mL) and toluene (1 mL). After five minutes, the reaction
mixture was cooled to 0 8C, and the precipitated purple solid was filtered,
washed with ethanol, and dried in vacuum (yield 94%).


M.p.> 300 8C. 1H NMR (300 MHz, CDCl3, 30 8C): d� 7.99 (d, 3J(H,H)�
7.2 Hz, 2 H), 7.83 (d, 3J(H,H)� 8.3 Hz, 2 H), 7.75 (d, 3J(H,H)� 7.2 Hz, 4H),
7.55 (dd, 3J(H,H)� 7.2 Hz, 3J(H,H)� 8.3 Hz, 2H), 7.50 (dd, 3J(H,H)�
7,2 Hz, 3J(H,H)� 7.4 Hz, 4H), 7.39 (t, 3J(H,H)� 7.4 Hz, 2H); 13C NMR
(75 MHz, CDCl3, 30 8C): d� 203.0, 155.6, 146.1, 133.3, 132.5, 130.3, 130.0,


129.8, 129.7, 129.3, 122.8, 122.3; nÄ � 1699 cmÿ1 (C�O); MS (FD): m/z (%):
355.9 ([M]� , 100); elemental analysis calcd (%) for C27H16O (356.42): C
90.99, H 4.52; found C 91.06, H 4.53.


7,9-Bis(4-dodecylphenyl)-8H-cyclopenta[l]acenaphthylen-8-one (21 b):
KOH/EtOH (3.5 mL) was added to a refluxing solution of acenaphthene-
quinone (20) (1.82 g, 10 mmol) and 1,3-bis(4-dodecylphenyl)-propan-2-one
(13b) (5.46 g, 10 mmol) in ethanol (10 mL) and toluene (1 mL). After five
minutes, the reaction mixture was cooled to 0 8C, and the precipitated
purple solid was filtered, washed with ethanol, and dried in vacuum (yield
86%).


M.p. 55 ± 56 8C. 1H NMR (300 MHz, CDCl3, 30 8C): d� 8.06 (d, 3J(H,H)�
7.4 Hz, 2 H), 7.89 (d, 3J(H,H)� 8.6 Hz, 2H), 7.73 (d, 3J(H,H)� 8.6 Hz, 4H),
7.61 (dd, 3J(H,H)� 7.3 Hz, 3J(H,H)� 8.6 Hz, 2 H), 7.35 (d, 3J(H,H)�
8.6 Hz, 4H), 2.70 (t, 3J(H,H)� 7.4 Hz, 4 H; a-CH2), 1.71 ± 1.29 (m, 40H;
ÿCH2ÿ), 0.88 (t, 3J(H,H)� 7.4 Hz, 6 H;ÿCH3); 13C NMR (75 MHz, CDCl3,
30 8C): d� 203.3, 154.4, 144.5, 132.6, 129.9, 129.7, 129.5, 129.3, 128.4, 125.8,
122.6, 121.7, 36.8, 32.8, 32.4, 30.6, 30.5, 30.4, 30.3, 30.2, 23.6, 14.8; nÄ �
1699 cmÿ1 (C�O); MS (FD): m/z (%): 695.3 ([M]� , 100); elemental
analysis calcd (%) for C51H64O (693.06): C 88.31, H 9.31; found C 88.12, H
9.67.


7,14-Diphenylacenaphtho[1,2-k]-fluoranthene (4a): A mixture of acenaph-
thylene (10) (1.16 g, 7.6 mmol) and 7,9-diphenyl-8H-cyclopenta[l]acenaph-
thylen-8-one (21 a) (3 g, 8.4 mmol) in xylene (20 mL) was refluxed for 16 h
under an argon atmosphere. After cooling to room temperature, ethanol
(300 mL) was added to the reaction mixture. The precipitated solid was
filtered, washed with ethanol, and dried in vacuum. Subsequently, the solid
was dissolved in a refluxing mixture of acetone/benzene (1:5, 100 mL) and
treated with aliquots of a solution of KMnO4 in acetone until the reaction
mixture remained purple. After filtration over a column of silica gel to
remove KMnO4, evaporation of the solvent, and drying in vacuum, 4a was
obtained as a yellow, strongly fluorescent solid (yield 87%).


M.p.> 300 8C. 1H NMR (300 MHz, CDCl3, 30 8C): d� 7.68 ± 7.60 (m, 14H),
7.30 (dd, 3J(H,H)� 7.1 Hz, 4H), 6.67 (d, 3J(H,H)� 6.9 Hz, 2 H); 13C NMR
(75 MHz, CDCl3, 30 8C): d� 140.8, 138.8, 138.3, 135.9, 134.8, 131.5, 131.3,
130.8, 130.1, 129.7, 128.3, 125.1; lmax (CHCl3, e)� 423 (24 900), 400 (18 500),
309 nm (76 570); MS (FD): m/z (%): 477.9 ([M]� , 100); elemental analysis
calcd (%) for C38H22 (478.59): C 95.37, H 4.63; found C 95.45, H 4.70.


7,14-Bis[4-dodecylphenyl]acenaphtho[1,2-k]-fluoranthene (4 b): A mixture
of acenaphthylene (10) (807 mg, 5.3 mmol) and 7,9-bis(4-dodecylphenyl)-
8H-cyclopenta[l]acenaphthylen-8-one (21 b) (4 g, 5.8 mmol) in xylene
(15 mL) was refluxed for 16 h under an argon atmosphere. After cooling
to room temperature, ethanol (300 mL) was added to the reaction mixture.
The precipitated solid was filtered, washed with ethanol, and dried in
vacuum. Subsequently, the solid was dissolved in a refluxing mixture of
acetone/benzene (1:5, 100 mL) and treated with aliquots of a solution of
KMnO4 in acetone until the reaction mixture remained purple. After
filtration over a column of silica gel to remove KMnO4, evaporation of the
solvent, and drying in vacuum, 4 b was obtained as a yellow, strongly
fluorescent solid (yield 83 %).


M.p.> 300 8C. 1H NMR (300 MHz, CDCl3, 30 8C): d� 7.74 (d, 3J(H,H)�
7.9 Hz, 4 H), 7.58, 7.56 (d, 3J(H,H)� 8.2 Hz, 8 H), 7.35 (dd, 3J(H,H)� 7.9 Hz,
3J(H,H)� 6.8 Hz, 4H), 6.79 (d, 3J(H,H)� 6.8 Hz, 4H), 2.90 (t, 3J(H,H)�
9.0 Hz, 4 H; a-CH2), 1.89 ± 1.30 (m, 40H;ÿCH2ÿ), 0.89 (t, 3J(H,H)� 6.7 Hz,
4H; ÿCH3); 13C NMR (75 MHz, CDCl3, 30 8C): d� 143.7, 137.6, 137.1,
136.8, 134.7, 133.6, 130.2, 130.1, 129.2, 128.1, 126.8, 123.6, 36.3, 32.4, 32.0,
30.2, 30.1, 30.0, 29.8, 29.7, 23.1, 14.3; lmax (CHCl3, e)� 427 (26 100), 403
(17 000), 313 nm (73 200); MS (FD): m/z (%): 813.7 ([M]� , 100); elemental
analysis calcd (%) for C62H70 (815.23): C 91.34, H 8.66; found C 91.10, H
8.73.


4,4',7,7'-Tetraphenyldiacenaphtho[1,2-k:1',2',k']diindeno[1,2,3-cd:1',2',3'-lm]-
perylene (22 a): A solution of FeCl3 (2.04 g, 12.6 mmol) in nitromethane
(3 mL) was added dropwise to a stirred solution of 7,14-diphenylacenaph-
tho[1,2-k]-fluoranthene (4 a) (1.0 g, 2.1 mmol) in CH2Cl2 (20 mL). An
argon stream was bubbled through the reaction mixture throughout the
entire reaction. After stirring for another ten minutes, the reaction was
quenched with methanol (40 mL). The precipitate was filtered, washed
with methanol (40 mL), and dried under reduced pressure. The crude
product was purified by column chromatography on silica gel with toluene
to afford blue 22a (yield: 85 %).
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M.p.> 300 8C. 1H NMR (500 MHz, C2D2Cl4, 130 8C): d� 7.83 (d, 3J(H,H)�
7.7 Hz, 4H), 7.75 ± 7.71 (m, 24H), 7.30 (dd, 3J(H,H)� 7.7 Hz, 4 H), 6.72 (d,
3J(H,H)� 7.7 Hz, 4H), 6.64 (d, 3J(H,H)� 7.7 Hz, 4 H); lmax (CHCl3, e)�
601 (112 000), 552 (70 000), 513 (28 300), 341 nm (116 000); MS (FD): m/z
(%): 952.2 ([M]� , 100); elemental analysis calcd (%) for C76H40 (953.15): C
95.48, H 4.52; found C 95.26, H 4.37.


4,4',7,7'-Tetrakis(4-dodecylphenyldiacenaphtho) [1,2-k:1',2',k']diindeno-
[1,2,3-cd:1',2',3'-lm]perylene (22 b): A solution of FeCl3 (0.6 g, 3.7 mmol)
in nitromethane (1 mL) was added dropwise to a stirred solution of 7,14-
bis[4-dodecylphenyl]acenaphtho[1,2-k]-fluoranthene (4 b) (0.5 g,
0.53 mmol) in CH2Cl2 (10 mL). An argon stream was bubbled through
the reaction mixture throughout the entire reaction. After stirring for
another ten minutes, the reaction was quenched with methanol (40 mL).
The precipitate was filtered, washed with methanol (40 mL), and dried
under reduced pressure. The crude product was purified by column
chromatography on silica gel with toluene to afford blue 22 b (yield: 87%).


M.p.> 300 8C. 1H NMR (500 MHz, C2D2Cl4, 130 8C): d� 7.83 (d, 3J(H,H)�
7.7 Hz, 4 H), 7.66 (d, 3J(H,H)� 8.0 Hz, 4 H), 7.58, 7.51 (d, 3J(H,H)� 7.6 Hz,
16H), 7.29 (dd, 3J(H,H)� 7.6 Hz, 3J(H,H)� 8.0 Hz, 4H), 6.81 (d,
3J(H,H)� 7.6 Hz, 4 H), 6.64 (d, 3J(H,H)� 7.7 Hz, 4H), 2.90 (t, 3J(H,H)�
7.5 Hz, 8H; a-CH2), 1.88 ± 1.31 (m, 80 H; Calkyl), 0.88 (t, 3J(H,H)� 7.7 Hz,
ÿCH3); 13C NMR (75 MHz, C2D2Cl4, 130 8C): d� 143.5, 137.9, 137.6, 137.4,
136.9, 134.9, 134.0, 130.9, 129.8, 129.6, 128.1, 126.6, 125.7, 124.5, 123.6, 122.2,
36.1, 32.0, 31.5, 29.9, 29.8, 29.7, 29.5, 29.4, 22.7, 13.9; lmax (CHCl3, e)� 602
(114 000), 555 (75 000), 517 (29 700), 339 nm (119 600); MS (FD): m/z (%):
1624.5 ([M]� , 100); elemental analysis calcd (%) for C124H136 (1626.44): C
91.57, H 8.420; found C 91.45, H 8.35.
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Precise Adjustement of Nanometric-Scale Diffusion Layers within a Redox
Dendrimer Molecule by Ultrafast Cyclic Voltammetry:
An Electrochemical Nanometric Microtome


Christian Amatore,*[a] Yann Bouret,[a] Emmanuel Maisonhaute,[a] Jonas I. Goldsmith,[b]


and HeÂctor D. AbrunÄ a*[b]


Abstract: Performing cyclic voltamme-
try at scan rates into the megavolt per
second range allows the exploration of
the nanosecond time scale as well as the
creation of nanometric diffusion layers
adjacent to the electrode surface. This
latter property is used here to adjust
precisely the diffusion layer width within
the outer shell of a fourth-generation
dendrimer molecule decorated by 64
[RuII(tpy)2] redox centers (tpy� terpyr-
idine). Thus the shape of the dendrimer
molecule adsorbed onto the ultrami-
croelectrode surface can be explored
voltammetrically in a way reminiscent of
an analysis with a nanometric micro-


tome. The quantitative analysis devel-
oped here applied to the experimental
voltammograms demonstrates that in
agreement with previous scanning tun-
neling microscopy (STM) studies the
adsorbed dendrimer molecules are no
more spherical as they are in solution
but resemble more closely hemispheres
resting onto the electrode surface on
their diametrical planes. The same quan-
titative analysis gives access to the


apparent diffusion coefficient featuring
electron hopping between the [RuII/
RuIII(tpy)2] redox centers distributed
on the dendrimer surface. Based on the
electron hopping rate constant thus
measured and on a Smoluchowski-type
model developed here to take into
account viscosity effects during the dis-
placement of the [RuII/RuIII(tpy)2] redox
centers around their equilibrium posi-
tions, it is shown that the [RuII/RuIII-
(tpy)2] redox centers are extremely la-
bile in their potential wells so that they
may cross-talk considerably more easily
than they would do in solution at an
equivalent concentration.


Keywords: cyclic voltammetry ´
dendrimers ´ diffusion ´ electron
hopping ´ N ligands ´ ruthenium


Introduction


In electrochemical kinetics, the time scale q of an experiment
is given by the duration of diffusion of the molecules under
investigation from the electrode surface to the extremity of
the diffusion layer. In typical electrokinetic experiments, this
property is used to adjust the electrochemical time scale to the
half-life t1/2 of a chemical event to be measured. The interplay
between q and t1/2 (i. e. , q� t1/2 , q� t1/2 , and q� t1/2) gives


rise to distinct and characteristic responses which has made
for the widespread use of such techniques.[1]


In cyclic voltammetry, changing the scan rate v allows one
to control the thickness of the diffusion layer (d/ (DRT/Fv)1/2),
so that the duration of diffusion, q�RT/Fv may be adjusted at
will, at least within the experimental limits within which the
scan rate may be varied. As v becomes large, the observed
response is increasingly affected by the cell�s time constant
and by ohmic drops within the solution.[2] Both of these effects
can be minimized by performing electrochemistry at disk
ultramicroelectrodes since, in transient voltammetry, both of
the above-mentioned effects are proportional to the electrode
radius.[2] Thus, exploration of time scales below a microsecond
requires additional diminution of their contributions. We have
shown that electronic compensation of the cell resistance,
through positive feedback, allows the recording of almost
undistorted voltammograms (by using disk ultramicroelectr-
odes) for sweep rates in the MVsÿ1 regime.[3, 4] Accessing this
range of scan rates allows the building up of diffusion layers of
a few nanometers in thickness near an electrode surface, and
therefore access to the nanosecond time scale in electro-
chemistry.[5]
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It is also evident that performing voltammetry in the
megavolt-per-second range allows one to develop diffusion
layers over an electroactive nanometric object adsorbed onto
an electrode surface. In such a case and for sufficiently slow
scan rates such that the diffusion layer d/ (DRT/Fv)1/2


extends much farther than the dimension l of the nanometric
object, all the electroactive sites borne by the object are
electrolyzed during a single voltammetric scan so that the
voltammetric response is that anticipated for a thin adsorbed
layer of electroactive material.[6] Conversely, for very fast
sweep rates such that d/ (DRT/Fv)1/2� l, one expects to see a
semi-infinite diffusion response, since the physical extremity
of the object is not reached by the diffusion layer within the
time elapsed during one voltammetric scan. Furthermore, the
diffusional voltammetric pattern observed reflects, necessa-
rily, the shape of the space in which diffusion occurs.[2] Thus,
one should be able to analyze the shape and dimensions of a
nanometric object bearing redox sites adsorbed onto a
metallic surface, through the voltammetric patterns observed
upon varying the scan rate to values in the megavolt-per-
second range, or more generally, when the diffusion layer
(controlled by the sweep rate) is smaller than the dimensions
of the object under study.


Herein, we illustrate this concept, both theoretically and
experimentally, with adsorbed redox-active dendrimers of
nanometric dimensions.[6±8] We have previously shown that
globular dendrimers bearing redox sites on their outer surface
adsorb strongly onto electrode surfaces.[6±13] The adsorptive
thermodynamics and kinetics have been extensively charac-
terized by cyclic voltammetry at slow sweep rates coupled to
the quartz microbalance (EQCM),[6] as well as by scanning
tunneling microscopy (STM).[7, 14] However, STM images only
provide the structure of the material exposed to the solution
side, but not the contact angle which is hidden under the
globular structure exposed to the solution. In this respect, we
are interested in examining if a precise analysis of the
voltammetric pattern as a function of scan rate carries
sufficient information to perform such a shape reconstruction.


On the other hand, being able to restrict diffusion within a
single dendrimer structure is expected to allow the determi-
nation of the (apparent) diffusion coefficient corresponding
to the propagation of the electrochemical perturbation along
its surface. Since the redox centers are physically bound to the
radial molecular branches of the dendritic structure, they are
not expected to be able to diffuse in the classical Einstein ±
Schmoluchowski sense. In fact, a similar problem was
addressed several years ago for diffusion in macroscopic
polymeric films containing covalently linked redox sites.[15±22]


In this context, an apparent diffusion coefficient (Dapp) is
observed, which corresponds to an apparent displacement of
redox centers by electron hoping between them. Thus, the
electrochemical perturbation may propagate along the struc-
ture without implying any real displacement of each redox site
(at least in terms of their average displacement). Therefore,
the measurement of such an apparent diffusion coefficient
along the electroactive outer shell of a dendrimer carries
information on the degree of cross talk between groups
located at the end of the dendrimer chains.[21, 22] Here, by
construction, we examine such redox communication. How-


ever, as will be made evident in the following, the commu-
nication depends on two factors independent of the chemical
nature of the cross-talk between adjacent sites. One relates to
the rate constant characterizing the chemical exchange
between two sites, and is, ultimately, controlled by the rate
constant characterizing the same exchange in a bulk solution
of sites. The other characterizes the degree of communication
between adjacent sites and is therefore expected to be
intrinsic to the dendrimer�s inner structure and thus rather
independent of the chemical reaction leading to the cross-
exchange of status between two adjacent sites. In view of the
expected important properties of redox-active dendrimers in
catalysis,[23±35] accessing such information appears as a val-
uable and important challenge. It also has important con-
ceptual interest.


Theory


We consider that the dendrimer adsorbs onto the electrode
surface as a spherical globular structure since this is what is
apparent from STM images of these dendrimers.[7] These
materials adsorb so strongly to electrode surfaces at very low
(nanomolar) bulk concentrations in acetonitrile that any
motion (viz. , rotation or rotational oscillation) is ruled out.[6±8]


Since the monomeric [Ru(tpy)2]2� ion is quite soluble in
acetonitrile, the strong adsorption is a clear indication of the
strong preference of the dendrimer chains, linking the redox
sites to the dendrimer center, for the electrode surface relative
to the solvent molecules. Adsorption to high coverage values
creates a steric problem, so it is presumed that upon
adsorbing, the dendrimer molecule optimizes its configura-
tion so that the negative energy of adsorption (over)compen-
sates for the positive steric energy.[8] This is expected to result
in a distortion of the dendrimer shape with respect to the
spherical shape it retains in solution.[36±38] Similarly, since
access to the solvent molecules in between the chains has to be
minimized for the entire structure exposed to the solution, it is
expected that the average cone angle, occupied by one redox
site, seen from the dendrimer center, is rather constant. In this
perspective, the adsorbed dendrimer should resemble a
truncated sphere of radius R0 resting on the electrode surface
so that the truncated part of the sphere is confined within the
cone of half-angle f0 (see Figure 1 a). This angle is imposed by


Figure 1. a) Schematic representation of a dendrimer adsorbed onto the
electrode surface in which the definitions of f0 , R0 , and f are denoted. The
redox centers are considered to move only in the gray shell around the
inner core of the dendrimer. b) Schematic representation of the adsorbed
dendrimer for f0� 1.2 rd. In b) the dashed circle represents the size of the
same dendrimer free in solution, assuming that the two inner volumes are
equal.
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the compensation of positive (steric) and negative (adsorp-
tion) energies. The N0 redox sites are disposed within a
spherical shell at the surface of this globule, of thickness d,
equal to the diameter of the spherical volume occupied by one
redox site. Since N0 redox sites are distributed on a surface
area 2pR2


0(1� cosf0), their molecular surface concentration
(in moles per unit of surface area of the dendrimer outer shell)
is G0�N0/[2pR2


0(1� cosf0)], so that their average molecular
concentration (in moles per unit of volume) is C0�G0/d,
within the spherical shell in which they are distributed.


In the experiments performed in this study, Nd�pr0
2GdNA


redox dendrimers are adsorbed on a disk electrode of radius r0


with a surface concentration Gd (where NA is Avogadro�s
constant and Gd is expressed in moles per unit of surface area
of the electrode). However, each dendrimer behaves inde-
pendently since they are adsorbed too far apart to commu-
nicate through electron transfer,[7] so that the voltammograms
observed ought to be the simple superposition of each
individual voltammogram. Whenever the distribution of
shapes is extremely narrow (vide infra), each dendrimer
should behave identically so that the voltammetric current
would be expected to be Nd times that of one dendrimer. For
this reason, hereafter we consider only a single dendrimer
molecule.


Apparent diffusion by electron hopping within a spherical
shell of redox sites : The following model is adapted from that
derived previously for planar diffusion through electron
hopping in electroactive polymers,[15±22, 39, 40] so its only partic-
ularities deal with the specific geometry of the system at hand.
In the outer shell of the dendrimer (see Figure 1) of thickness
d, each redox site may be present under two states A and B,
which are related through the exchange of n electrons
[Eq. (1)].


Asite1� ne>Bsite1 (1)


We note that GA�CAd is the molecular surfacic concen-
tration of species A, so that the surfacic molecular concen-
tration of species B is GB�G0ÿGA� (C0ÿCA)d at the same
location. Let us then consider two rings of the spherical shell,
parallel to the electrode surface and located around the
latitude f (see Figure 1a). The redox sites contained in each of
these two adjacent rings may exchange n electrons with those
of the neighboring ring [Eq. (2)].


Asite1�Bsite2>Bsite1�Asite2 (2)


The rate constant k of this electron exchange is identical for
each half-reaction (2) owing to the symmetry. Indeed, since
the redox sites are distributed over a shell of redox sites that is
surrounded externally by the electrolyte at high concentra-
tion, we may neglect electric field contributions due to the site
exchanges so that DG0� 0 for Equation (2).[41] In other words,
we assume here that the concentrations (0.6m in the experi-
ments reported here, vide infra) and mobilities of the inert
supporting electrolyte ions in the surrounding solution are
sufficiently large to maintain electroneutrality at each in-
stant.[41] Furthermore, under such highly concentrated sup-


porting electrolyte concentrations conditions the double layer
thickness is of a few angstroms only so that the charges are
effectively screened.[1] Under these conditions, the apparent
movement of A from site 1 to site 2 as featured in
Equation (2) is controlled only by the rate of diffusion by
electron hoping.[42] Note that we assume here that the rate of
electron tunneling from centers distributed on the outer shell
of the dendrimer and the electrode is negligible in view of the
electron hopping process (vide infra).


Let us then consider two spherical rings of thickness R0df


located around the latitude f (see Figure 1a), of elementary
volumes 2pR0(sinf)ddf, and separated by the surface area
a� 2pR0(sinf)d normal to the spherical shell. During the time
interval dt, the apparent flux of sites A along the f coordinate,
JA,f, resulting from the net effect of the forward and backward
electron exchanges in Equation (2) is given in Equation (3),
where dNA is the net number of moles of sites A created in the
volume comprised between f and f� df during dt.


JA,f�dNA/(adt) (3)


dNA is then given by Equation (4).


dNA


�aR0df��kdt
�


CA fÿ df


2


� �
CB f� df


2


� �
ÿCA f� df


2


� �
CB fÿ df


2


� ��
(4)


Since CB� (C0ÿCA), development of Equation (4), gives
rise to the net flux [Eq. (5)] and [Eq. (6)].


JA,f�
dNA


�adt��kC0


�
CA fÿ df


2


� �
ÿCA f� df


2


� ��
R0df (5)


that is:


JA,f�ÿkC0(R0df)2


�
1


R0


� �
@CA


@f


� �
f


�
�ÿkC0(R0df)2gradf CA (6)


In Equation (6) gradf CA is the projection of the gradient of
CA along the f spherical coordinate. kC0(R0df)2 has the
dimensions ([L2][Tÿ1]) and the physical meaning of a diffusion
coefficient in the Einstein ± Schmoluchowski sense. Indeed, it
corresponds to an equivalent displacement of A particles over
the length R0df during the time interval dt� 1/(2kC0).
Therefore, Equation (6) shows that the electron exchange in
Equation (2) amounts to an equivalent diffusion of A sites
over the spherical shell with an equivalent diffusion coef-
ficient (note that C0�G0/d�N0/[2pR0


2d(1� cosf0)];
Eq. (7)).[15±22, 39, 40, 42]


Dhop� kC0(R0df)2�kG0


�R0df�2
d


� N0


2p


� ��k�df�2=d�
1 � cosf0


(7)


Meaning of Dhop within a spherical shell of redox sites : A
single site occupies an average surface area dasite�
2pR0


2(1�cosf0)/N0 of the spherical shell, which corresponds
to an average angular distance dfsite� 2arcos[1ÿ (1�cosf0)/
N0] between the centers of two sites, that is, to dfsite� 23/2[(1�
cosf0)/N0]1/2 to better than 3 % for N0 larger than ten. In
practice, in order to allow the propagation of the electro-
chemical perturbation, one must have df� dfsite in Equa-
tion (7) so that Equation (8) is valid.


Dhop� (4/p)k/d (8)
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In Equation (8) k is the apparent rate constant of electron
transfer between two sites located at an average distance
R0dfsite and which results in the propagation of the electrons
in the �df direction. When N0 is sufficiently large for R0dfsite


to be close to d, that is, when N0�Nmax� 8(1�cosf0)(R0/d)2,
all the sites are in close contact. Then, k� ksoln


act /6 NA, where
ksoln


act is the molar isotopic activation rate constant determined
for the same redox centers in a homogeneous bulk solution
giving rise to a similar environment of the redox centers. The
factor 1/6 is introduced because in a three-dimensional bulk
solution reactions may occur along the two directions of the
three coordinates while here, no reaction is feasible along the
radial spherical coordinate (that is, �dr), whereas electron
transfers occurring along the longitudinal coordinate (that is,
�dq) or along the negative direction of the f coordinate do
not contribute to the flux evaluated above. Thus only one
event over the six feasible in solution is to be retained, so that
Equation (9) is valid.


Dhop� (Dhop)max� (2/3pdNA)ksoln
act (9)


R0dfsite� d(Nmax/N0)1/2 provided that N0 is larger than about
ten as mentioned above. Thus, when N0<Nmax, in their
equilibrium location, the sites exchanging electrons are
separated by a distance that exceeds their close contact
center-to-center distance. As a result, since the sites are
assumed be pinned at their equilibrium location on the
spherical shell, the rate of electron transfer decreases relative
to the above value because of the smaller overlap, between
their orbitals, during the very act of electron transfer. A
precise evaluation of the ensuing decay of k would require
quantum calculations which are beyond our purpose and
scope. However, several studies on long-range electron trans-
fer point out that under such conditions, k drops exponentially
with the distance d#�R0dfsiteÿ d� d[(Nmax/N0)1/2ÿ 1] be-
tween the two centers at the transition state [Eq. (10)].[43±45]


k�kpin� (ksoln
act /6NA)exp(ÿld#)� (ksoln


act /6NA)exp{ÿ ld[(Nmax/N0)1/2ÿ 1]} (10)


In Equation (10) l is the attenuation factor per unit of
distance. This is generally on average 1 �ÿ1, that is,
10 nmÿ1,[44, 45] and larger than 0.5 �ÿ1, that is, 5 nmÿ1, for
nonconducting linkers. It then follows that Equation (11) is
valid.


Dhop� (Dhop)pin� (Dhop)maxexp{ÿ ld[(Nmax/N0)1/2ÿ 1]} (11)


Equation (9), where (Dhop)max is defined, applies only when
the sites are pinned at their equilibrium position on the
spherical shell. However, they may experience fluctuating
displacements from their equilibrium position, due to partial
flexibility of their linkers. In doing so, they may become
closer, and exchange an electron, faster than predicted by
Equation (10). However, this is done by increasing the site
potential energy in its potential well centered at its equili-
brium position. If one assumes that the sites may sample their
individual potential wells much faster than the rate of electron
transfer, that is, that their potential well is populated with a


Boltzmann distribution, the overall rate constant is given by
Equation (12).


k�
�


ksoln
act �W A ÿW B�


6 NA


�
exp[ÿl(R0dfsiteÿ dÿ xA ÿ xB�


�
expÿ


��W A �W B�
kBT


�
(12)


In Equation (12), xA and xB are the displacements of each
site A and B from their equilibrium position at the very
moment of electron transfer. WA and WB are the free energies
due to the displacements xA and xB of either site in their
respective potential wells, and ksoln


act (WAÿWB� is the solution
activation rate constant at the driving force DG#�WAÿWB


which prevails at the moment of electron transfer (kB is the
Boltzmann constant). Since the orbital coupling is maximized
when WA�WB, that is, xA�ÿxB, in the following we will
examine only this situation which corresponds to an antisym-
metric displacement of each site. Then Equation (12) be-
comes Equation (13).


k(x#)� kpinexp(2lx#)exp[ÿ2W(x#)/kBT] (13)


In Equation (13) x# is the common value of the displace-
ments. The first exponential term increases with x#, while the
second one decreases because W#(x#) increases. This shows
that k passes through a maximum when x# varies between 0
(each site being at its equilibrium position) to xmax�
(R0dfsiteÿ d)/2 (each site being in close contact). The position
of this maximum depends on l as well as on the potential
energy W(x). To evaluate this maximum, let us assume that
the potential wells of each site are harmonic with a strength
constant k, that is, that W(x)� kx2/2. The optimum value of x#,
xopt


# , corresponds then to dk(x#)/dx#� 0, that is, to Equa-
tion (14), whenever xopt


# � xmax, that is for 2 lkBT/k�
(R0dfsiteÿ d)� d[(Nmax/N0)1/2ÿ 1], or to xopt


# � xmax� d[(Nmax/
N0)1/2ÿ 1]/2 in the reverse situation.


xopt
# � lkBT/k (14)


One then obtains Equation (15).


k(xopt
# )� kmaxexp[ÿ (kd2/4kBT)[(Nmax/N0)1/2ÿ 1]2] (15)


This can be converted into Equation (16) when N0 �Nmax/
(1�2lkBT/kd)2, that is, at large coverage of redox sites.


(Dhop)opt� (Dhop)maxexp[ÿ (kd2/4kBT)[(Nmax/N0)1/2ÿ 1]2] (16)


Alternatively, one obtains [Eq. (17)].


k(xopt
# )� kpinexp(l2kBT/k) (17)


This can be converted to Equation (18) when N0�Nmax/
(1� 2lkBT/kd)2, that is at low coverage of redox sites.


(Dhop)opt� (Dhop)maxexp{ÿ (l2kBT/k)[(kd/lkBT)[(Nmax/N0)1/2ÿ 1]ÿ 1]} (18)


Thus, the value of Dhop at the optimum distance depends on
two dimensionless parameters, l2kBT/k, and s� (kd/
2lkBT)[(Nmax/N0)1/2ÿ 1]. Indeed, Equations (16) and (18)
may be rewritten as a function of these parameters in the
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form of Equation (19) when s� 1, that is, when N0�Nmax/
(1� 2lkBT/kd)2, that is, at large coverage of redox sites.


Dhop� (Dhop)maxexp[ÿ (l2kBT/k)s2] (19)


Alternatively, it may be rewritten in the form of Equa-
tion (20) when s� 1, that is, N0�Nmax/(1� 2lkBT/kd)2, that is
at low coverage of redox sites.


Dhop� (Dhop)maxexp[ÿ (l2kBT/k)(2sÿ 1) (20)


As noted in Figure 2, these two functions join without
discontinuity at s� 1, so that the variations of Dhop with s are
continuous despite the two different formulations. Further-


Figure 2. Variations of Dhop/(Dhop)max as a function of s [Eqs. (19) or (20)]
(see text) for different values of l2kBT/k. From top to bottom, l2kBT/k� 0.1,
0.2, 0.5, 1, 2, 5, 10, 100, and 1000.


more, these equations encompass the entire range of possi-
bilities considered up to here. Indeed, when s! 0, that is,
when N0!Nmax, Equation (19) shows that Dhop! (Dhop)max


[Eq. (9)]. Note that the same also occurs when (l2kBT/k)s2!
0, that is, whenever the sites are sufficiently loose around their
equilibrium positions that their displacements, in their
potential wells over the distance (R0dfsiteÿ d) required for
performing an electron transfer at k� ksoln


act /6, do not introduce
any appreciable energetic cost. In the converse situation, that
is, when s!1 , either because N0�Nmax and/or because k!
1 , that is, when the redox sites are very diluted on the
spherical shell and rigidly pinned at their equilibrium position,
Equation (20) shows that Dhop! (Dhop)pin [Eq. (11)]. In other
words, Equations (19) and (20) describe any situation which
may arise within the framework considered up to here
provided that one assumes that percolation[21, 22] is not
significant and that the sites experience a Boltzmann distri-
bution in their potential wells independent of the rate of
electron transfer.


To evaluate Dhop in Equations (19) and (20), we assume that
the sites are in thermal equilibrium in their potential wells.
This implies that the rate of population of the different energy
levels by the redox sites in their potential wells is infinitely
large relative to the overall rate of electron transfer at the
optimum value, x#. When this is not the case, the rate of
viscous displacement of the sites in their wells may become
the limiting step.[46] To evaluate this situation, we proceed as
follows. First, we define a pseudo-particle composed of a pair
of reacting A and B sites, shifted respectively by xA and xB


from their equilibrium positions in two adjacent potential
wells. For simplification of the following derivations, we
impose again a condition of anti-symmetry for the two
displacements (that is, jxA j�j xB j� x) although in reality
these are independent variables. By doing so we suppress the
possible occurrence of percolation.[21, 22] Let G(x) be the
surfacic concentration of this pseudo-particle {A ´´´ B,x}.
Then, the overall rate of electron transfer is given by
Equation (21) where N is the number of pseudo-particles,
and x# is the location where the electron transfer takes place at
a rate constant k#.


dN/dt�ÿk#G(x#)/d (21)


The rate constant k# is given by Equation (22).


k#�ksoln
act exp[ÿl(R0dfsiteÿdÿ 2x#)] (22)


We now need to evaluate x#. When x varies, the chemical
potential of the pseudo-particle varies according to Equa-
tion (23).


m� m0�kBTlnG(x)�kx2 (23)


This chemical potential corresponds to a force F� dm/dx
applied to the pseudo-particle. Denoting hS as the surfacic
kinematic viscosity of the particle in its potential well, and
assuming complete viscous dissipation of energy, we calculate
the local velocity of the particle to be V(x)�F(x)/(4phS), so
that its flux j(x)�G(x)V(x)/d is given by Equation (24).


j(x)� (kBT/4phSd)[dG(x)/dx� 2(k/kBT)xG(x)] (24)


The reaction occurring at x� x# imposes a steady-state flux
regime, so that (2pxd)j(x) is independent of x and equal to
(2px#d)j(x#), which is imposed by the rate of electron transfer
reaction that takes place at x# according to Equation (25), so
that j(x)�ÿk#G(x#)/(2pxd2).[46, 47]


dN/dt�ÿk#G(x#)/d� (2px#d)j(x#)� (2pxd)j(x) (25)


Taking this condition into account, the integration of
Equation (24) shows that the rate of electron transfer defined
with respect to the surfacic concentrations at x� 0, that is, by
dN/dt�ÿkap�G(x� 0)/d, occurs with an apparent rate con-
stant kap given by Equation (26).


kap
ÿ1� [k#exp(kx#2/kBT)]ÿ1� (2hS/kBTd)


Zx=
0


exp(kx2/kBT)(dx/x) (26)


As expected, the formulation in Equation (26) is very
reminiscent of the Debye ± Schmoluchowski ± Noyes formu-
lation,[46±48] with the equivalent of the so-called diffusion limit
rate constant being in this case given by Equation (27).


kvisc(x#)�kBTd/{2hS


Zx=�k=kB T�1=2


0


[exp(u2)/u]du} (27)


Therefore, using Equation (9), and by considering for the
simplification of the following presentation that most of the
sites are located near the minima of their potential wells, we
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finally obtain Equation (28) by considering only one sixth of
the events (vide supra).


1/Dhop� 1/Dhop
#� 1/Dvisc


# (28)


Here Dhop
# is the activation-controlled contribution to Dhop


[Eq. (29)] and Dvisc
# is the viscous-controlled contribution to


Dhop [Eq. (30)].


Dhop
#� (Dhop)maxexp{ÿ ld[(Nmax/N0)1/2ÿ 1]}exp[2lx#ÿkx#2/kBT] (29)


Dvisc
#� kBT/{3phS


Zx=�k=kB T�1=2


0


[exp(u2)/u]du} (30)


Equation (28) may be rewritten in the form of Equa-
tion (31).


Dhop� (Dhop)pin/{exp(ÿ2lx# � kx#2/kBT)�W


Zx=�k=kBT�1=2


0


[exp(u2)/u]du} (31)


Here W� 3phS(Dhop)pin/kBT and (Dhop)pin , defined in Equa-
tion (11), corresponds to the value of Dhop when the sites are
pinned at their equilibrium position. The largest value of Dhop


corresponds to the value (x#)opt of x# that minimizes the
denominator of Equation (31) provided this is less than or
equal to xmax� d[(Nmax/N0)1/2ÿ 1]/2, the maximum value of x.
As noted before [Eqs. (19) and (20)], when the mathematical
solution (x#)opt becomes larger than xmax, the largest value of
Dhop corresponds to (x#)opt� xmax. It follows that (x#)opt�
Max{0,Min[z(lkBT/k),xmax]}, where z is the largest solution
of Equation (32) and z� 2l2kBT/k.


z(1ÿ z)� (W/z)exp(zz) (32)


When the right-hand-side term of Equation (32) is negli-
gible, one obtains z� 1, which features the solution found
above by neglecting the role of the viscosity. Then, the
optimum value of Dhop is given by Equation (19) or (20)
depending on the value of s. This requires that W(expz)/z! 0
when s� 1, or (W/z)exp(2lxmax)! 0 when s� 1. When either
condition is not fulfilled, z is smaller than unity or than xmax,
which shows that Dhop is smaller than predicted by Equa-
tion (19) or (20), respectively. In other words, the viscosity
prevents the sites from reaching the optimum electron
transfer point at a sufficiently fast rate. For a given value of
z, whenever W is larger than a threshold value Wmax(z)�
(1ÿ 2f)exp(ÿxf) where f� [2� x� (4� x2)1/2]/(2x), Equa-
tion (32) has no solution so that (x#)opt� 0. This means that
because of the cumulative effects of work terms and of the
viscosity, the sites cross-talk from their equilibrium positions,
and therefore Dhop� (Dhop)pin . When W<Wmax(z), the sites
may move to be closer at the moment of electron transfer, yet
if W is not sufficiently small x#< (x#)opt so that (Dhop)pin<


Dhop< (Dhop)opt , where (Dhop)opt is given in Equation (19) or
(20). Therefore, this analysis shows that the possible rigidity of
the adsorbed dendrimer structure may play an extremely
important role on Dhop through its control of the value of W


and not only through that of l2kBT/k.


Fick�s first and second laws for apparent diffusion over the
spherical shell surface


Since the flux of A sites along the radial and spherical angular
coordinates is null by symmetry or by construction, the above
results show that the apparent flux of sites A is governed by a
law equivalent to Fick�s first law describing diffusion into the
confined spherical shell [Eq. (33); note that in Equations (33)
and (34), bold italic fonts indicate three-dimensional vectors].


JA�ÿDhopgradCA (33)


By using Equation (33), the universal matter conservation
law readily provides an equivalent to Fick�s second law as
given in Equation (34), where D is the three-dimensional
Laplacian.


qCA/qt�ÿdivJA�Dhopdiv(gradCA)�DhopDCA (34)


Thus, one obtains within the confined shell given in
Equation (35), where f�GA/G0 is the local fraction of sites A.


qf/qt�Dhop(R0
2sinf)ÿ1q[(sinf)(qf/qf)]/qf� (Dhop/R0


2)
[q2f/qf2� (qf/qf)/tanf] (35)


Note that Equation (35) has a singularity at f�p since
cotanf!1 when f!p. Since qf/qt is necessarily finite
except at possible time singularities of the electrochemical
perturbation, the above singularity implies that (qf/qf)p� 0, a
result that follows from the symmetry and topology of the
problem.Since the displacement of one site A is equivalent to
the reverse displacement of n electrons, the flux in Equa-
tion (6) corresponds to the net current intensity flowing
through the cross-section of the shell at latitude f as given by
Equation (36).


I(f)� neaJA�ÿ2pneG0Dhop[(sinf)(qf/qf)] (36)


Note that in Equation (36) we use here the IUPAC
convention, so that oxidation (n< 0) currents are positive.
Noting that G0 corresponds to the homogeneous distribution
of N0 sites over all of the spherical shell except for its flattened
section (Figure 1a), one has G0�N0/[2pR0


2(1� cosf0)], so
that the current intensity is (note that sinf0/(1� cosf0)�
tan(f0/2)) is given by Equation (37), where the subscript zero
indicates that the value is taken at f�f0 (this convention is
observed throughout the remainder of the text).


I�ÿneN0(Dhop/R0
2)tan(f0/2)(qf/qf)0 (37)


Equation (37) has the feature that when f0! 0, tan(f0/2)�
(f0/2)! 0, so that a finite current corresponds to an infinite
value of (qf/qf)0. On the other hand, when f0!p, tan(f0/2)
� 2/(pÿf0)!1 , so that a finite current corresponds to an
infinitely small value of (qf/qf)0. Therefore, near the elec-
trode, when f�f0 , the term (qf/qf)/tanf in Equation (35)
varies as I/f0


2 when f0! 0 so that it tends toward infinity
whenever the current is finite. When f0!p, it varies as I so
that it remains finite whenever the current is finite. This is an
interesting property since it shows that when f0! 0, the term
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(qf/qf)/tanf in Equation (35) plays an extremely important
role near the electrode surface as soon as q2f/qf2 is not an
infinite of higher order. Conversely, since q2f/qf2 is necessa-
rily large when f0!p, because of the constriction of the
diffusional space, the term (qf/qf)/tanf plays a negligible role
in Equation (35) when f0!p. Thus, two completely different
behaviors arise when f0! 0 or f0!p albeit the electrode
radius tends to be infinitely small in both cases since
R0sinf0�R0sin(pÿf0). This occurs because the diffusional
field converges near the electrode surface when f0! 0, while
it diverges when f0!p.


Delineation of the different electrochemical kinetic behaviors


Overview of diffusion in a spherical shell : Examination of
Figure 1a shows that the diffusional problem depends on the
respective magnitude of three scaling lengths: 1) R0(pÿf0),
the maximum length available for diffusion on the spherical
shell; 2) R0sinf0 , the radius of the contact disk of the shell
with the surface which acts here as the electrode since
electrons can only be transferred by the electrode to the shell
at its perimeter; 3) the thickness of the diffusion layer for any
electrochemical experiment of duration q. Within the Ein-
stein ± Schmoluchowski framework of diffusion that has been
shown above to apply to the system at hand, during a time q, a
diffusing particle walks over the distance (2Dhopq)1/2,[1] so that
at time q the extremity of the diffusion layer is located at the
angle fdif given by R0(fdifÿf0)� (2Dhopq)1/2.


Since the maximal diffusion length available on the
spherical shell is R0(pÿf0), the system may experience a
semi-infinite diffusion only when (2Dhopq)1/2�R0(pÿf0).
Otherwise, when (2Dhopq)1/2�R0(pÿf0), the diffusion layer
reaches the top (fdif�p) of the spherical shell much before
the end of the electrochemical perturbation and all material
present on the shell is electrolyzed at time q, so that the
system is expected to behave as a thin layer of adsorbed
species.When the system is under semi-infinite diffusion
(2Dhopq)1/2 �R0 since (pÿf0) is at most commensurable to
unity (viz. , 0� (pÿf0)�p). Therefore, the spherical curva-
ture of the shell is negligible under these conditions. The
system then behaves as if diffusion was occurring in a plane
perpendicular to the axis of symmetry of the shell. Its
behavior depends only on the size of the diffusion layer,
(2Dhopq)1/2, relative to the radius of the electrode, R0sinf0 .
When (2Dhopq)1/2 �R0sinf0 , the size of the diffusion layer is
sufficiently small for the convergence (f0�p/2) or divergence
(f0�p/2) of the diffusional field to be negligible, so that the
system behaves as if experiencing planar diffusion.[49] In the
converse situation, the system must obey quasi-steady state
cylindrical diffusion[2, 49] provided it may behave under con-
ditions of semi-infinite diffusion, that is, provided that
R0sinf0� (Dhopq)1/2 and (Dhopq)1/2�R0(pÿf0) may be ful-
filled simultaneously.When f0 is very small compared to p,
R0(pÿf0)�R0p, and sinf0! 0, so that the above double
inequality may be verified. Therefore, upon increasing the
electrochemical perturbation duration q, the system shifts
from planar diffusion[1] ((Dhopq)1/2�R0sinf0) to planar cylin-
drical diffusion[2, 49, 50] (R0sinf0� (Dhopq)1/2�pR0), and then


behaves as a thin layer of adsorbed material (pR0�
(Dhopq)1/2).[1, 51] When f0 is not very small compared to p,
one has either R0sinf0 commensurable to R0 (that is, when f0


differs significantly from p) or R0(pÿf0)�R0sinf0 (that is,
when f0�p, since (pÿf0)� sin(pÿf0)� sinf0). Therefore,
the above double inequality cannot be fulfilled since R0sinf0


and R0(pÿf0) are commensurable. This means that the quasi-
steady state cylindrical behavior cannot be observed. In other
words, upon increasing the electrochemical perturbation
duration q, the system shifts directly from a planar diffusion
regime ((Dhopq)1/2�R0sinf0) to a situation where it behaves
as a thin film of adsorbed material (R0(pÿf0)�R0sinf0�
(Dhopq)1/2). This simple analysis demonstrates that the magni-
tude of (Dhopq)1/2, the length of the diffusion layer, vis a vis the
system�s two characteristic lengths, R0sinf0 and R0(pÿf0), is
crucial. Furthermore, it shows the great complexity of this
diffusional problem which depends not only on the respective
magnitude of the three lengths mentioned above, but also on
f0. In particular, this intuitive analysis predicts the possible
occurrence of a quasi-steady state diffusional regime only
when f0 is very small. This is to be related to the observation
made above on the respective magnitude of q2f/qf2 and
(qf/qf)/tanf when f0 is small enough.


Analysis of the diffusion problem : Equation (35) governs the
occurrence of any of the three different diffusion regimes that
may occur as a function of the time scale of the electro-
chemical experiments. To delineate these three different
regimes more precisely than above let us introduce the
dimensionless variables in Equations (38) and (39), where q is
the duration of the electrochemical experiment.


time: t� t/q (38)


space:[2, 49, 50] h� [2R0tan(f0/2)/(Dhopq)1/2] ln[tan(f/2)/tan(f0/2)] (39)


With these variables, the time t is unity at the moment of
measurement and the space h varies between zero and infinity
when the diffusion layer describes the whole spherical shell,
that is from f0 to p. This allows Equation (35) to be rewritten
as in Equation (40) (note that qh/qf� [2R0tan(f0/2)/
(Dhopq)1/2]/sinf, and that sinf� 2tan(f/2)/[1� tan2(f/2)])
where D* plays the role of a space dependent diffusion
coefficient [Eq. (41)].[2, 49, 50]


qf/qt�D*q2f/qh2 (40)


D*� {tan(f0/2)[1� tan2(f/2)]/tan(f/2)}2 (41)


Thus inserting Equation (39) in Equation (41) gives Equa-
tion (42), where b is given by Equation (43).


D*� exp(ÿbh)[1� tan2(f0/2)exp(bh)]2 (42)


b� (Dhopq)1/2/[R0tan(f0/2)] (43)


The formulation in Equation (40) shows immediately that
the problem is identical to that of planar diffusion provided
that D* is constant.[1] Equation (41) shows that this may
happen only when f�f0 over the whole diffusion layer
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thickness. Indeed, under such conditions, D*� [1�
tan2(f0/2)]2, so that Equation (44) is valid where h*� h/[1�
tan2(f0/2)].


qf/qt� q2f/qh*2 (44)


From Equation (42), this requires that bh! 0. In planar
diffusion the diffusion layer length is h*dif� 1 at t� 1. It
follows that bhdif� b[1� tan2(f0/2)], so that taking Equa-
tion (43) into account shows that bhdif! 0 is equivalent to
[(Dhopq)1/2/R0]� sinf0 . If bhdif!1 , that is, when R0sinf0�
(Dhopq)1/2, two cases may arise depending on the size of f0 .
When f0 is infinitely small, the bracketed term in Equa-
tion (42) may tend towards unity even if bh!1 . This occurs
provided that Equation (45) is valid.


bhdiff�ÿ 2ln[tan(f0/2)]�ÿ ln(sinf0) (45)


When this is the case, Equation (40) can be rewritten as
Equation (46) and characterizes a cylindrical planar diffu-
sion,[2, 49, 50] that is, occurring within a plane perpendicular to
the axis of the cylindrical electrode.


qf/qt� exp(ÿbh)q2f/qh2 (46)


Under such conditions, the maximal extension of the
diffusion layer is given by Equation (47).[2, 49]


hdif� 2(lnb)/b (47)


This situation may then occur only when R0sinf0�
(Dhopq)1/2�R0. In other words, when (Dhopq)1/2 is sufficiently
large for the diffusion process to experience the cylindrical
curvature of the space around the electrode (whose radius is
R0sinf0�R0) but sufficiently small for the curvature of the
spherical shell (of radius R0) to be neglected. As explained
above, this situation may occur only when f0 is infinitely
small, since when f0 is finite, the above double inequality is
impossible to fulfill, so Equation (46) cannot apply anymore.


D* is infinite whenever (Dhopq)1/2/R0sinf0!1 (f0 finite,
vide supra or (Dhopq)1/2/R0!1 (f0 infinitely small). Indeed,
in both cases, Equation (42) can then be rewritten as
Equation (48).


D*� exp(bh)tan4(f0/2)!1 (48)


To investigate this regime, it is important to note that qf/qt


in Equation (40) must remain finite except at possible
discontinuities of the electrochemical perturbation, therefore,
when D*!1 Eqation (49) becomes valid.


q2f/qh2! 0 (49)


This establishes that the system obeys the steady state. It
follows that qf/qh� constant, so that f! f0� (qf/qh)0h, where
the subscript indicates that the value is taken at h� 0, that is,
at f�f0 . Since by construction f �1, this implies that
(qf/qh)0� (1ÿ f0)/hdif. Owing to the definition of h in Equa-
tion (39), h!1 when f!p. When the diffusion layer
extends over the whole spherical shell (that is, when hdif!


1 ) one has necessarily (qf/qh)0! 0. This implies that f� f0


over most of the shell. Let us then introduce the dimensionless
potential [Eq. (50)], where E is the electrode potential and E0


is the formal potential of the A/B redox couple.


x� nF(E0ÿE)/RT (50)


For a Nernstian (viz. , a fast an reversible) electron transfer,
for example, one has then f0� [1� exp(x)]ÿ1. To evaluate the
current, Equation (37) is no longer useful; indeed, since
(qf/qh)0! 0, that is, (qf/qf)0! 0, it amounts only to express-
ing that the current is considerably smaller than in the limiting
situations identified above. However, since f� f0�
[1� exp(x)]ÿ1 over most of the shell, the current may be
obtained from the elementary charge dq� Idt consumed
during an elementary time dt. This elementary charge is
equivalent to consuming dN�ÿN0(df/dt)dt sites A, so that
I�ÿdq/dt� ne(dN/dt)� neN0(df0/dx)(dx/dt), and therefore
Equation (51) is valid.


I�ÿneN0{exp(x)/[(1� exp(x)]2}(dx/dt) (51)


The expression in Equation (51) is identical to that
obtained under the same conditions for any film of electro-
active material of thickness l deposited on an electrode when
(Dq)1/2� l, where D is the diffusion coefficient (or the
apparent diffusion coefficient) within the film. In other words,
the exact geometry of the space in which diffusion occurs is
irrelevant.[1, 51] Therefore, we do not need to pursue the
solution of this problem when the system is not Nernstian,
since it is already well established.


To conclude this section, let us express the current in the
general case (for any b and f0) based on the present
dimensionless variables. With these notations, the current
[Eq. (37)] can be expressed by Equation (52), where Y


[Eq. (53)] is the dimensionless current.


I�ÿ [2tan(f0/2)/(1� cosf0)](neN0/q)(Dhopq/R0
2)1/2Y (52)


Y� (qf/qh)0 (53)


This allows the formulation of the dimensionless current in
the three limiting cases [Eqs. (54) ± (56)] that have been
identified above as a function of b and f0 values (the
expressions are given for a Nernstian electron transfer at the
electrode surface; vide infra for slower charge transfer cases).


Case I


[(Dhopq)1/2/R0sinf0! 0, 0�f0�p ; Eq. (44)] (planar diffu-
sion):[1]


YI� (qf/qh*)0[(1� cosf0)/2] (54)


Case II


[(Dhopq)1/2/R0sinf0!1 and (Dhopq)1/2/R0! 0, 0�f0�p/2;
Eq. (46)] (cylindrical diffusion):[2, 49, 50]


YII� [b/(2lnb)]/[1� exp(ÿx)] (55)
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Case III


[(Dhopq)1/2/R0!1 , when 0�f0�p/2, or (Dhopq)1/2/R0sinf0!
1 , when p/2�f0�p ; Eq. (51)] (adsorption):[1, 51]


YIII� [R0/(Dhopq)1/2][(1� cosf0)2/2sinf0]{exp(x)/[(1� exp(x)]2}(dx/dt) (56)


In Equation (54)(qf/qh*)0 is a constant that depends on the
electrochemical perturbation but that is independent of N0 , b,
or f0 . For example, in cyclic voltammetry (qf/qh*)0� 0.446e at
the peak currents for a Nernstian electron wave (e� 1 for the
forward wave, and e�ÿ1 for the backward wave when the
scan inversion is performed sufficiently far after the forward
peak).


The existence of these three different cases is controlled by
Equation (35) so that they are not related to a specific
electrochemical method or controlled by the kinetics of
electron transfer at the electrode surface. However, the exact
electrochemical behavior observed necessarily depends on
the method and on the kinetics of electron transfer at the
electrode surface, owing to the terms (qf/qh*)0 in Equa-
tion (54) or (dx/dt) in Equation (56) (note that in this respect
the term exp(x)/[(1� exp(x)]2 in Equation (56) is valid only
for a Nernstian electron transfer; vide infra for a non
Nernstian case). The electrochemical behavior observed in
case II corresponds to a quasi-steady state behavior, so it is
independent of the electrochemical method,[2, 49, 50] the current
being solely a function of the electrode potential and of the
kinetics of electron transfer at the electrode surface (similarly
the term 1/[1� exp(x)] in Equation (55) is valid only for a
Nernstian electron transfer; vide infra for a non Nernstian
case).


Each limiting case predominates over the two others within
specific domains of the (b,f0) space. However, b is a function


of f0 which describes the geometric shape of the shell, and of
Dhopq/R0


2 which describes the electrochemical time scale (q)
relative to the duration of diffusion over the whole shell (Dhop/
R0


2). For experimental purposes, it is more convenient to
separate the two effects. This is easily performed by defining
b* according to Equation (57) so that it is independent of f0 .


b*� [btan(f0/2)]2�Dhopq/R0
2 (57)


Schematic domains of predominance of each limiting case
I ± III, may be indicated through a zone diagram in the (b*,f0)
space (Figure 3a). In this schematic diagram, the boundaries
between two limiting cases have been set arbitrarily so as to
correspond to b*� 1 and or b*sin2f0 �1, respectively. In
practice each boundary has a given thickness corresponding to
the progressive transition between the two limiting cases
(compare Figures 3 b, c). This diagram suggests that a pure
case II cannot be observed unless f0 achieves extremely small
values. In practice, when f0 is very small, one site occupies an
average cone angle Wsite� 4p/N0, which corresponds to a disk
delimited by the angle fsite� arcos(1ÿWsite/2p) on the
spherical shell, that is, to dfsite� 2/N0


1/2 within better than
3 % provided that N0 is larger than 10. Thus, if the dendrimer
retains a spherical shape when it rests on the electrode
surface, the minimal angle f0 with physical relevance in our
model is given by Equation (58).


(f0)min� dfsite� 4/N0
1/2 (58)


For N0� 64, this gives (f0)min/p� 0.15. The maximum value
of f0 depends on the compactability of the chains that link
each redox site to the center of the dendrimer. However it is
intuitive that (f0)max cannot approach p without introducing


Figure 3. Kinetic zone diagrams corresponding to the three different diffusional behaviors observed as a function of b*�Dhopq/R0
2 and f0. a) Schematic


zone diagram. b) Zone diagram computed for cyclic voltammetry (q�RT/nFv) for a Nernstian electron transfer at the electrode surface. The limits between
each case and their transitions are drawn considering a 10 % precision on the current intensity of the voltammetric peak. c) Same as b) but for a totally
irreversible heterogeneous charge transfer. See Table 1 for the voltammetric peak characteristics in each pure mechanistic zone. In b) and c) the vertical
dotted segment indicates the projection of the path followed by the system when the scan rate is increased from 0.036 MV sÿ1 (top circle) to 2.52 MV sÿ1


(bottom circle).
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severe strains on the linkers. Therefore, in the zone diagram of
Figure 3a, the outer domains around f0/p� 0 or 1 have no
experimental significance. This shows that in any experimen-
tally realistic situation, a pure case II will be difficult to
observe, although it may still play a significant role by
contaminating the two others cases and their transition as
soon as f0 is less than about p/2.


Effect of charge transfer kinetics at the electrode surface : In
the previous section we have considered a Nernstian electron
transfer in order to delineate the intricacies of the diffusional
problem at hand. However, for nanometric dendrimers and
average Dhop values, Figure 3a, shows that the observation of a
transition from case III to case I requires extremely short time
scales. For example for Dhop� 5� 10ÿ6 cm2sÿ1 (vide infra) and
R0� 10 nm, the maximum time qmax allowed for observing
such a transition, such as Dhopqmax/R0


2� 1 (Figure 3a), is of the
order of 100 ns, a number which corresponds to a scan rate in
the range of a few tenths of a megavolt per second.
Furthermore, even for reasonably small f0 values, R0sinf0 ,
the radius of the disk through which electrical contact
between the electrode and the redox spherical shell is made,
is extremely small. Since the edge of this disk acts as the
electrode for the spherical shell, extremely large rate con-
stants of electrode transfer are required to allow Nernstian
behavior.[2, 49] So, even if the Nernstian approximation is
extremely useful in delineating the different kinetic situations
that may occur, it is unlikely to be easily fulfilled experimen-
tally for nanometric dendrimers and small f0 angles. It is
necessary to consider the effects of the kinetics of heteroge-
neous electron transfer at the edge of the disk on which the
spherical shell rests.


Considering Butler ± Volmer kinetics[1] and denoting kel�
kSexp(ax) the electron transfer rate constant (a being the
electron transfer coefficient and kS the rate constant at E�
E0) one obtains Equation (59) where CA and CB are expressed
in molecules per unit of volume.


I�ÿne(2pR0dsinf0)kSexp(ax)[CAÿCBexp(ÿx)]0 (59)


Introducing the dimensionless variables in Equations (39)
and (53) and equating to the expressions in Equations (37)
and (59) gives Equation (60), where L [Eq. (61)] is the
dimensionless rate of electron transfer.


f0� [1� exp(x)]ÿ1� (Y/L){exp(ÿax)/[1� exp(ÿx)]} (60)


L� kS[(1� cosf0)/2](q/Dhop)1/2 (61)


Note that L, as defined in Equation (61) mixes intrinsic
components of the system at hand (kS, R0, f0 , Dhop) with q


which characterizes the time scale of the electrochemical
method and which is already incorporated into the dimen-
sionless parameter b* [Eq. (57)]. From an experimental point
of view, it is more advisable to separate the intrinsic
components from the time scale of the experiment by
introducing L*� (kSR0/Dhop)(1� cosf0)/2, so that Equa-
tion (61) becomes L�L*b*1/2. L* characterizes just the
intrinsic heterogeneous kinetic properties independently of


the time scale of the electrochemical perturbation, and is thus
constant when q varies. With these notations, the kinetic
behavior of the system is regulated by three independent
dimensionless parameters, f0 , which characterizes only its
geometry, L*, which characterizes the intrinsic charge trans-
fer kinetics at the electrode surface, and b*, which character-
izes the rate of electron hopping and the time scale of the
electrochemical perturbation. The experimental interest of
this new triplet of dimensionless parameters is that only b*
varies with the scan rate for a given system. However, as
above for b� b*1/2/tan(f0/2) [Eq. (57)], L results more con-
veniently from a mathematical point of view, so that we
continue hereafter with this parameter.


When L is excessively large vis a vis Y, the second term in
the right-hand side of Equation (60) vanishes and Equa-
tion (62) becomes valid showing that system behaves in a
Nernstian fashion; the voltammetric waves are observed
around x� 0.


f0� [1� exp(x)]ÿ1 (62)


Conversely, when L is excessively small, the rate of electron
transfer is too small to afford a significant current in the
potential range around E0, so that the voltammetric peaks are
shifted towards large jx j values.[1] Then, by denoting x*�
a*x� (lnL) where a*�a for the forward wave or a*�aÿ 1
for the backwards wave, Equation (62) simplifies into Equa-
tion (63) for the forward wave and into Equation (64) for the
backward wave (note that then Y is negative), so that the
system follows slow charge transfer kinetics.[1, 52]


f0�Yexp(ÿx*) (63)


f0� 1�Yexp(ÿx*) (64)


In this slow charge transfer limit, the peak currents given
above in Equations (54) ± (56) for the Nernstian situations
become Equations (65) ± (67) for cases I ± III, respectively.


Case I


[(Dhopq)1/2/R0sinf0! 0, 0�f0�p ; Eq. (44)] (planar diffu-
sion):[1]


YI� (qf/qh*)0[(1� cosf0)/2] (65)


Case II


[(Dhopq)1/2/R0sinf0!1 and (Dhopq)1/2/R0! 0, 0�f0�p/2;
Eq. (46)] (cylindrical diffusion):[2, 49, 50]


YII� [b/(2lnb)]/[1� exp(ÿx*)] (66)


Case III


[(Dhopq)1/2/R0!1 , when 0�f0�p/2, or (Dhopq)1/2/R0sinf0!
1 , when p/2�f0�p ; Eq. (51)] (adsorption):[1, 51]


YIII� [R0/(Dhopq)1/2][(1� cosf0)/2tan(f0/2)]Xa(x*) (67)







FULL PAPER C. Amatore, H. D. AbrunÄ a et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0710-2216 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 102216


In Equation (65), (qf/qh*)0 is a constant that depends on the
electrochemical perturbation but that is independent of N0, b


or f0 . For example, in cyclic voltammetry[52] (qf/qh*)0�
0.496e[ae� (1ÿ e)/2]1/2 at the peak currents for a Nernstian
electron wave (e� 1 for the forward wave, and e�ÿ1 for the
backward wave when the scan inversion is performed
sufficiently far after the forward peak). Similarly, Xa(x*) in
Equation (42) is an analytical function of a and x* that
depends on the electrochemical perturbation (vide infra for
cyclic voltammetry).


In the intermediate range of L values, the general
Equation (60) applies without simplification so f0 is controlled
simultaneously by kinetic and thermodynamic factors (quasi
reversible charge transfer kinetics). It is therefore understood
that the existence of slow charge transfer (vs. a Nernstian
system) affects the electrochemical wave shapes and position
but does not alter the respective positions of the three limiting
cases in the [(Dhopq)1/2/R0,sinf0] domain. In other words, the
schematic picture shown in Figure 3a is conserved. To pursue
this analysis, we need now to particularize it to the case of
cyclic voltammetry.


Formulation of the voltammetric problem : In voltammetric
experiments the electrode potential is scanned linearly with
time from a potential Ei where the species of interest is not
electroactive (nF(EiÿE0)� 0, E0 being the formal potential
of the species, so that f� 1 over the whole shell) to a potential
Ef located on the current plateau (nF(EfÿE0)� 0) of the
species for the redox reaction of interest; the potential scan
direction is then reversed. Denoting v as the algebraic
potential scan rate (vn> 0, that is, v> 0 for a reduction, since
n> 0; v< 0 for an oxidation, since n< 0), xi� nF(EiÿE0),
xf� nF(EfÿE0) and tf� (EiÿEf)/v, one obtains with the
above defined dimensionless variables Equation (68) for the
forward scan (t� tf� nFvtf/RT, that is, x� xf� nF(EfÿE0))
and Equation (69) for the backward scan (t� tf).


x� xi� (nFvq/RT)t (68)


x� xi� 2(nFvq/RT)tfÿ (nFvq/RT)t (69)


Equations (68) and (69) show that it is advisable to define q


as given in Equation (70)[52] for cyclic voltammetry.


q�RT/nFv (70)


In this way the Equations (68) and (69) simplify into x�
xi� t and x� xi� 2tfÿ t, respectively. In the following we
assume everywhere that xi is negative enough (that is, xi�ÿ 10)
for the forward wave to be independent of its exact value.
Similarly, xf is assumed positive enough (that is, xf�� 10) for
the backward wave to be independent of its exact value.


With those notations, the voltammetric problem amounts to
solving the diffusion Equations (40) and (42) with the
boundary conditions given in Equations (71) ± (73).


x� xi , h� 0: f� 1 (71)


x> xin , h� 0: f0� [1� exp(x)]ÿ1� (Y/L){exp(ÿax)/[1� exp(ÿx)]} (72)


x> xin , h!1 : (qf/qh)p! 0 (73)


Owing to Equations (61) and (43) and to the present
definition of q in Equation (70) L and b can be defined as
given in Equations (74) and (75), respectively.


L� kS[(1� cosf0)/2](RT/nFvDhop)1/2 (74)


b� (nFvDhop/RT)1/2/[R0tan(f0/2)] (75)


Resolution of this system affords the value of Y� (qf/qh)0


as a function of t, from which the experimental voltammetric
current is readily obtained by application of Equation (76)
owing to Equations (52) and (70).


I�ÿ [2tan(f0/2)/(1� cosf0)][neN0(nFvDhop/RT)1/2/R0]Y (76)


In a general case, this system must be solved numerically.
However, the above analyses have shown that its solution
Y(t) tends towards known asymptotic values when (nFvDhop/
RT)1/2/R0 , (nFvDhop/RT)1/2/(R0sinf0) and L take extreme
values. When L!1 (Nernstian behavior) these limiting
solutions are given in Equations (54) ± (56) where in cyclic
voltammetry dx/dt� 1 for the forward scan and dx/dt�ÿ1
for the backward scan in Equation (56). Similarly, when L! 0
(slow charge transfer) these limiting solutions are given in
Equations (65) ± (67) where the function Xa(x*) (case III,
Equation (67)) needs to be established.


To obtain the expression of Y in case III, we proceed as
follows. As established for the derivation of Equation (51),
and using Equation (52), within the limiting case III, Y(x*) is
given by Equation (77), where x*�a*x� lnL and a*�a for
the forward scan or a*� (aÿ 1) for the backward one, that is,
by Equation (78).


Y�ÿ [(1� cosf0)2/2sinf0](nFvR0
2/DhopRT)1/2[(dx*/dt)](df0/dx*) (77)


Y�ÿega*(df0/dx*) (78)


In Equation (78), g� [(1� cosf0)2/2sinf0](nFvR0
2/


DhopRT)1/2, and e� 1 for the forward scan or e�ÿ1 for the
backward one. Since this situation corresponds to L! 0, f0 is
given by Equation (63) or (64) for the forward and backward
voltammetric scans respectively, that is Equation (79) be-
comes valid.


Y/(ega*)�ÿ df0/dx*� [Yÿ dY/dx*]exp(ÿx*) (79)


This shows that Y is solution of (note that Y� 0 during the
forward scan and Y� 0 during the backward one) Equa-
tion (80) where x*'� x*ÿ ln(ega*)�a*x� ln(L/ega*).


d[ln(eY)]� [1ÿ exp(x*')]dx*' (80)


Equation (55) shows that the extrema of Y are observed at
any x value such as xp*'� 0, viz., at xp�ÿaÿ1ln(L/ga) for the
forward scan, and at xp�ÿ (1ÿa)ÿ1ln[L/g(1ÿa)] for the
backward scan. Integration of Equation (80) affords Equa-
tion (81) where 'U' is an integration constant.


Y� eexp[x*'ÿ exp(x*')]U (81)
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To evaluate this constant, it is noted that with the present
notations, at any potential Equations (63) and (64) afford
Equation (82).


Y� ga*[(1ÿ e)/2� ef0]exp(x*') (82)


[(1ÿ e)/2� ef0]! 1 when x*'!ÿ1 , so that, Equation (82)
shows that Y� ga*exp(x*') when x*'!ÿ1 . On the other
hand, from Equation (81), Y�Ueexp(x*') when x*'!ÿ1 ,
so that U� ega*, and Y can be given by Equation (83).


Y� ga*exp[x*'ÿ exp(x*')] (83)


Equation (57) shows that when L! 0 (slow charge trans-
fer), the limiting voltammograms observed in case III, are
composed of two distorted bell-shaped curves, whose peak
currents located at x*'� 0, have the intensity ga*/eN�
0.368ga*, where e is the Neperian logarithm base, viz.,
lneN� 1. We thus obtain Equations (84) and (85) for the
forward wave and Equations (86) and (87) for the backward
wave finally for the case III in the
slow charge transfer regime.


YIII
p� (a/eN)[R0/(Dhopq)1/2]


� [(1 � cosf0)2/2sinf0] (84)


xIII
p�ÿaÿ1ln[(kSq/aR0)tan(f0/2)] (85)


YIII
p�ÿ [(1ÿa)/eN][R0/(Dhopq)1/2]


´ [(1� cosf0)2/2sinf0] (86)


xIII
p� (1ÿa)ÿ1ln{[kSq/(1ÿa)R0]tan(f0/2)}


(87)


Again both set of values are
identical to those obtained for a thin
film of adsorbed electroactive ma-
terial in the slow charge transfer
kinetic regime.[1, 51]


This analysis has identified six
different limiting voltammetric re-
gimes and produced the character-
istics of the voltammograms ob-
tained in each regime achieved
whenever the three key parameters
(nFvDhop/RT)1/2/R0 , (nFvDhop/RT)1/2/
(R0sinf0) and L obey the conditions
which have been defined in the
analysis of each limiting case I, II,
and III. When these relationships
are not obeyed, analytical expres-
sions cannot be obtained for the
peak current and potential values.


However, the numerical solution
of the diffusion Equations (40) and
(42) associated with the boundary
conditions in Equations (71) ± (73)
allows the prediction of voltammo-
grams for any value of b and L


[Eqs. (49) and (50)] at any value of
f0, as well as allowing one to


eventually decide how far the system lies from any one of
its limiting situations. This was performed (see Experimental
Section) in particular to establish the zone diagrams in
Figures 3 b, c, and all the working curves used in the following
discussion. In Figures 3 b, c each limiting domain is limited by
boundaries that have been arbitrarily set so that the voltam-
metric current peak intensities deviate by less than 10 % from
the prediction for the limiting case considered. In particular,
those two zone diagrams confirm that a clean case II cannot
be observed experimentally except if f0 is unrealistically
small.


Experimental Results


The electrochemistry of a single layer of adsorbed dendrim-
ers[6±8] was performed at extremely high scan rates by taking
advantage of our recent potentiostat design.[3, 4] This design
allows performance in the megavolt per second range of scan
rates with electronic compensation of the cell resistance so
that the voltammograms are undistorted under 2 MVsÿ1.
Figure 4 represents an illustrative series of voltammograms


Figure 4. Representative set of the voltammograms of a saturated solution of the dend-64-[RuII/RuIII(tpy)2]
dendrimer (Scheme 1) investigated in this study as a function of the scan rate (number indicated in MVsÿ1 in the
bottom right angle of each panel). Voltammetry was performed at room temperature (20 8C) in acetonitrile,
0.6 m NEt4BF4, at a platinum disk electrode (r0� 5.0� 0.5 mm radius). Potentials are given with respect to the
platinum pseudo-reference electrode used in this study. Thin curves: experimental voltammograms. Thick
dashed curves: predicted anodic voltammetric peaks upon considering a mono-disperse population of
dendrimers (g0� 1.6 and G(g)�d(gÿ 1.6) where d is the Dirac function). Thick solid curves: predicted
anodic voltammetric peaks upon considering the distribution G(g) shown as a solid curve in Figure 7b.
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obtained for the dend-64-[Ru(tpy)2] dendrimer investigated
in this study (Scheme 1)[6±8] over the megavolt per second
range of scan rates. As apparent in these voltammograms, the
Faradaic current adds to the capacitive one (which varies as
v), yet it remains a large component of the voltammogram
owing to the large surfacic concentration of dendrimer. In the
low MV sÿ1 range, the Faradaic current response is close to a
bell-shape, in agreement with what is expected for a fully
oxidized layer of adsorbed species.[1, 51] However, when the
scan rate is increased to several MVsÿ1 one observes the
development of voltammograms with the expected shape for
transient infinite diffusion.[1, 4]


Such data could be obtained only when the electrode was
pulsed between sufficiently positive and negative potentials in
the presence of the dendrimer before the series of voltammo-
grams were recorded. When this electrochemical pre-treat-


ment which forced continuous adsortion/desorption of the
dendrimer molecules was not applied, the general pattern
shown in Figure 4 was retained, yet the anodic and cathodic
peaks were considerably broader, and one could often
observe a split of the voltammetric peaks as soon as the scan
rate was increased. However, the above pretreatment allowed
us to obtain reproducible narrow peaks such as those shown in
Figure 4.


Figure 5 presents the variations of the current function
Ipvÿ1/2 as a function of the scan rate. In agreement with the
observed voltammetric shapes, at the smaller scan rates the
current function tends to vary as v1/2, reflecting that Ip tends to
be proportional to v as required[1, 51] for complete electrolysis
of an adsorbed layer (case III, Table 1). For the larger scan
rates Ipvÿ1/2 asymptotically approaches a constant plateau,
where it tends to be proportional to v1/2 as required for a semi-


Scheme 1. Structure of fourth generation PAMAM dendrimer with 64 pendant ruthenium terpyridyl moieties (Dend-64-[Ru(tpy)2]). The four central
concentric shaded areas represent each generation of the dendritic structure. The external fifth shaded area represents the location of the 64 [Ru(tpy)2] redox
centers.
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infinite diffusion (case I, Table 1). The variations of the peak-
to-peak separation, DEp, also agree with this general pattern.
Indeed, except for the two highest scan rates where the
measurements are contaminated by ohmic drop and filtered
by the potentiostat, at sufficiently high scan rates (v>
0.1 MV sÿ1) DEp varies with a slope of 120� 10 mV per unit
of log(v), which is clear evidence of semi-infinite diffusion
(case I) with slow charge transfer kinetics[52] (see Table 1).
From this slope, it is deduced that a� 0.5 (Table 1).[52]


However, at slower scan rates, DEp tends towards a constant
value of 80� 5 mV. One does not observe a slope close to
240 mV per unit of log(v), as expected for case III in the slow
charge transfer regime (Table 1).[1, 51] This indicates that the
rate of electron transfer at the electrode surface is sufficiently
large to yield closely Nernstian behavior in the range where
case III is applicable. However, the theoretical results in
Table 1 predict that DEp should tend towards zero and not
towards a constant value. In fact, the same constant value
(80� 5 mV) has already been observed at considerably small-
er scan rates than those used here (v< 0.1 V sÿ1).[6] Therefore
any relationship between this constant DEp limit and any
kinetic process is clearly ruled out. We will examine the origin
of this term in a later stage of the following discussion.


Discussion


The above results qualitatively
follow the main trends elabo-
rated in the previous theory.
The only qualitative discrepan-
cy being related to the limit of
DEp at small scan rates that is
not zero as predicted in the
above theory. We will discuss
this important point in a second
stage of this discussion, since it
clearly indicates that upon oxi-
dation/reduction of the ensem-
ble of adsorbed dendrimers, the
overall current is not the simple
arithmetic multiplication of the
electrochemical process occur-
ring at one isolated dendrimer
molecule.


Characterization of diffusion within one dendrimer


Analyzing quantitatively the data at hand requires the
determination of several experimental parameters (Dhop/R0


2,
kS/Dhop


1/2, and f0) which control the values of the dimension-
less variables b* and L at a given scan rate. For this we
proceed as follows.


As discussed above, the variations of DEp versus log(v) at
higher scan rates (0.1 MV sÿ1< v< 1.5 MV sÿ1) tend towards
the asymptotic behavior predicted for case I under slow
charge transfer kinetic control. Using the corresponding
expression in Table 1, one may deduce the value of (kS/Dhop


1/2)
[(1� cosf0)/2]. However, at slow scan rates, that is, when the
system reaches case III under Nernstian control, DEp� 80 mV
was determined experimentally instead of the predicted 0 mV.
At this stage one does not know whether or not this applies
also to the large scan rate range. In other words, one does not
know what ªzero referenceº value to use as the limit for the
would-be case I-Nernstian regime (DEp� 0, or 80 mV, or any
value in between?) in order to determine (kS/Dhop


1/2)[(1�
cosf0)/2].[52] Considering both of these two possible ªzero


Figure 5. a) Symbols: variations of the anodic peak current intensity Ip/v1/2 as a function of the scan rate v1/2. Solid
curve: predicted variations for f0� 1.2 rd, (Dhop


1/2/R0)� 4.2� 103 sÿ1/2, and (kS/Dhop
1/2)� 1.2� 103 sÿ1/2 ; horizontal


dashed line: high scan rate limit (Ip/v1/2� 2.81� 10ÿ5 AMVÿ1/2s1/2); slanted dashed line: low scan rate limit (Ip/v�
4.35� 10ÿ5 AMVÿ1 s). b) Symbols: variations of the peak-to-peak potential difference DEp as a function of the
scan rate v. Dashed curve: predicted variations DEp


th for f0� 1.2 rd, (Dhop
1/2/R0)� 4.2� 103 sÿ1/2, and (kS/Dhop


1/2)�
1.2� 103 sÿ1/2. Solid curve: DEp


th� 80 mV (see text).


Table 1. Summary of the different voltammetric characteristics observed for each of the six limiting kinetic situations identified in this study.[a,b]


Nernstian (L� 1)[c] Slow charge transfer (L� 1)[c]


Case I Ip/(neN0)� 0.446� (Dhop/R0
2q)1/2tan(f0/2) Ip/(neN0)� 0.496(a*Dhop/R0


2q)1/2tan(f0/2)
Ep�E0ÿ 1.09� (RT/nF)[d] Ep�E0ÿ (RT/a*nF)[0.780ÿ ln(La*1/2)][e]


DEp� 2.18(RT/nF)[d] DEp� (RT/nF)(0.780ÿ lnL)/[a(1ÿa)]ÿ (RT/2nF)[aÿ 1lna� (1ÿa)ÿ 1ln(1ÿa)][d]


Case II[e] Ip/(neN0)� (Dhop/R0
2)/(1� cosf0)ln{Dhopq/[R0tan(f0/2)]2} Ip/(neN0)� (Dhop/R0


2)/(1� cosf0)ln{Dhopq/[R0tan(f0/2)]2}
E1/2�E0[d] E1/2�E0ÿ (RT/a*nF)lnL[d]


Case III Ip/(neN0)� 1/(4q) Ip/(neN0)�a*/(eNq)� 0.368(a*/q)
Ep�E0[d] Ep�E0ÿ (RT/a*nF)ln[(kSq/R0)tan(f0/2)][d]


DEp� 0[d] DEp�ÿ (RT/nF)ln[(kSq/R0)tan(f0/2)]/[a(1ÿa)][d]


[a] See text and Figure 3 for the kinetic domain of each case I ± III as a function of Dhopq/R0
2 and f0 . [b] The peak currents are given for one dendrimer


molecule; for Nd�pr0
2GdNA identical dendrimers adsorbed on the electrode surface (NA being the Avogadro number and Gd expressed in moles per unit of


surface), the overall experimental current is Nd times that indicated. Ep is the peak potential of the forward wave, and DEp the peak-to-peak potential
separation. [c] L� kS(q/Dhop)1/2[(1� cosf0)/2], q�RT/nFv in cyclic voltammetry; a* represents a when n> 0, or (1ÿa) when n< 0. [d] These expressions
are given for the case where the reduced and oxidized forms of the dendrimer have the same adsorption isotherms. [e] In case II, a single voltammetric
sigmoid wave is observed, so its half wave potential E1/2 is indicated.
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referenceº values, one obtains 5.5� 102 sÿ1/2� (kS/Dhop
1/2)


[(1� cosf0)/2]� 11.5� 102 sÿ1/2. In the following we retain
their average value (kS/Dhop


1/2)[(1� cosf0)/2]� 8� 102 sÿ1/2. f0


being unknown kS/Dhop
1/2 cannot be determined yet.


From the limit observed at large scan rates (Figures 5 a or
6 a one determines that in case I-slow charge transfer regime,
(Ip/A)! 2.81� 10ÿ8 (v/V sÿ1)1/2 when v!1 . Conversely,
when v! 0, in the case III ± Nernstian limit, one has
(Ip/A)! 4.35� 10ÿ11 (v/V sÿ1). From the ratio of these two
limits one eliminates the unknown common NdeN0 factor
(Table 1), so that (Dhop/R0


2)1/2tan(f0/2)� 2.9� 103 sÿ1/2 is cal-
culated when a� 0.5. Yet, kS/Dhop


1/2 and Dhop/R0
2 cannot be


determined since f0 is still unknown.
This set of relationships gives the required parameters


(Dhop/R0
2, kS/Dhop


1/2) as a function of the still unknown f0


value: (Dhop/R0
2)1/2� 2.9� 103/tan(f0/2), and (kS/Dhop


1/2)� 8�
102/[(1� cosf0)/2], where in each case the constant term is in
sÿ1/2. We then performed a series of simulations for a series of
constant f0 values (Figures 6 b, c). As observed in Fig-
ures 6 b, c, the predicted variations of v/Ip strongly depend
on f0 over the window of scan rates used in this study even if
all curves tend asymptotically towards the same limit (case
III ± Nernstian) at slow scan rates. This can be easily under-
stood by examination of the zone diagram in Figures 3 b or 3 c.
When f0 is extremely small, starting in case III and increasing
the scan rate forces the system into the transition zone II/III
so as to eventually reach a pure case II; upon increasing
further the scan rate, the system is then forced into the
transition I/II and finally reaches a pure case I ± slow charge
transfer. A complete displacement from pure case III to pure
case I would then require at least two to three orders of
magnitude of scan rates (Figures 3 b or 3 c). Experimentally
one observes such a transition over a slightly less than two
orders of magnitude of scan rate (from 0.036 to 2.52 MVsÿ1).
This clearly shows that f0 cannot be small. Whenever f0 is
larger than about p/2, the system passes directly from case III
to case I upon increasing the scan rate and the corresponding
I/III transition requires less than ca. one order of magnitude


of scan (Figures 3 b or 3 c). This shows that f0 cannot greatly
exceed p/2. When f0 is around p/2, the transition from case III
to case I passes through the general case so that its duration
depends critically on f0 because this latter controls the
amount of interference from the unseen case II (Figures 3 b or
3 c). As a result, v/Ip variations with v become extremely
sensitive to the exact value of f0 when it is around p/2. One
may take advantage of this situation to determine f0 with an
excellent precision. Thus, comparison of the experimental
variations of v/Ip as a function of v with the set of working
curves presented in Figures 6 b, c shows (Figure 6 a) that an
excellent agreement is observed for f0� 1.2� 0.1 rd� 2p/5. It
ensues that (Dhop/R0


2)1/2� (4.2� 0.5)� 103 sÿ1/2 and that (kS/
Dhop


1/2)� (1.2� 0.5)� 103 sÿ1/2.
From the f0 value determined above it is deduced that a


dendrimer molecule does not rest on the electrode surface by
retaining its total spherical solution shape, but that a
significant fraction of chain linkers are in close contact with
the electrode surface (see Figure 1b). In fact, within the
framework of this model, the disk of contact with the
electrode has a radius of R0sinf0� 0.93R0 . This shows that
the adsorbed dendrimer molecule is distorted vis a vis the
spherical shape it has in solution,[36±38] and more closely
resembles a hemisphere. Assuming that the dendrimer
molecule retains its inner volume when it adsorbs on the
electrode surface, R0� 1.1Rfree where Rfree� 5 nm is the
estimated radius of a free dendrimer molecule in solution.[6±8]


Such data compares extremely well with the result of scanning
tunneling microscopy (STM) investigations of related den-
drimers on platinum electrode surfaces in which it was noted
that the radius of the adsorbed globule was about 10 % larger
than that calculated for the free molecule.[7]


Using the above R0 value affords Dhop� 5� 10ÿ6 cm2sÿ1 and
kS� 2.5 cm sÿ1 based on the above average values of Dhop/R0


2


and kSDhop
ÿ1/2. By using Equation (8) and d� 1.4 nm for the


diameter of one Ru(tpy)2 redox center, the above Dhop value
gives k� 4.8� 10ÿ16 L sÿ1. This value corresponds to a would
be homogeneous self-exchange rate constant 6kNA� 1.7�


Figure 6. Variations of v/Ip as a function of the scan rate. a) Experimental data (symbols) and predicted variations (solid curve) for f0� 1.2 rd, (Dhop
1/2/R0)�


4.1� 103 sÿ1/2, and (kS/Dhop
1/2)� 1.2� 103 sÿ1/2. Dashed lines: limit at low (horizontal line, Ip/v� 4.35� 10ÿ5 AMVÿ1s) or high (slanted line, Ip/v1/2�


2.81� 10ÿ5 AMVÿ1/2s1/2) scan rates. b) and c) Predicted behaviors at a series of different f0 values for (Dhop
1/2/R0)tan(f0/2)� 2.9� 103 sÿ1/2, and (kS/Dhop


1/2)
[(1� cosf0)/2]� 8� 102 sÿ1/2 ; b) from bottom to top, f0� 0.050, 0.345, 0.640, 0.935, 1.230, 1.525, and 1.820; c) from top to bottom, f0� 1.820, 2.115, 2.310,
2.610, and 2.900.
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109 L mol sÿ1 in solution. Note that such a rate validates a
posteriori our initial assumption concerning the negligible
role of direct electron tunneling between the electrode
surface and the redox sites distributed on the dendrimer
outer shell. The above value of 6kNA� 1.7� 109 Lmol sÿ1


ought to be compared to ksoln
act , the isotopic rate constant of


the electron transfer between free [RuII/RuIII(tpy)2] redox
centers. To the best of our knowledge, ksoln


act has never been
determined for [RuII/RuIII(tpy)2] redox centers, but the self-
exchange rate constant ksoln


act � 109 L molÿ1sÿ1 has been report-
ed for the related [RuII/RuIII(bpy)3] system in water.[53] In
other words, the measured Dhop value corresponds to what is
expected for an electron self-exchange involving adjacent
redox centers in the transition state.


However, a full coverage of the dendrimer shell would
require about Nmax� 140 redox centers, so that the average
distance between the centers of two [Ru(tpy)2] molecules on
the dendrimer shell is d(Nmax/N0)1/2� 2.1 nm for 64 redox sites.
Assuming that electron exchanges occur between [RuII/
RuIII(tpy)2] redox centers pinned at their equilibrium posi-
tions and using an average value of l� 10 nmÿ1 (viz. ,
1 �ÿ1)[44, 45] should then correspond to 6NAk/ksoln


act � 1.2� 10ÿ3


[Eq. (10)]. However, l may be as small as 5 nmÿ1 (viz. ,
0.5 �ÿ1), depending on the exact nature of the nonconducting
linker which separates the two exchanging centers. The above
estimation was based on the maximum reported l value.
Conversely, using the minimum reported value, that is, l�
5 nmÿ1 affords 6NAk/ksoln


act � 3.5� 10ÿ2. Since the experimental
value of 6NAk/ksoln


act is found to be close from unity, both results
establish unambiguously that the redox centers are extremely
mobile (energetically and dynamically) in their potential wells
and may easily achieve close contact at the very moment of
electron transfer.


Based on Equation (19), and Figure 2 the equivalent
molecular force constant k maintaining the redox centers in
their potential wells must be much less than 10ÿ20 J nmÿ2.
Using l� 10 nmÿ1, this imposes that z� 2l2kBT/k� 25 so that
from Equation (32), W� 10ÿ10. Conversely, using l� 5 nmÿ1,
imposes that z� 2l2kBT/k� 6 so that from Equation (32),
W� 3.5� 10ÿ2. Therefore the determination of the maximum
surfacic viscosity hS of one [Ru(tpy)2] molecule in its potential
well depends critically on the value used for l. Thus, one
obtains hS� 10ÿ20 N smÿ1 upon using l� 10 nmÿ1 or hS� 5�
10ÿ13 N smÿ1 upon using l� 5 nmÿ1. Let us compare these
values to that in solution. From the Nernst ± Einstein relation-
ship, an average solution diffusion coefficient of Dsoln� 5�
10ÿ6 cm2 sÿ1 for a molecule of radius rm in solution corresponds
to a volumic kinematic viscosity hV� kBT/(6pDsolnrm), that is,
to an apparent surfacic kinematic viscosity happ


s � hVrm� 5�
10ÿ13 N smÿ1. This value exceeds the maximum allowable
value of hS determined above. In other words, the mobility of
the redox centers on the spherical dendrimeric shell is much
larger than that of a free [Ru(tpy)2] molecule in solution. This
may be surprising at first glance since in a dendrimer the
[Ru(tpy)2] centers are connected to radial chains which ought
to rub against their neighboring chains to allow any significant
displacement of a [Ru(tpy)2] center. In our view this shows
that 1) there is no significant friction between the linkers, and
that 2) the dendrimer structure prevents the building-up of a


tight solvent and ionic atmosphere around the redox centers
as compared with dendrimers in solution.


Since the adsorbed dendrimer structure is more compact
than that of a free dendrimer molecule in solution because of
the requirement of f0� 2p/5, this result is a fortiori valid for
similar dendrimers in solution, regardless of the nature of the
chemically active center carried at the extremities of the
linkers. In other words, this implies that redox centers or
catalytic centers linked to a dendritic structure similar to that
considered here cross talk much more easily than the same
centers when they are free in solution at the same concen-
tration. This is an important effect to take into account for
example in the design of dendrimer-supported organometallic
catalysts,[23±35] since it establishes unambiguously the existence
of a stronger chemical cross-talk than in solution. For
example, bimolecular reactions between organometallics
catalytic centers that occur with difficulty in solution under
catalytic conditions may well become the dominant path when
the catalytic centers are supported on a dendritic structure.


Effect of the distribution of dendrimers on the voltammetric
oxidation wave


In the above treatment we have relied exclusively on the
variations of the voltammetric peak current intensity and
potential with the scan rate. However, comparison between
the simulated and experimental voltammograms (Figure 4)
shows that the predicted voltammetric peaks are sharper than
the experimental ones. This is also reflected by the fact that
when the dendrimer surfacic concentration is estimated from
the limit, (2.3�0.2)� 10ÿ10 V sÿ1Aÿ1, achieved by v/Ip in the
smaller scan rates range used in this study (Figure 6a), one
obtains NdeN0� (4.4� 0.5)� 10ÿ12 C, and since N0� 64 is
known by construction, Gd�Nd/(pr0


2NA)� (0.9� 0.2)�
10ÿ12 mol cmÿ2 (r0� 5.0� 0.5 mm). When Gd is estimated from
the charge consumed (from the surface area of the voltam-
metric peak) one obtains NdeN0� (12� 2)� 10ÿ12 C so that
Gd� (2.5� 0.4)� 10ÿ12 mol cmÿ2. Both values are consistent
with previous more precise determinations of Gd (3.5�
10ÿ12 mol cmÿ2)[8] made for the same dendrimer yet the second
evaluation is much closer than that based on the peak current,
especially considering that the surface of the platinum
electrode used here is much less defined than the electrodes
used previously.[8] In other words, it appears that the
experimental peak does not correspond to a simple summa-
tion of the current peaks due to Nd identical dendrimers, but
to the convolution of the individual currents due to a
population of different dendrimers.


Let us consider a distribution G(g) of dendrimers which
differ by the value of their oxidation potential in the adsorbed
state as compared to E0 in solution: E0


ads(g)�E0� g(RT/F).
Indeed, even assuming linearized isotherms (that is, GJ�
Gm


J [J]soln
0 exp(ÿDG0


J/RT), where [J]soln
0 is the solution concen-


tration of species J�Red,Ox at the interface, Gm
J its maximum


adsorbed surfacic concentration and DG0
J its standard free


energy of adsorption)[1, 51] for the reduced and oxidized forms
of the dendrimer, Equation (88) is valid at equilibrium of the
adsorbed phase when the electrode is set at potential E.


GRed/GOx� (Gm
Red/Gm


Ox�exp[(DG0
OxÿDG0


Red�/RT]([Red]soln
0 /[Ox]soln


0 � (88)
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Thus, for a Nernstian couple and n�ÿ1 (oxidation wave)
Equation (89) is valid, where E0


ads(g)�E0� g(RT/F) and g�
ln(Gm


Red/Gm
Ox�� (DG0


OxÿDGo
Red�/RT.


GRed/GOx� exp{F[E0
ads(g)ÿE]} (89)


Equation (89) shows that whenever the GJ
m and DG0


J values
differ for the oxidized and reduced forms, E0


ads(g) differs from
the solution formal potential E0. Whenever the distribution of
g values is not a Dirac function, the voltammetric wave
observed in case III-Nernstian for the whole population is
given by Equation (90), where x� (F/RT)(EÿE0) as defined
above, and G(g) is the normalized distribution (the integral of
G(g) from g� 0 to infinity is unity) of g values among the
whole population of dendrimers adsorbed on the electrode
surface.


I(x)/[NdN0e(Fv/RT)]�
Z�1


0


{exp(xÿ g)/[1� exp(gÿ x)]2}G(g)dg (90)


Figure 7a represents the experimental voltammetric peaks
observed at 0.036 and 0.072 MV sÿ1, that is, when case III-
Nernstian is achieved. This presentation eliminates the effect


of scan rate so that the two experimental peaks almost
coincide. Using the formulation in Equation (90), one may
extract the experimental G(g) distribution from these two set
of data. G(g) obeys closely a c2 distribution law (Figure 7b)
[Eq. (91)] with sg� 1.96, w� 0.41; u� 1.13 is the normal-
ization factor corresponding to these sg and w values.


G(g)� (u/2sg)(g/2sg)wexp(ÿg/2sg) (91)


The maximum of the G(g) distribution is observed at g0�
1.6, that is, to (DG0


OxÿDG0
Red� being in the range of about 4 kJ


molÿ1 if one assumes at this stage that ln(Gm
Red/Gm


Ox� is
comparatively negligible (sed vide infra). The above sg value
corresponds to about 5 kJ molÿ1 for the difference (DG0


Oxÿ


DG0
Red�. Both values establish that even if the distribution


significantly affects the voltammetric peak, it remains ex-
tremely narrow (ca., 10 %) in view of the adsorption energies
involved; for example, DG0


Red�ÿ (49� 1) kJ molÿ1 has been
determined previously for the adsorption of these dendrimers
on platinum electrodes.[8] Again, this conclusion compares
satisfactorily with the result of previous STM investigations
that have established that these dendrimers give rise to
perfectly ordered arrays.[7]


The same distribution [Eq. (91)] was applied to the
voltammetric peaks obtained at faster scan rates. This
produced reconstructed theoretical voltammetric peaks which
compare extremely well with the experimental ones, although
only for the lower and upper ranges of scan rates used in this
study (v< 0.2 MV sÿ1, or v> 1.5 MV sÿ1), that is, when the
system has reached case III-Nernstian or case I (total charge
transfer control). In the intermediate range, one observes a
slight but systematic discrepancy between the experimental
and reconstructed theoretical voltammograms. In our view,
this reflects that the value of g affects to some extent the way
by which the system transits from case III-Nernstian to case
I-slow charge transfer. In other words, the distribution of g


values slightly affects the val-
ue of kS but does not affect
Dhop and f0 in a significant
fashion.


Regarding Dhop this ap-
pears to be a reasonable re-
sult since this parameter de-
rives from events that primar-
ily occur far from the
electrode surface and there-
fore characterize the dynam-
ics of the redox centers on the
dendrimer shell. This result is
also reasonable for f0 since,
owing to the large adsorption
energy of dendrimers
(DG0


Red�ÿ 50 kJ molÿ1),[8]


the effect of the comparative-
ly small distribution of
(DG0


OxÿDG0
Red�, that is,


5 kJ molÿ1, is expected to
have an extremely modest
effect on the geometry of


the surface of contact between the electrode and the
dendrimer (ca. 10 nm diameter for f0� 2p/5 and R0� 5 nm).
Also, it is rational that even a slight change in adhesion of a
dendrimer affects kS, the heterogeneous rate of electron
transfer, since this rate constant is closely related to the
coupling between the electrode and the redox centers close to
it. However, the effect is modest and shows up mostly in the
intermediate range of scan rates where the system experiences
a transition between Nernstian and slow charge transfer
regimes. From the experimental data obtained in this
intermediate range of scan rates, one can extract the
distribution of kS. This was not attempted because the
effect is extremely modest (sks/kS< 20 %) compared to that
due to g.


Figure 7. Effect of a population of dendrimers on the overall voltammetric anodic peak observed at the slowest
scan rates when the case III-Nernstian kinetic conditions (see Table 1) are obeyed. a) Experimental data
corrected from the background base line (circles: v� 0.036 MV sÿ1; triangles, v� 0.072 MV sÿ1). The thick solid
line is the predicted behavior for the population distribution shown by the solid curve in b), while the dashed line
is that predicted for a monodisperse distribution (g0� 1.6), viz. , for G(g)� d(gÿ 1.6) where d is the Dirac function
(see text for the definition of g). b) Solid curve: c2 distribution of the dendrimer population (reduced state) as a
function of g [Eq. (91)] with sg


an� 1.96, wan� 0.41; uan� 1.13); the maximum of Gan(g) corresponds to g0
an� 1.6


and Gan(g0
an)� 0.133. Dashed curve: c2 distribution of the dendrimer population (oxidized state) as a function of


g�j gcath j [Eq. (91)] by permuting g into jgcath j with sg
cath� 1.67, wcath� 0.41; ucath� 1.13); the maximum of Gcath(g)


corresponds to g0
cath�ÿ1.4, Gcath(jg0


cath j )� 0.156.
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Meaning of DEp


Equation (89) predicts an apparent shift of the voltammetric
wave with respect to the E0 value in solution. However,
whenever the G distribution does not change upon full
oxidation of the adsorbed dendrimers, an identical potential
shift should be observed for the reduction wave. In other
words, when case III-Nernstian is achieved, both waves should
be enlarged and shifted identically with respect to E0 due to
the common distribution of g values, so that they should
remain centered around E0


ads(g0) and DEp should be nearly
zero under the case III-Nernstian regime. This is clearly not
the case since DEp remains about 80 mV down to very slow
scan rates (v< 100 mVsÿ1).[6] Furthermore, Figure 5b shows
that the experimental DEp variations versus v are closely
reproduced by the theory over the entire range of scan rates
used here provided that a constant DEp� 80 mV is added to
the theoretical prediction (note that the two points at the
highest scan rates deviate because of filtering by the
potentiostat and imperfect ohmic drop compensation above
2 MV sÿ1). This suggests that the two populations of den-
drimers (viz. , the completely reduced one versus. the com-
pletely oxidized one) experience different G distributions.


The fact that the adsorption behavior differs for the two
populations of reduced or oxidized dendrimers is also
evidenced by the comparison of the anodic and cathodic
voltammetric peaks. Indeed, at the lowest scan rates used
here, where the case III-Nernstian regime prevails, the
cathodic current peak is about 20 % less than the anodic
one. One determines a comparable diminution of coverage
(ca. 25 %) upon considering the relative surface areas of the
two voltammetric peaks. Neglecting the possible involvement
of charge trapping effects,[6, 54±57] these numbers reflect that in
the fully oxidized state the surfacic concentration of den-
drimers is about 25 % less than that observed in the fully
reduced state and that the G distribution is narrower for the
fully oxidized state since the diminution in peak current
intensity is smaller than that deduced from the area under the
peak.


This is a clear indication that one is confronted with a phase
transition. One phase prevails when the dendrimers are in
their RuII redox state (this is the one that controls the anodic
peak), and another phase prevails when the dendrimers are in
their RuIII redox state (this is the one that controls the
cathodic peak). Each phase has its own Gm value and G(g)
distribution. In the following we thus indicate by a superscript
'II' or 'III' the values which pertain to the corresponding
phase. The above analysis applies therefore to the RuII phase
which corresponds then to Gd


II� (2.5� 0.4)� 10ÿ12 mol cmÿ2,
and obeys a GII(g) c2 distribution ([Eq. (91)], Figure 7, solid
curve) with a maximum at g0


II� 1.6, and sg
II� 1.96, wII� 0.41,


and uII� 1.13. The same treatment applied to the RuIII phase
(that is, based on the treatment of the cathodic peak,
data not shown) shows that Gd


III� 0.75Gd
II� (2.0� 0.3)�


10ÿ12 mol cmÿ2. It also obeys a c2 distribution, GIII(jg j )
([Eq. (91)], Figure 7, dashed curve), with its maximum at
g0


III�ÿ1.4, and sg
III�ÿ1.67, wIII� 0.41, and uIII� 1.13. Based


on the above analysis, the peak-to-peak separation between
the anodic and cathodic voltammetric waves is then given by


DEp�RT(g0
IIÿ g0


III)/F. Since g0
IIÿ g0


III� 3, the value is pre-
dicted to be 76 mV, which compares extremely well to the
experimental one of (80� 5) mV.


Based on the g0
III value determined for the RuIII-phase, one


determines (DG0
OxÿDG0


Red�III to be about ÿ3.5 kJ molÿ1, that
is, of similar magnitude to (DG0


OxÿDGo
Red�II� 4 kJ molÿ1


determined above for the RuII-phase but with the opposite
sign. Note that in the determination of (DG0


OxÿDG0
Red�II/III we


neglected the contribution of the ln(Gm
Ox/Gm


Red�II or ln(Gm
Ox/


Gm
Red�III terms in each phase since we have no way to determine


them at present. However, since (Gm
Ox�III/(Gm


Red�II� 0.75 one
expects that Gm


Ox/Gm
Red is even closer to unity in each phase so


that the resulting error should be negligible and, in any case,
much lower than the widths of each distribution as deter-
mined from the corresponding sg values (about 5 and
ÿ4.5 kJ molÿ1 for the RuII and RuIII phases respectively). In
other words, the oxidized dendrimer molecules are more
strongly adsorbed than their reduced form in the fully
oxidized RuIII phase, while the reverse is observed in the
fully reduced RuII phase.


Such a phase transition is expected for highly ordered
arrays such as those produced by these dendrimers.[7] Indeed,
because of electroneutrality, full oxidation of one dendrimer
molecule requires the presence of 64 BF4


ÿ anions from the
supporting electrolyte around the dendrimer shell. This
suffices to give a about 5 % increase in its apparent radius.
However, dipole ± dipole repulsions then occur between
adjacent oxidized dendrimers so that the apparent increase
in radius must be larger than this number in order to allow
adequate screening of electrostatic repulsions by the ionic
atmosphere. Both phenomena may then very well account for
the overall apparent increase by about 10 ± 15 % of the radius
(note that such an increase in radius results in an increase in
area of about 25 % which, in turn, is reflected in a similar
diminution in the surface coverage). The resulting increase in
radius explains, therefore, why the highly ordered array of the
RuII phase resists the insertion of oxidized dendrimers into it.
Similarly, reduction taking place within a highly ordered array
of oxidized dendrimers in the RuIII phase should require
energy to compensate the creation of an uncovered area of the
electrode in the middle of the RuIII array. This suggests that
(DG0


OxÿDG0
Red�II or (DG0


OxÿDG0
Red�III do not reflect varia-


tions of binding energies between the dendrimers and the
electrode surface, but rather, the energetics of the defects
created in either ordered array by the creation of dendrimer
molecules of a different redox state.


The maximum interaction between adjacent sites in either
array is expected to occur at the level of the equatorial planes
of the adsorbed dendrimers. Since f0� 2p/5, the dendrimers
rest nearly on their equatorial plane (compare Figure 1b) so
that such repulsions are expected to occur at near maximum
strength as soon as only a few percent of the redox sites borne
by a dendrimer have changed redox state. This explains
therefore a posteriori why Dhop and f0 are almost unaffected
by the distribution of g, and why kS is only slightly affected.
Similarly, this also explains why one needs to add the same
constant term (80 mV) to the predicted DEp


th values irre-
spective of the scan rate in order to reconcile the predicted
and experimental DEp (Figure 5b).







FULL PAPER C. Amatore, H. D. AbrunÄ a et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0710-2224 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 102224


The existence of two different phases requires that the
population of adsorbed dendrimer must experience phase
transitions upon oxidation/reduction cycles. Previous inves-
tigations by quartz microbalance (though with ClO4


ÿ support-
ing electrolyte anion instead of BF4


ÿ used here) clearly
established the occurrence of a perfectly reproducible mass
hysteresis during the oxidation/reduction cycles.[6] The mass
mid-point transition occurred near the end of the voltam-
metric peak during the anodic scan (v� 50 mVsÿ1), while it
occurred in conjunction with the reduction peak during the
cathodic scan. This behavior is consistent with different
(DG�


OxÿDG�
Red� values in each phase as inferred from the


present analysis.
In our view, this conclusion explains, also a posteriori, the


experimental observation that we made with the amorphous
electrodes used in this study compared to what occurs on
much better defined platinum surfaces.[6±8] Indeed, as ex-
plained before, we noted that the electrode needed to be
cycled numerous times before sharp voltammetric signals
could be observed. In fact, the first voltammetric cycles gave
rise to rather sluggish anodic and cathodic waves, which
progressively sharpened upon cycling to yield, reproducibly,
those shown and used here. When this final reproducible state
was achieved, the voltammetric system did not evolve with
time except when the electrode was repolished. So each
voltammogram presented and used here was obtained in a
single scan mode after this pretreatment and yielded repro-
ducible results from run to run. In view of what has been
described above, one may then consider that when a fresh
polished surface is introduced into the dendrimer solution,
dendrimers (in their reduced form) adsorb kinetically onto
the amorphous platinum electrode surface. This may well lead
to a series of kinetic microdomains characterized by their own
g0


II and sg
II values so that the first voltammetric waves


observed appear sluggish. Upon cycling continuously anodi-
cally and cathodically the electrode, one anticipates contin-
uous desorption-adsorption cycles to occur because of the
alternative change of sign in (DG�


RedÿDG�
Red� since the active


phase in each half-cycle differs. This continuous desorption ±
adsorption process is then expected to ºannealº the initial
broad distribution by imposing ultimately a thermodynamic
situation, so that the distribution of g values should sharpen so
as to give, ultimately, those presented in Figure 7b.


Conclusion


We have shown here, thanks to the possibility of performing
cyclic voltammetry in the megavolt-per-second range of scan
rates, that the extension of a diffusion layer can be tuned to fit
precisely the nanometric dimensions of an electroactive nano-
object. In this study we applied this ultrafast voltammetric
method to the study of electron-hopping diffusion within a
dendrimer structure bearing redox sites on its external shell.
Owing to the topology of such particular structure the
voltammetric behavior of such objects obey new specific


diffusional patterns that reflect the specific topological
arrangement of the redox sites onto the dendrimer shell.
These specific behaviors complicate significantly the voltam-
metric analysis, yet in return they afford a precise description
of the shape of the adsorbed dendrimers. This is a unique
result which could not be achieved by STM or atomic force
microscopy (AFM) exploration of the same system, since
either method gives access to only that part of the adsorbed
globule that is exposed to the solution,[7] in this case, above the
equatorial plane of the adsorbed dendrimers. Conversely, the
ultrafast voltammetric investigation affords a precise descrip-
tion of the region facing the electrode, that is, of the part
located below the equatorial plane. It was thus established
that the contact area between the dendritic structure and the
electrode is quite large, which is in agreement with the large
adsorption energies reported previously by some of us.[8] In
fact, the adsorbed dendrimer structure is then distort-
ed[36±38] and resembles more closely a hemisphere resting onto
the electrode than a spherical globule as it should be in
solution (Figure 1b). In our view this ability to pro-
vide a sound topological information is a new and unique
property of voltammetric exploration of electroactive nano-
objects.


Besides such topological information, the voltammetric
investigation gave access to the measurement of the electron-
transfer self-exchange rate constant between the [RuII/
RuIII(tpy)2] redox sites borne by the dendritic structure.
Surprisingly, we observed this rate constant to be comparable
with electron transfer occurring between redox centers in
contact, albeit the average distance between their centers is
about 2 nm. This indicates that the redox centers are
extremely mobile around their equilibrium position. The
model that has been developed here establishes that this may
occur only if the kinematic viscosity of the centers is smaller
than that of the same centers in solution. This highlights the
extreme mobility of dendritic structures and the extremely
facile cross-talk between centers borne by dendrimers similar
to that studied here. This important effect which to the best of
our knowledge has never been shown before needs to be
taken into account in the design of dendrimer-supported
organometallic catalysts,[23±35] since this may induce different
mechanistic paths than those observed for the same homoge-
neous catalytic centers.


Finally, the knowledge of the independent behavior of each
dendrimer unit has allowed the statistical treatment of the
whole population of dendrimers adsorbed onto the electrode
surface. Interestingly this part of our study allowed us to
establish that a rather narrow distribution may nevertheless
affect considerably the shape of the voltammetric waves vis a
vis a monodisperse population. In particular, the simple
model developed here easily accounts for the existence of the
potential difference between the anodic and cathodic peak at
small scan rates by an energetic hysteresis due to the fact that
each given array of adsorbed dendrimers, that is, an arrray of
reduced or oxidized molecules, accepts with considerable
difficulty a redox change of its components. To the best of our
knowledge this is the first time that such phenomenon has
been properly identified by electrochemistry of bidimension-
nal arrays.
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Experimental Section


The dend-64-[RuII/RuIII(tpy)2] dendrimer investigated in this study (see
Scheme 1) was synthesized and characterized according to reported
procedures.[6±8]


The home-made ultrafast potentiostat equipped with feedback electronic
compensation used in this study has been described in full details
elsewhere.[4] Its bandpass in the full compensation mode resulted in no
significant distortion of the voltammograms up to 2 MVsÿ1.[4] Above this
scan rate the potentiostat introduced slight distortions of the voltammetric
peaks (compare Figure 5b).[4] Under this scan rate it introduced only a
constant time lag of 20 ns that was eliminated by numerical shift of the
digitally recorded current-times curves.[4]


The three-electrode electrochemical cell (0.3 mL) and other electronic
apparatus used in this study were identical to those previously reported.[4]


The working electrode was a platinum disk of 5.0� 0.5 mm radius made by
the cross-section of a platinum wire (Goodfellow) of 5 mm nominal radius
sealed into soft glass, polished and calibrated according to reported
procedures.[58] It was polished on alumina 0.3 mm (Presi) before use. The
counter electrode was a platinum wire and the reference electrode a
floating pseudoreference electrode as described elsewhere.[4] The size of the
three electrodes and of their leads were critical so the cell was mounted
directly into the potentiostat board to minimize the stray capacitances.[4]


The cell was filled with 0.25 mL of a saturated solution of the dend-64-
[RuII/RuIII(tpy)2] dendrimer[6±8] in acetonitrile, distilled before use and
stored under argon, and containing 0.6m NEt4BF4 (Aldrich) that was dried
under vacuum for 3 h prior to the experiment. During all experiments, the
cell was kept under an argon blanket.


The first voltammetric scans with a freshly polished electrode gave broad
voltammetric cycles. However, cycling the electrode anodically and
cathodically progressively resulted in reproducible sharper voltammetric
peaks. After this preparation phase of the electrode, there was no need to
reproduce this pretreatment unless the electrode was disconnected from
the cell and polished again. Each voltammogram used here (Figure 4) was
obtained in the single scan mode. Five (v >0.1 MVsÿ1) or 20 (v�
0.1 MV sÿ1) independent voltammograms were averaged to increase the
signal-to-noise ratio without introducing any significant distortion of the
voltammetric waves.


All the programs developed in this work were written in language C�� and
ran on a PC-Pentium 333 MHz. They were built using classical implicit
finite difference algorithms,[59] based on the dimensionless system of
Equations (40), (42), (71) ± (73) . The current was then obtained by
application of Equation (76). The programming was classical for such
implicit algoritms except for a very critical point related to the value of the
mesh of the space grid. For this, for any given value of f0, b [Eq. (75)] and L


[Eq. (76)] the maximum extent of the diffusion layer was roughly estimated
by application of hdiff� 5/Y(xmax) based on the theoretically predicted
limiting dimensionless currents Y derived analytically in this work and on
the schematic zone diagram shown in Figure 3a. The ensuing diffusion layer
was then equally separated into 50 space elements to define the mesh grid
for the calculations. It was checked that increasing hdiff by a factor two to
five while keeping the same space interval did not resulted in any
noticeable change of the computed dimensionless current. When, hdiff


exceeded the value hp=2
diff corresponding to f�p/2, the calculation was


performed with two connected space grids. For h� hp=2
diff (viz. , for f0�f�


p/2) the calculation was performed in the h space [Eq. (39)] and the
diffusion equation was Equation (40) with D* defined as in Equation (42).
For f>p/2, the calculations were performed directly into the f space to
save computation time, so that Equation (35) was solved instead. The
interconnection between the two spaces was ensured by forcing continuity
conditions on f and qf/qh (viz. , qf/qh� (qf/qf)(bsinf)/2, viz., qf/qh�b(qf/
qf)/2 at p/2) at h� hp=2


diff (viz. , at f�p/2). The validity of the program was
tested by forcing extreme conditions on f0 , L, or b, so that the system was
shifted in any of the six limiting cases delineated in this study, and by
checking then that it produced then the appropriate predicted limiting
dimensionless currents within a precision better than 0.1 %. This ensured
that the simulations were performed with an excellent precision in the
general case and in any transition between limiting behavior (Figure 3) as
well as under any conditions required for the analysis of the present
experimental data.
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Tropospheric Formation of Hydroxymethyl Hydroperoxide, Formic Acid,
H2O2, and OH from Carbonyl Oxide in the Presence of Water Vapor:
A Theoretical Study of the Reaction Mechanism


Ramon Crehuet,[a] Josep M. Anglada,*[a] and Josep M. Bofill[b]


Abstract: We have carried out a theo-
retical investigation of the gas-phase
reaction mechanism of the H2COO�
H2O reaction, which is interesting for
atmospheric purposes. The B3LYP
method with the 6-31G(d,p) and
6-311�G(2d,2p) basis sets was em-
ployed for the geometry optimization
of the stationary points. Additionally,
single-point CCSD(T)/6-311�G(2d,2p)
energy calculations have been done for
the B3LYP/6-311�G(2d,2p) optimized
structures. The reaction begins with the
formation of a hydrogen-bond complex
that we have calculated to be
6 kcal molÿ1 more stable than the reac-


tants. Then, the reaction follows two
different channels. The first one leads to
the formation of hydroxymethyl hydro-
peroxide (HMHP), for which we have
calculated an activation barrier of
DGa(298)� 11.3 kcal molÿ1, while the
second one gives HCO�OH�H2O,
with a calculated activation barrier of
DGa(298)� 20.9 kcal molÿ1. This process
corresponds to the water-catalyzed de-


composition of H2COO, and its uni-
molecular decomposition has been pre-
viously reported in the literature. Addi-
tionally, we have also investigated the
HMHP decomposition. We have found
two reaction modes that yield
HCOOH�H2O; one reaction mode
leads to H2CO�H2O2 and a homolytic
cleavage, which produces H2COOH�
OH radicals. Furthermore, we have also
investigated the water-assisted HMHP
decomposition, which produces a cata-
lytic effect of about 14 kcal molÿ1 in the
process that leads to H2CO�H2O2.


Keywords: ab initio calculations ´
atmospheric chemistry ´ carbonyl
oxide ´ reaction mechanisms ´
water chemistry


I. Introduction


Many degradation reactions of importance in tropospheric
chemistry begin with the ozonolysis of alkenes. The reaction
of ozone with terminal alkenes (such as isoprene, b-pinene,
and other biogenic hydrocarbons) proceeds via the formation
of a primary ozonide (1,2,3-trioxolane),(1) which decomposes
to the Criegee intermediates (carbonyl oxide and aldehyde
pair (2, 3)) as two of the major products.
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In the gas phase, carbonyl oxide (H2COO) is formed with
an excess of energy and may either, decompose unimolecu-
larly (among 37 ± 50 %) or become collisionally stabilized
(among 63 ± 50 %),[1±5] and then undergo bimolecular reac-
tions with other tropospheric gases. The gas-phase unimolec-
ular decomposition of H2COO leads to the formation of
HCOOH, CO2, CO, H2O, H2, H, HCO, OH, H2CO, and
O.[4, 6±15] With respect to the stabilized carbonyl oxide, its
reaction with water vapor is one of the most important
reactions in atmospheric chemistry, and it is believed that it
constitutes the major degradation reaction in the atmos-
phere.[16, 17] It is known that this reaction leads to the
formation of hydroxymethyl hydroperoxide (OHCH2OOH
or HMHP), formic acid, and H2O2.[18±23] These species are
important in environmental chemistry. They have been
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detected in air and precipitation and have been measured in
rural, forested, and urban areas under polluted condi-
tions.[24±30] It is also believed that these compounds have a
direct impact on the control of plant growth and forest
damage. HMHP may also act as an enzymatic inhibitor of
peroxidases, while H2O2 is a very important oxidant.[31±33]


Moreover, the reaction of carbonyl oxides with water is also
important in drinking water and wastewater processes, in
which ozonolysis is widely used.[34]


Several investigations have been carried out to explain the
formation of HMHP, HCOOH, and H2O2 in the presence of
water vapor.[18±23, 35±37] In a first stage, the reaction proceeds by
the addition of the H2O to the Criegee biradical, which leads
to HMHP, and then it decays to give HCOOH�H2O or
H2CO�H2O2. However, in a recent study, Neeb et al.[21]


found that the decomposition of HMHP results almost
exclusively in HCOOH�H2O, while the formation of
H2CO�H2O2 should be of minor importance.


Despite the importance of the reaction of carbonyl oxide
with water, the detailed mechanism is not known. Therefore,
in the present investigation we aim to shed light on it by
means of a theoretical study. Thus, in a first step, we have
considered the addition of one water molecule to form-
aldehyde carbonyl oxide, which leads to the formation of
HMHP [Eq. (1)]. In a second step, we have studied the
unimolecular decomposition of HMHP as shown in Equa-
tions (2) ± (4). Furthermore, we have also considered the
decomposition of HMHP assisted by a water molecule
[Eqs. (5) and (6)] and finally, we have investigated an


additional reaction mode between H2COO�H2O that does
not lead to the formation of HMHP but releases OH and
HCO radicals [Eq. (7)].


H2COO�H2O!H2C(OH)OOH (1)


H2C(OH)OOH!HCOOH�H2O (2)


H2C(OH)OOH!H2O2�H2CO (3)


H2C(OH)OOH!H2COOH�OH (4)


H2C(OH)OOH�H2O!HCOOH� 2 H2O (5)


H2C(OH)OOH�H2O!H2O2�H2CO�H2O (6)


H2C(OH)OOH�H2O!HCO�OH�H2O (7)


II. Technical details : The geometry optimizations for all
stationary points were performed by using the hybrid density
functional B3LYP method.[38] In a first step, the geometries of
each structure were fully optimized using the 6-31G(d,p) basis
set.[39] The harmonic vibrational frequencies were also calcu-
lated to verify the nature of the corresponding stationary
point (minima or transition states) and to provide the zero-
point vibrational energy (ZPE) and the thermodynamic
contributions to the enthalpy and free energy for T� 298 K.
In order to take into account the anharmonicity effects, the
ZPE energies were scaled by 0.9806.[40] Moreover, to ensure
that the transition states connect the desired reactants and
products, we have performed intrinsic reaction coordinate


Table 1. ZPE [kcal molÿ1], entropies S [e.u.], relative energies DE, relative enthalpies DH(298), relative free energies DG(298) [kcal molÿ1], and dipole
moments [debye] for the optimized structures computed at B3LYP and CCSD(T) levels of theory using the 6-311�G(2d,2p) basis set.[a]


B3LYP B3LYP B3LYP CCSD(T) CCSD(T) CCSD(T)
Compound Relative to ZPE S[b] DE DH DG DE DH DG m


H2COO�H2O 32.4 104.7 0.0 0.0 0.0 0.0 0.0 0.0 ±
M1 H2COO�H2O 34.8 74.8 ÿ 8.2 ÿ 6.4 2.5 ÿ 8.8 ÿ 7.0 1.9 3.1


ÿ 7.8[c] ÿ 6.0[c] 0.9[c]


TS1 M1 35.1 66.7 8.1 7.3 9.7 9.7 8.9 11.3 4.1
M2 a TS1 37.0 68.7 ÿ 43.5 ÿ 40.7 ÿ 41.3 ÿ 46.8 ÿ 44.1 ÿ 44.6 2.1
M2 d M2a 37.2 69.7 0.8 0.7 0.4 0.8 0.7 0.4 2.6
M2 b M2a 37.3 69.6 0.2 0.2 ÿ 0.1 0.2 0.2 ÿ 0.1 1.2
M2 e M2a 37.0 70.6 3.6 3.4 2.8 3.7 3.6 3.0 0.9
M2 c M2a 37.1 69.9 1.3 1.1 0.8 1.6 1.4 1.0 1.9
TS2 M2d 36.9 67.1 3.5 2.9 3.7 4.0 3.3 4.1 1.7
TS3 M2b 32.5 69.8 50.0 45.2 45.1 49.2 44.3 44.2 0.5
TS3 a M2b 32.2 70.2 53.3 48.3 48.0 52.6 47.5 47.4 3.0
TS4 M2b 32.3 66.5 47.9 42.4 43.3 52.7 47.2 48.2 1.5
TS5 M2d 32.8 70.0 48.1 43.7 43.6 52.0 47.5 47.5 3.1
H2COOH�OH M2a 30.8 106.4 40.4 35.1 23.8 44.4 39.0 27.8 ±
H2O2�H2CO TS5 32.7 106.7 ÿ 31.4 ÿ 30.2 ÿ 14.6 ÿ 34.5 ÿ 33.3 ÿ 44.2 ±
syn-HCOOH�H2O TS3 34.1 104.4 ÿ 121.5 ÿ 118.7 ÿ 129.0 ÿ 120.6 ÿ 117.7 ÿ 128.0 ±
anti-HCOOH�H2O TS4 33.8 104.6 ÿ 115.2 ÿ 112.0 ÿ 123.3 ÿ 119.9 ÿ 116.7 ÿ 128.0 ±
TS6 M2a�H2O 47.9 77.8 31.7 27.7 38.4 38.3 34.2 44.9 2.7
TS6 a M2b�H2O 47.7 77.8 33.7 29.4 40.5 40.4 36.1 47.1 4.0
TS7 M2c�H2O 47.1 75.7 31.0 26.1 37.8 38.6 33.6 45.3 3.2
TS7 a M2d�H2O 47.4 76.1 42.2 37.5 49.1 40.2 35.5 47.1 1.2
TS8 M2e�H2O 48.8 78.1 21.2 18.2 29.4 25.6 22.6 33.8 2.0
TS9 M2a�H2O 48.9 73.4 31.2 27.6 39.6 33.1 29.5 41.5 2.0
TS10 M1 31.0 68.1 21.1 16.3 18.3 23.7 18.9 20.9 3.4
HCO�OH�H2O TS10 26.3 141.3 ÿ 18.2 ÿ 19.5 ÿ 41.3 ÿ 23.2 ÿ 24.5 ÿ 46.3 ±


[a] The ZPE (scaled by 0.9806) and the thermodynamic contributions to enthalpy and free energy are computed at the B3LYP/6-31G(d,p) level of theory. The
dipole moments are computed at the B3LYP/6-311�G(2d,2p) level of theory. [b] The computed entropies S for the reactants and products are: 59.6
(H2COO); 45.1 (H2O); 63.8 (H2COOH); 42.6 (OH); 54.5 (H2O2); 52.2 (H2CO); 59.3 (syn-HCOOH); 59.5 (anti-HCOOH). [c] Includes the BSSE corrections.
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calculations (IRC) at this level of calculation for each
transition state. In a second step, all stationary points were
reoptimized using the more flexible 6-311�G(2d,2p) basis
set.[41] Finally, we have performed single-point CCSD(T)
calculations[42±44] using the 6-311�G(2d,2p) basis set at the
geometries obtained at B3LYP/6-311�G(2d,2p) level of
theory. Moreover, in order to obtain a better estimation of
the stability of a complex structure found in this investigation,
we have also computed the basis set superposition error
(BSSE) according to the counterpoise method by Boys and
Bernardi.[45] All calculations were done using the Gaussian 94
program package.[46]


Throughout the text, all geometry discussions will refer to
the B3LYP/6-311�G(2d,2p) values, and the energies will
refer to those computed at CCSD(T)/6-311�G(2d,2p)//
B3LYP/6-311�G(2d,2p). The ZPE and enthalpic corrections
are calculated with the B3LYP/6-31G(d,p) values. Moreover,
the relative energies computed at B3LYP/6-311�G(2d,2p)
are also tabulated for the sake of comparison. The Cartesian
coordinates of all stationary points, their absolute energies,
and the relative energies computed at B3LYP/6-31G(d,p) are
also available as Supporting information.


III. Results and Discussion


In the text, the structures of the stationary points are
designated by M for the minima and by TS for the transition
states, followed by a number (1, 2 and so on). Moreover, in
order to distinguish different conformational isomers, we have
also added the letters a, b, and so on. The most relevant
geometrical parameters of the calculated stationary points are
shown in Figures 1 ± 5 and 7 ± 10, while the corresponding
relative reaction and activation energies, enthalpies, and free
energies are listed in Table 1. Throughout the text we will
compare reaction channels that involve one water molecule
with reaction channels that involve two water molecules, and
consequently the entropic effects become important. There-
fore, unless otherwise stated, free energies obtained with the
larger basis set will be discussed throughout the paper.
Figure 6 shows a schematic free-energy reaction diagram.


A) Formation of the hydrogen-bond complex : The reaction
between H2COO and H2O begins with the formation of a
hydrogen-bond complex that we have labeled as M1 (Fig-
ure 1), and whose existence has been recently pointed out by
Aplincourt et al.[47] Our calculations indicate that M1 is
6 kcal molÿ1 more stable than the reactants (including the
BSSE corrections, see Table 1) and, taking into account the
different entropic effects between M1 and H2COO plus H2O
(DS�ÿ29.9 e.u.), we have computed a DG�ÿ


r (298) of
0.9 kcal molÿ1. After M1 the reaction can follow two different
channels, which involve the formation of HMHP via TS1 and
the production of OH and HCO radicals via TS10.


B) The formation of HMHP : After M1, the reaction goes on
through TS1 before the production of HMHP, and the
corresponding minimum has been labeled as M2a (Figure 2).
This path can be envisaged as a 1,3-dipolar interaction


Figure 1. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). M1 and TS1 for the stationary points
of the reaction between H2COO and H2O.


between the carbon and the terminal oxygen of H2COO with
the OH of water. Our results in Table 1 indicate that the
process is exoergic by about 33 kcal molÿ1 with an activation
barrier of 11.3 kcal molÿ1. Regarding the transition structure,
TS1 is a five-membered ring and shows how the oxygen of
water is linked to the carbon atom (R(CO)� 1.969 �), while a
hydrogen atom is transferred to the terminal oxygen of
H2COO (R(OH)� 1.549 �). The peroxide OO bond (R�
1.455 �) has been elongated 0.103 � with respect to the
carbonyl oxide reactant, and the peroxide bond thus loses its
double bond character.


In addition to M2a, we have also studied several conforma-
tional isomers of HMHP (labeled as M2 b ± M2 e in Figure 2
and Table 1), which connect HMHP with the final products of
its decomposition (see below). These isomers are between
0.2 ± 3.6 kcal molÿ1 more energetic than M2a, and their
interconversion barrier is very low [3.3 kcal molÿ1 for TS2
(Figure 3), which connects M2 d and M2 e (Figure 2 and
Table 1)].


C) The unimolecular decomposition of HMHP : We have
found four different reaction modes for the unimolecular
decomposition of HMHP: (a) and (b) lead to the formation of
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Figure 2. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). M2a, M2b, M2 c, M2 d, and M2 e for
several conformers of HMHP.


formic acid (HCOOH) plus H2O, (c) produces H2O2 plus
H2CO, and (d) involves the homolytic cleavage of the
hydroperoxide group in HMHP and yields OH and hydroxy-
methoxy (H2COOH) radicals.
a) The fate of the first reaction mode is HCOOH plus H2O


and corresponds to the unimolecular decomposition of
M2b. We have found two different paths (TS3 and TS3 a)
that produce the syn and anti isomers of formic acid,


respectively. Both transition structures are four-membered
rings and differ only in the orientation of the hydrogen of
the hydroxide group. The most relevant geometrical
parameters of TS3 are R(HO)� 1.615 �, R(HC)�
1.208 �, R(OO)� 1.963 �, and R(CO)� 1.287 � (see
Figure 3). The reduction of 0.111 � in the CO bond with
respect to M2 b shows that the double bond of the formic
acid is formed. The large HO bond length (1.615 �) is
similar to that found previously in intramolecular hydro-
gen transfer from a CH2 group to an oxygen atom (see for
instance TS6, TS12, and TS14 from ref. [14] or TS6 below).
Table 1 shows that the computed activation barriers are
44.2 and 47.4 kcal molÿ1, respectively; the barrier through
TS3 is slightly smaller than the excess of energy
(44.6 kcal molÿ1) involved in the HMHP formation (see
Table 1 and Figure 6). Thus, we conclude that this path
may be active in the gas phase.


b) A second reaction mode for the unimolecular decompo-
sition of HMHP (M2 b) leads to the formation of anti-
HCOOH�H2O, and the corresponding transition struc-
ture (TS4, Figure 4) involves a five- and a three-membered
ring. Figure 4 shows how the OO peroxide bond is broken
(R� 1.875 �) as the hydrogen atom from the hydroxyl
group migrates to the terminal oxygen of the hydro-
peroxide group, and thus one water molecule is formed. At
the same time, one hydrogen of the CH2 moiety migrates
to the oxygen, which results from the cleavage of the OO


Figure 3. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). TS2, TS3, and TS3 a for the stationary
points of the reaction between H2COO and H2O and the unimolecular
decomposition of HMHP.
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peroxide group (see the three-membered ring part), and
this leads to the formic acid molecule. The computed
energy barrier is 48.2 kcal molÿ1, close to the energy
barrier of TS3 a.


c) The decomposition of HMHP (M2 d) into H2CO�H2O2 is
slightly endoergic (DG�ÿ


r (298)� 3.3 kcal molÿ1) and has an
activation barrier of 47.5 kcal molÿ1 (TS5, Table 1 and
Figure 4). This transition structure corresponds also to a
four-membered ring, in which the hydrogen of the
hydroxide group is transferred to the peroxide oxygen as
the CO bond is broken to form the H2O2 molecule. The CO
bond length of the formaldehyde moiety (1.297 �, TS5
Figure 4) is 0.094 � shorter than the corresponding
distance in M2 d, which shows that the double bond of
the aldehyde is formed.


d) Finally, we have also considered the homolytic cleavage of
the hydroperoxide group in HMHP that produces OH and
hydroxymethoxy (H2COOH) radicals. Table 1 and Fig-
ure 6 show that this is the process that requires the lowest
energy in the unimolecular decomposition of HMHP
(DG�ÿ


r (298)� 27.8 kcal molÿ1), and since M2 is formed with
an excess of energy of about 44 kcal molÿ1 (see Figure 6),
we conclude that some OH radicals may be released into
the atmosphere throughout this mechanism. Moreover, it is
known that the H2COOH radical reacts with atmospheric
O2 to produce formic acid and OOH radicals.[48, 49] Thus,
the by-reaction between O2 and H2COOH will also
contribute to the gas-phase formation of formic acid.


D) The water-assisted decomposition of HMHP : The exper-
imental results from the literature that refer to the formation
and later decay of HMHP[21, 27, 50] indicate that a fraction of the
formed compound is collisionally stabilized in the gas phase
and can undergo further bimolecular reactions. Therefore, we
have also considered the reaction between HMHP and water.
This process should be highly probable in a water vapor
atmosphere, in which the water concentration is very high. For
this reaction we have found three different reaction modes
[(e), (f), and (g)], which function in the same way as the
unimolecular decomposition via TS3, TS4, and TS5, respec-
tively, as described in the previous section. Moreover, with
regard to the HMHP moiety, the same bond-breaking/bond-
making processes occur as in the unimolecular processes, and
the only difference lies in the fact that the hydrogen atoms
move through the water molecule. That is, one hydrogen atom
from HMHP is transferred to the water molecule while
another hydrogen from water is transferred back to HMHP as
it decomposes, so that the water molecule is regenerated after
the reaction has taken place. In general, the computed
activation enthalpies for these HMHP water-assisted decom-
positions (TS6 ± TS8, Table 1) are between 10 and
25 kcal molÿ1 smaller than those for the unimolecular proc-
esses described above (compare TS6 with TS3, TS7 with TS4,
and TS8 with TS5, respectively, for the same processes, non-
assisted and water-assisted). Therefore, we could say that this
second water molecule produces a catalytic effect in the
HMHP decomposition. A similar water catalytic effect on the
decomposition of carbonic acid has been recently reported in
the literature.[51] However, in the reaction of HMHP with a
water molecule there is a significant entropic effect that
should be taken into account. Thus, for instance, a DSa of
ÿ37 e.u is computed for the reaction between M2 a�H2O
through TS6 (this is the difference S(TS6 a)ÿ S(M2 a�H2O))
while a DSa of 0.1 e.u is computed for the unimolecular
decomposition of M2b via TS3 (this is the difference S(TS3)ÿ
S(M1b)); both represent the same process, that is, the production
of formic acid plus water. Consequently, the entropic con-
tributions reduce the importance of the water catalytic effect
as pointed out for the free-energy values in Table 1.
e) The reaction between HMHP and H2O via TS6 and TS6 a


produces HCOOH� 2 H2O, and has been reported re-
cently by Aplincourt et al.[47] Both transition structures
differ in the orientation of the hydroxide group so that TS6
is the transition state for the M2 a�H2O! syn-
HCOOH� 2 H2O, while TS6 a is the transition state for
the M2 b�H2O! anti-HCOOH� 2 H2O reaction (see
Figure 7). In these processes, one hydrogen of the carbonyl
oxide moiety is transferred to the water molecule while
one hydrogen from water moves to the terminal oxygen of
the peroxide group as the OO bond cleaves (Figure 7).
Moreover, with regard to the HMHP moiety, these
reactions involve the same bond-breaking/bond-making
processes as for TS3 and TS3 a in the unimolecular
decomposition as discussed in the previous section. Table 1
and Figure 6 show that the computed free-energy barriers
for TS6 and TS6 a are 44.9 and 47.1 kcal molÿ1, respective-
ly; this is of the same order as those of the unimolecular
process.


Figure 4. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). TS4 and TS5 for the unimolecular
decomposition of HMHP.
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Figure 5. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). Carbonyl oxide 1A'(Cs), HOOH 1A
(C2), H2COOH, HCO 2A' (Cs), syn-HCOOH 1A' (Cs), and anti-HCOOH
1A' (Cs).


f) HMHP, M2 c, and M2 d react with H2O via TS7 and TS7 a,
respectively, to produce anti-HCOOH� 2 H2O. With re-
gard to the HMHP moiety, these reactions involve the


same bond-breaking/bond-making processes that occur in
the unimolecular process via TS4 (see above), and both
TS7 and TS7 a involve a seven- and a three-membered ring.
The activation barriers are computed to be 45.3 and
47.1 kcal molÿ1 for TS7 and TS7 a, respectively, with no
significant catalytic effect with respect to the unimolecular
process.


g) The last reaction mode between HMHP (M2 e) and H2O
produces H2CO�H2O2�H2O. The corresponding transi-
tion structure (labeled as TS8 in Figure 9) is a six-
membered ring and constitutes the water catalytic partner
of TS5 in the unimolecular process. The computed free-
energy barrier is 33.8 kcal molÿ1 (Table 1 and Figure 6),
which is 13.7 kcal molÿ1 smaller than that for the uni-
molecular process via TS5. Consequently we observe an
important catalytic effect, which makes this the process
with the lowest energy barrier in the HMHP reaction.


The distinct features of these three reaction mechanisms
will enable us to distinguish them easily from one another. If
the experiments are performed with D2O instead H2O and the
origin of the protons that are moved in these processes is
taken into account, the reaction through TS6 and TS6 a
(Figure 7) will lead to HCOOH�HDO. The reaction through
TS7 and TS7 a (Figure 8) will produce HCOOH�D2O, and
the reaction through TS8 must produce DOOD�H2CO�
D2O. Moreover, it is also worth pointing out that the same
isotopic effects would occur if the unimolecular decomposition
modes through TS3, TS4, and TS5, respectively, were active.


In addition, we have also found a further reaction path,
which involves a conformational change in HMHP (from M2 a
to M2b) assisted by a water molecule. The corresponding
transition structure is labeled as TS9 in Figure 9 and shows


0.0


G(kcal mol–1)


-115.3


-27.8


TS1 (13.2)


M2a 


HCOOH + H2O


H2CO + H2O2  


H2COO  + H2O 
-3.6


H2C(O)OH  + OH


TS10 (22.9)


HCO + OH + H2O 


TS4 (16.6)


TS3 (12.7)


TS5 (16.4)


TS7 (15.0)


TS6 (13.5)


TS8 (5.3)


-23.5


-31.4


 + H2O


 + H2O


M1(0.9)


 + H2O
 + H2O


 + H2O


Figure 6. Schematic free-energy diagram for the reaction between H2COO and H2O.
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Figure 7. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). TS6 and TS6 a for the stationary
points of the water-assisted decomposition of HMHP.


how this process implies a migration of three hydrogen atoms.
The computed free-energy barrier is 41.5 kcal molÿ1, a value
that is in the range of the other processes assisted by a water
molecule, but it is much more energetic than the paths
originated by single bond rotations such as TS2 (see above),
because in this case, bonds have to be broken and formed.


Finally, we comment on a technical point. The geometrical
parameters computed at B3LYP/6-31G(d,p) and B3LYP/
6-311�G(2d,2p) agree quite well (see Figures 1 ± 5), and the
relative energies obtained at CCSD(T) and B3LYP using the
larger basis set differ in the range of 2 ± 5 kcal molÿ1. However,
the relative energies obtained at B3LYP using the smaller
basis set are of lower quality and differ up to 19 kcal molÿ1


with respect to the CCSD(T) values (see Table 1 and
Supporting information); this emphasizes the need to use a
large basis set containing diffuse and polarization functions.


E) The water-assisted formation of OH radicals : We have
found a further reaction mode between carbonyl oxide and
H2O through the hydrogen-bond complex M1 that leads to the
formation of HCO�OH radicals. In this case, the oxygen
atom of the water molecule borrows the hydrogen atom of the
H2COO that is placed in the syn position, while one hydrogen
atom from water is transferred to the terminal oxygen of


Figure 8. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). TS7 and TS7 a for the stationary
points of the water-assisted decomposition of HMHP.


carbonyl oxide. The corresponding transition state (TS10,
Figure 10) is a quasiplanar six-membered ring, which shows
how the OO bond length (R� 1.453 �) has been elongated by
0.09 � from carbonyl oxide. Moreover, the hydrogen atom
transferred from water (R(OH)� 1.306 �) is closer to the
terminal oxygen of carbonyl oxide (R(OH)� 1.135 �), while
the hydrogen atom transferred from H2COO to H2O is
halfway (R(CH)� 1.325 � and R(OH)� 1.270 �, respective-
ly). The computed activation free energy (relative to M1) is
20.9 kcal molÿ1, which is about 10 kcal molÿ1 higher than the
barrier involved in the formation of HMHP via TS1 (Figure 6
and Table 1). Thus, the high value of this energy barrier makes
this process unlikely in the gas phase. A closer look at the
geometrical structure of TS10 in Figure 10 will show us that
this process corresponds to a hydrogen-atom migration from
the carbon atom to the terminal oxygen in H2COO, catalyzed
by a water molecule. The hydrogen-atom migration in the
noncatalyzed path involves a four-membered ring and has
been reported by Gutbrod et al.[10] They report an activation
barrier of 30.8 kcal molÿ1 so that the catalytic effect of the
water molecule results in a reduction of the barrier of about
9 kcal molÿ1. The products of this process are HCO plus OH
radicals and one H2O molecule that is regenerated. In fact our
IRC calculations indicate the formation of the carbene
HCOOH plus H2O before the decomposition of HCOOH
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Figure 9. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). TS8 and TS9 for the stationary points
of the water-assisted decomposition of HMHP.


Figure 10. Selected geometrical parameters of the B3LYP/6-311�
G(2d,2p) and B3LYP/6-31G(d,p) (in brackets). TS10 for the stationary
points of the water-assisted decomposition of HMHP.


into HCO�OH. However, Gutbrod et al.[10] showed that this
carbene should be unstable so we have considered the final
products. Our calculations indicate that the process is exoergic
by 25.5 kcal molÿ1. As pointed out previously, the features of
this reaction mode will allow its easy identification if experi-
ments are carried out with D2O instead of H2O. In this case,
the isotopic products will be HCO�OD�HDO.


IV. Relevance of these results : There are several points in the
results of the present study that are of direct interest for
atmospheric chemistry. The first point of interest is the
addition of H2O to H2COO. The reaction begins with the
formation of a hydrogen-bond complex (M1) and follows two
reaction modes. The energetically most favorable corresponds
to the formation of HMHP with a free-energy barrier of
11.3 kcal molÿ1. However, it is also of interest for atmospheric
chemistry in terms of the second reaction mode, which results
in the decomposition of carbonyl oxide into HCO and OH
radicals. This reaction path has a high activation barrier
(21 kcal molÿ1), and therefore it is unlikely that this process
occurs in the gas phase. However, this reaction mechanism
becomes more important in substituted carbonyl oxides.[49]


The second point of interest refers to the unimolecular
decomposition of HMHP. Our calculations indicate that the
energetically most favorable path corresponds to the homo-
lytic cleavage of the peroxide OO bond in M2 that leads to the
formation of OH and hydroxymethoxy (H2COOH) radicals.
This decomposition is endoergic by 27.8 kcal molÿ1. Since
HMHP is formed with an excess of energy of about
44 kcal molÿ1, we can conclude that this path will be active
in the gas phase. At this point, it is also worth recalling that
other mechanisms for the formation of OH radicals in the gas-
phase ozonolysis of alkenes have been proposed in the
literature.[12, 14, 15, 52] Consequently this process will help to
explain the release of OH radicals in the atmosphere as a
result of the alkene ozonolysis. Besides the release of OH
radicals into the atmosphere by this mechanism, it is also
known that the H2COOH radical reacts with O2 to form
HCOOH.[48] This reaction is very probable in the atmosphere,
since O2 exists in high concentration. Moreover, as a by-
product, the highly reactive OOH radical is formed. With
regard to other possible decomposition modes of HMHP, our
calculations indicate an activation barrier of 44.2 kcal molÿ1


for the reaction path though TS3. Since HMHP is formed with
an excess of vibrational energy (DH�ÿ


r (298)�ÿ44.1 kcal molÿ1,
see Table 1), we believe that the formation of HCOOH by this
mechanism is also energetically feasible. The formation of
HCOOH through TS4 or the formation of H2O2 plus H2CO
through TS5 can be ruled out because these paths require a
higher activation energy. These results agree with the
experimental observation by Neeb et al.[21] that indicates
almost only the formation of formic acid in the decomposition
of HMHP.


A third important point derived from the present inves-
tigation refers to the reaction between HMHP and a water
molecule. Although the enthalpic results displayed in Table 1
indicate a large stabilization in the processes assisted by a
water molecule, the consideration of the entropic contribution
minimizes this catalytic effect. Thus, only the activation
barrier of the path that leads to the formation of H2CO plus
H2O2 is significantly reduced and may become active in the
gas phase (compare TS8 with TS5 in Table 1). In view of this
result, one would expect some formation of H2CO plus H2O2.
However, Figure 6 shows clearly that the energetic require-
ments for this process are larger than those for the homolytic
cleavage of HMHP that produces H2COOH�OH, and this
makes the formation of H2CO plus H2O2 unlikely. In fact
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Neeb et al.[21] concluded that the formation of these species is
of minor importance, and HMHP decomposes to yield almost
exclusively formic acid, which agrees with the unimolecular
process described above.
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A Logical Concept of Structure Prediction Derived from Supramolecular
Polymers of Alkaline Earth Metal Halides Formed by Hydrogen Bonding and
Complexation of the Metal Ion


Katharina M. Fromm*[a]


Abstract: Several different dimensional polymers derived from alkaline earth metal
iodides are obtained as a result of supramolecular noncovalent bonding modes of the
metal ion, namely complexation and hydrogen bonding. These polymers consist of
complex cations linked to the halide ions by hydrogen bonds of the water ligands
coordinated to the metal. They are built up in a logical way, depending on the ratio of
complexing ligands to complexing and hydrogen-bonding ligands so that their
dimensionality and, to a certain extent, their structure can be predicted.


Keywords: alkaline earth metals ´
coordination complexes ´ hydrogen
bonds ´ structure elucidation ´ struc-
ture prediction


Introduction


Supramolecular chemistry provides ways and means to design
and generate organized equilibrium architectures of nano-
scopic dimensions with novel structural and functional
properties.[1, 2] The final supramolecular entity (or a collection
of such) evolves through a sequence of spontaneous but
directed recognition, growth, and termination steps of suit-
ably instructed components and specified interaction
schemes. Noncovalent interactions, such as hydrogen bond-
ing, metal-ion coordination, and electrostatic and hydro-
phobic forces, permit the precise positioning of molecular
components in a well-defined supramolecular architecture.[1, 2]


The implementation of the underlying principles of non-
covalent interactions in molecular-based materials allows the
generation of spatially confined and macroscopically ordered
ensembles. Long-range correlation of positions or orienta-
tions of the active constituents will be of paramount
importance to fully explore the potential of supramolecular
materials and functional devices derived from them. The
improvement of existing methods and the development of
novel procedures to generate organized supramolecular
assemblies represents a central objective and requires the
availability of structurally reliable, functional synthons to
engineer periodic, three-dimensional architectures that have
specific structural characteristics.


Such is the case for networks of different dimensionalities.
These materials are in the focus of materials research because,


in particular, they are highly anisotropic.[3] The challenges
presented by the production of a well-defined dimensionality,
and the formation of chiral and chemically functionalizable
pores has recently stimulated the application of self-assembly
principles that originate from supramolecular chemistry[1, 2]


and which are based on hydrogen bonding and metal-ion
coordination.[1, 2, 4]


Metal-ion-containing devices are of particular interest as
active components in functional materials because they possess
a wide range of well-defined coordination geometries and
diverse properties that are relevant to electronic, optical,
magnetic, and catalytic applications.[5] Self-assembly of the
metallosupramolecular architecture is effected through ligands
with suitable binding sites in a proper spatial arrangement.[1, 2]


On the other hand, hydrogen bonding is probably the most
widely spread interaction motif in biological systems.[4]


Therefore, it is of interest to explore both interactions in
order to pursue the goal of constructing different dimensional
architectures that contain functional components.[6]


In our group, we are especially interested in alkaline earth
compounds as their application might be found in the wide
area of, for example, high-temperature superconductors and
thin film oxides.[7] Various methods are available for the
deposition of thin films on a substrate, for example, MO-CVD
(metal ± organic chemical vapor deposition), dipping, spray-
ing, or spinning.[8] In this context, we decided to focus on the
dimensionality of the polymers formed by alkaline earth
metal halides with both i) a complexing, but otherwise
innocent, polyether oxygen donor ligand, and ii) a complexing
as well as hydrogen-bonding H2O ligand. Depending on the
ratio of ªcomplexing-onlyº ligands to ªcomplexing-and-H-
bondingº ligands, the overall dimensionality of the compound
can be controlled and, therefore, predicted.
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Results


We were able to obtain a number of adducts between halides
of alkaline earth metals (calcium and barium) and oxygen
donor ligands. These adducts display structures of all dimen-
sionalities as a result of hydrogen bonding. From these results,
it seems that the number of water molecules strongly
influences the dimensionality of the network formed (Ta-
ble 1).


The reaction of BaI2 with triglyme (triglyme� triethylene
glycol dimethyl ether) that contains 1 ½ of water, gave
{[Ba(triglyme)2(H2O)]I2}0/1 (1). This compound contains a
single water molecule that acts as both a complexing and a
hydrogen-bonding ligand. Compound 1 is obtained as color-
less rod-like single crystals from the mother liquor in a yield of
42 %. X-ray structural analysis shows that it crystallizes in the
orthorhombic space group Pbca and has one molecule per
asymmetric unit (Figure 1).[9] The barium cation is coordi-


Figure 1. Structure of the [Ba(triglyme)2(H2O)]2� cation in 1; H atoms of
the polyether ligands have been omitted for clarity.


nated by nine oxygen atoms provided by two triglyme ligands
and one water molecule. The coordination geometry can best
be described as a distorted trigonal prism formed by O3, O5,
O6, and O1, O4, O8. The rectangular faces are capped by one
oxygen each (O2, O7, O9). The Ba1 ± O(triglyme) bond
lengths vary between 2.832(3) and 2.939(4) �, whereas the
water molecule is bonded more tightly (Ba1 ± O9 2.730(4) �)


as a terminal ligand. The O-Ba1-O angles of vicinal oxygens of
the triglyme ligands are all in the same order of magnitude
(56.39(11) ± 59.49(11)8) so that the summation of these angles
only is very similar for both ligands. However, the angles
found between the first oxygen and last oxygens of the ligand
vary dramatically from O1-Ba1-O4 (70.78(11)8) to O5-Ba1-
O8 (152.08(10)8). This gives a total angle sum for the first
triglyme ligand of 244.448 and 326.508 for the second; the
oxygen atoms O5 ± O8 and Ba1 are almost planar. The four
oxygen atoms of each triglyme ligand each lie approximately
in one plane, and the two planes, O1 ± O4 and O5 ± O8, are
inclined to each other by �15.58. The oxygen atom of the
water molecule is almost 1 � below the plane of O5 ± O8, and
points away from the O1 ± O4 plane.


In the crystal, the [Ba(triglyme)2(H2O)]2� cations form
hydrogen bonds to the iodides I1 and I2 through the hydrogen
atoms of the water molecule (Figure 2). Thus, the O9(H92)-


Figure 2. View onto a) the ab plane of 1 and b) the ac plane of 1. C atoms
and the corresponding H atoms have been omitted for clarity.


± I1 bond is 3.529(5) � (2.86(7) �) and the O9(H91) ± I2 bond
is 3.432(6) � (2.72(6) �); this indicates quite a strong hydro-
gen-bonding interaction. The iodides act as terminal ligands
and each hydrogen of the water ligand binds to one iodide.
Therefore, the overall structure of the compound is zero-
dimensional with discrete molecules of 1 and no closer
interactions between the molecular units. There may be a
slight intramolecular contact between I2 and Ba1 as the


Table 1. Overview of the structures formed and their corresponding
dimensionality.


Compound No. H-bonding H2O Dimensionality


{[Ba(triglyme)2(H2O)]I2}0/1 (1) 1 0
{[Ca(diglyme)2(H2O)2]I2}1/1 (2) 2 1
{[Ba(diglyme)2(H2O)3]I2}2/1 (3) 3 2
{[Ca(triglyme)(H2O)4]I2}3/1 (4) 4 3
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coordination sphere of Ba shows a large unoccupied space on
the side occupied by the water ligand. In fact, the hydrogen-
bonded iodide I2 is at a distance of 3.9549(8) � from Ba1; this
is too far away for a chemical bond, but might allow for weak
electrostatic interactions between the two ions. In addition,
the O9-H91-I2 angle of 151.18(12)8 is much steeper than the
O9-H92-I1 angle of 168.38(10)8. This supports the hypothesis
of weak interactions between I2 and the barium cation. The
water molecule in 1 can be classified as a class 1', type J,[10, 11]


as the oxygen is coordinated by one lone pair to one divalent
cation; the other lone pair shows no or little interaction with
the cation. The barium atom possesses a valence bond sum of
2.27 and thus shows sufficient coordination by its ligands.[12]


The second example is of a compound with two hydrogen-
bonding water ligands {[Ca(diglyme)2(H2O)2]I2}1/1 (2). It was
obtained from a solution of dried CaI2 in a mixture of diglyme
and water (1 %) in a yield of 24 %. Compound 2 crystallizes in
the monoclinic space group Cc with one complex cation
[Ca(diglyme)2(H2O)2]2� and two iodides, linked by hydrogen
bonds to the cation, per asymmetric unit.[9] The alkaline earth
cation has a distorted square-antiprismatic coordination
geometry with the oxygen atoms of one diglyme ligand and
of one water molecule in each square of the antiprism
(Figure 3). The two square planes, O1-O3-O4-O5 and O2-O6


Figure 3. Hydrogen bonding in 2 ; H atoms of the polyether ligand have
been omitted for clarity.


-O7-O8, are almost parallel to each other with an angle of
4.98. The calcium atom lies almost in the geometric center,
1.395(2) � above the first and 1.382(2) � below the second
plane. The average Ca ± O(diglyme) bond lengths of
2.441(4) � are shorter than the Ca ± O(H2O) bonds of
2.489(4) �. The oxygen atoms of the water molecules are
situated on neighboring sites of the square antiprism and form
an O1-Ca-O2 angle of 65.0(2)8. They can best be classified as
class 1, type D for O2 and as class 1', type J for O1, as the
water molecule O2 is almost coplanar with the alkaline earth
metal cation.[10, 11] The two water molecules are linked to each
other by hydrogen bonding to I1 with H11 ± I1 2.898(4) and
H21 ± I1 2.999(4) �. Iodide I1 acts as an intramolecular m2-
bridging ligand. The angle at I1 is very acute with H11-I1-
H21� 53.94(9)8. The so-formed cationic units {[Ca(diglyme)2-
(H2O)2]I}� are linked together by another hydrogen-bonding
system, which involves the remaining hydrogen atoms of the


water ligands and I2 in order to build a one-dimensional
chain. The H ± I2 bond lengths (2.555(4) and 2.588(4) �) are
shorter than the H ± I1 bond lengths by more than 0.3 �. This
indicates a stronger intermolecular than intramolecular
hydrogen bonding. The H-I2-H angle is almost linear
(173.5(1)8). The so-formed infinite strands run parallel to
each other within planes parallel to the ab plane of the unit
cell. The propagation vectors of the chains are oriented by
�1208 to each other and vary from one plane to the next
(Figure 4). Considering the positions of the iodide within one


Figure 4. View along the a axis onto the bc plane of 2, with chains oriented
1208 to each other; H atoms have been omitted for clarity.


chain, a weak dipole moment is induced not along the chain
propagation vector but perpendicular to it in its width, as the
I1 ions are all oriented to the same side (above) of the strands
and the I2 ions all lie above the gravicenter of the pure
complex cation (Figure 3). There are no further contacts
between the chains to compensate for such a dipole moment.
Whether this fact of being polar has an influence or not on the
physical properties of compound 2 is under current inves-
tigation.


While the calcium atom is satisfied with a coordination
number of eight and a valence bond sum of 2.23 in 2,[12] the
barium ion allows the coordination of a third water molecule
in addition to the two diglyme and two water ligands under
the same reaction conditions. This gives a coordination
number of nine in {[Ba(diglyme)2(H2O)3]I2}2/1 (3). The two-
dimensional compound 3 crystallizes in the orthorhombic
space group Pbca with two independent molecules of
[Ba(diglyme)2(H2O)3]I2 in the asymmetric unit.[9] The coordi-
nation geometry around the barium ions can best be described
as a distorted tricapped trigonal prism of oxygen atoms
(Figure 5). The cationic units [Ba(diglyme)2(H2O)3]2� of Ba1
and Ba2 are linked together by I2 and I4 through the water
ligands O01, O02, O04, and O06 of the two independent
complexes. The m3-ligand I2 bridges O01, O04, and O06 with
the bond lengths of 3.529(4), 3.491(4), and 3.510(4) �,
respectively. The I4 anion binds to O01, O02, and O06 with
3.664(4), 3.670(4), and 3.576(4) �. I2 and I4 also act as
delimiting ligands in a similar manner to two of the terminal
CH3 groups of the diglyme ligands; this separates the layers in
the crystal structure (Figures 6 and 7). There are no close
contacts between the I2 or I4 and any aliphatic hydrogen.
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Figure 5. Coordination and hydrogen bonding in the asymmetric unit of 3 ;
H atoms have been omitted for clarity.


Figure 6. Hydrogen-bonding system in a layer of 3 ; C atoms and the
corresponding H atoms have been omitted for clarity.


Figure 7. View onto the ac plane of 3 ; C atoms and the corresponding H
atoms have been omitted for clarity.


Their angle sum is thus rather small (200.58(7)8 for I4 and
207.40(7)8 for I2) relative to those of I1 and I3 as well as other
m3-bridging iodides.[13] Thus, I1 and I3 are the m3-bridging
ligands that connect the Ba1 and Ba2 cation pairs together to
form a double layer. I1 is connected by hydrogen bonding to
O02, O03, and O05 (3.466(4), 3.540(4), and 3.553(4) �,
respectively) with an angle sum of 318.95(8)8, whereas I3
holds the network together through O03, O04, and O05
(3.538(4), 3.469(4), and 3.602(5) �, respectively) and an angle
sum of 325.69(9)8. A cation formed by Ba1 is thus always
bonded to iodides and to three cations of Ba2 by hydrogen
bonds and vice versa, but is never directly linked to a cation of
its own kind (Figure 6). The water molecules in 3 cannot be
classified with certainty because the positions of the hydrogen
atoms could not be determined in the crystal structure. The
barium atoms in 3 have a very high valence bond sum
compared with those in 1 (2.38 for Ba1 and 2.44 for Ba2)
which means a better and tighter complexation by the diglyme
ligands and the three water molecules in 3 than that of the two
triglyme ligands and one water molecule in 1.[12]


The structure of 3 can, to some extent, be compared with
that of 2. In 2, there is a intramolecularly bonding I1 with a
acute angle at the iodide, and an intermolecularly bridging I2
with an almost linear configuration. In 3, I1 can be considered
as the intramolecular bridging iodide for the cation formed by
Ba1 with a acute angle; however, at the same time, it can also
be considered as an intermolecular linker to the cation of Ba2.
In the same way, I3 is intramolecularly hydrogen-bonded to
cation Ba2 and represents the intermolecular bridge to the
cationic unit of Ba1. In fact, the acute angles of O-I-O in 2 and
3 are comparable (�538 and 55 ± 568, respectively). For I2 and
I4, angles between 518 and 888 are observed.


The last example of a hydrogen-bonded polymeric com-
pound in this series, {[Ca(triglyme)(H2O)4]I2}3/1 (4), was
obtained from a solution of CaI2 in triglyme as colorless
blocks. It crystallizes in the monoclinic space group C2/c
(No. 15).[9] The structure has already been published in a
different context; however, the most important structural
features are repeated here as they are helpful in the following
interpretations.[14] In the cationic part of the structure, the
calcium atom lies on a crystallographic twofold axis, which
also passes through the geometrical center of the triglyme
ligand (0, y, 1�4(e)) (Figure 8).


The metal ion has a coordination number of eight and has
the coordination geometry of a distorted square-antiprism, so
that it is similar to compound 2. The two water molecules and
two oxygen atoms of the triglyme are in one square plane, the
other two oxygens and two water molecules in the other plane
of the prism. Both planes are inclined by 8.6(1)8 with respect
to each other. The calcium ion lies in between at a distance of
1.278 � from each plane. All water molecules are involved in
hydrogen bonding; each of them are linked to two iodides.
Two of the oxygens, O1 and O2, of one square face of the
antiprism and an iodide thus build up a ribbonlike structure in
one direction. A second strand is formed by the other two
water molecules, O1' and O2', of the second square face and
their hydrogen bonding to I', which features a direction vector
of the ribbon almost perpendicular to the first (Figure 9). The
corresponding O(H) ± I distances are between 3.514(5) and
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Figure 8. Complex cation of 4 and hydrogen bonding; H atoms of the
polyether ligand have been omitted for clarity.


3.579(5) �. A three-dimensional network with channels along
the c axes with a diameter of �5 � (Figure 9 b) is formed.
Each anion is a m4-bridge between three cationic [Ca-
(triglyme)(H2O)4]2� units and has contacts with two water


Figure 9. Views of 4 a) along the b axis onto the ac plane showing the
orientation of the bands formed by hydrogen bonding; b) along the c axis
onto the ab plane; C and the corresponding H atoms have been omitted for
clarity.


molecules of one cationic unit and one water ligand of a
second and a third unit. Crystallographic inversion centers are
found in the geometric center of each On-Im-On'-Im'
rhombus (m� 1, n� 1; m� 1, n� 2) . The hydrogen bonds
maintained by O1 and O1' are class 1, type D, whereas O2 and
O2' are class 1', type J.[10, 11] The valence bond sum of 4 is 2.24,
which is the same as that of 2. This indicates that the diglyme
and triglyme ligands together with the corresponding water
molecules are complexed to the alkaline earth metal ion with
about the same strength. This is confirmed by very similar
Ca ± O bond lengths in 2 and 4. A quasi-identical overall
network as in 4 is obtained when the one triglyme ligand is
formally substituted by two DME (DME� dimethoxyethane)
ligands to yield [Ca(dme)(H2O)4]I2, which is another example
of a complex that contains four water molecules and innocent
polyether ligands.[14] It also confirms the rules that can be
derived from the above examples for the determination of the
dimensionality from the number of water ligands involved in
hydrogen bonding.


Discussion


Comparisons : A comparison of the most important crystal
structure data as well as the bond lengths and angles of all four
compounds is given in Tables 2 and 3. The two barium
compounds both possess the coordination number of nine at
the metal center, whereas the smaller radius of the calcium
cation allows only the fixation of eight oxygen atoms. In 1, the
Ba ± O(triglyme) bond lengths are in average longer than the
Ba ± O(diglyme) bonds in 3 ; this is compensated by a shorter
Ba ± O(H2O) bond in 1 than those in 3. The Ba ± O(diglyme)
bonds in 3 are 0.05 � shorter than those of the known
compound [Ba2(thd)4(diglyme)2(m-H2O)][15] (Hthd� 2,2,6,6-
tetramethyl-3,5-heptanedione), even though the coordination
number of 3 is higher by one in this compound. This explains
the extremely high valence bond sum for barium in 3 through
such a tight bonding of ligands. More generally, the Ba ± O-
(polyether) bond lengths as well as the corresponding O-Ba-O
angles are within the same order of magnitude as those found
in the literature for other polyether ligands, such as tetra-
glyme or polyether (2.617(4) ± 2.995(7) � and 55.4(4) ±
59.75(14)8, respectively).[16, 17, 18] The shorter Ba ± O(H2O)
bond in 1 compares well to the value of 2.726(3) � given in
the literature,[17, 19] while those in 3 are �0.05 � longer.
However, they are still shorter than those found in a barium
cryptate with the same coordination number for barium,
[Ba(C18H36N2O6)(NCS)2(H2O)][20] with 2.86 �, or the barium
compound with two water ligands involved in hydrogen
bonding, [BaL2(H2O)2]I2


[21] (L�H2NC2H4OC2H4OC2H4ONH2),
with 2.813(5) �, in which the barium atom has a coordination
number of ten. The hydrogen-bonding system of this reported
compound compares well with our calcium compound 2 : a
one-dimensional polymeric structure that involves only the
water molecules and the counter ions. However, the ligand L
is not an innocent ligand with regards to H bonding; its NH2


groups are also involved and thus yield an overall three-
dimensional network.[21] For the two calcium compounds, all
Ca ± O bond lengths are in the same order of magnitude for
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compounds 2 and 4. In 2 the water ligands are bonded slightly
more tightly than in 4, whereas in 4, the polyether ligand is
bonded, on average, closer to the cation. All the Ca ± O(poly-
ether) bond lengths of 2 and 4 lie within the range found for
other diglyme or polyether carboxylate adducts of calcium
(2.430(2) ± 2.625(4) �), and so do the O-Ca-O angles
(62.5(3) ± 65.99(14)).[22, 23] The Ca ± O(H2O) bond lengths in
2 and 4 are �0.1 � longer than those found in the literature
for complexes that have the same coordination number at the
metal atom,[24] and �0.05 � shorter than the Ca ± O(H2O)
bond in the seven-coordinated compound [Ca(C18H24O7)(NC-
S)2(H2O)].[25] Extremely long Ca ± O(H2O) bond lengths are
observed in [Ca([18]crown-6)(H2O)2]Cl2 ´ 2 H2O, in which the
calcium has a coordination number of eight; however, the two
water molecules in trans positions of a hexagonal bipyramid
are bonded at 2.555(8) �.[26] The O(H) ± I hydrogen bond
lengths become longer in average when going from 1 to 4,
while those in 3 and 4 are the same, within standard


deviations. This might be explained by the difference in the
functionality of the iodide, which varies from a terminal ligand
in 1 to m2-bridging in 2, m3-bridging in 3, to m4-bridging in 4. The
bite angles in the triglyme ligands of 1 are 3 ± 98 smaller than
those in 4. The same order of magnitude of difference is
observed when the bite angles of the diglyme ligands in 3 are
compared to those of 2. This is probably the result of the
different cationic radii of Ca2� and Ba2� as well as the
resulting difference in the coordination numbers. The O-I-O
angles are become smaller as the iodide bridges more and
more water molecules (from 2 to 4). On average, the O-M2�-O
angles between adjacent water ligands become smaller as the
number of water molecules complexed to the metal cation is
increased.


Structural relationships : As there are rules for the construc-
tion of different dimensional networks, the structures should
also be related to each other by some constant structural


Table 2. Crystal data of 1, 2, 3, and 4.


1 2 3 4


formula C16H38BaI2O9 C12H32CaI2O8 C12H34BaI2O9 C8H26CaI2O8


MR 765.6 598.26 713.53 544.17
T [K] 200 200 200 200
crystal size [mm] 0.2� 0.25� 0.48 0.32� 0.38� 0.46 0.21� 0.32� 0.42 0.07� 0.07� 0.58
space group Pbca Cc Pbca C2/c
crystal system tetragonal monoclinic tetragonal monoclinic
a [�] 21.766(3) 9.470(2) 15.004(3) 9.572(2)
b [�] 16.649(3) 16.701(3) 19.508(4) 16.306(3)
c [�] 14.938(4) 14.880(3) 34.650(7) 12.981(3)
a [8] 90 90 90 90
b [8] 90 98.64(3) 90 105.32(3)
g [8] 90 90 90 90
V [�3] 5448.2(2) 2326.7(8) 10 142(4) 1954.1(7)
Z 8 4 8 4
1calcd [gcmÿ3] 1.867 1.708 1.869 1.850
m(MoKa) [mmÿ1] 3.761 2.951 4.033 3.504
F(000) 2944 1176 5440 1056
q range 2.45 ± 27.97 2.44 ± 27.00 1.80 ± 26.02 2.50 ± 27.01
reflections collected 6151 2401 9214 1774
independent reflections 6151 2401 9214 1774
parameters 265 228 441 104
final R indices R1/wR2 [I> 2s(I)][a] 0.0277/0.0614 0.0245/0.0641 0.0619/0.1425 0.0396/0.0872
R indices (all data) R1/wR2 0.0335/0.0540 0.0246/0.0643 0.1106/0.1760 0.0603/0.1022
GOOF[b] 0.679 1.116 1.029 1.147


[a] R1�SjjFoj ÿ jFcjj/SjFoj ; wR2� {S[w(F 2
o ÿF 2


c �2]}1/2. [b] GOOF�S� {S[w(F 2
o ÿF 2


c �2]/(nÿ p)}1/2 ; n�no. of reflections, p� no. of parameters. Weighting
scheme: w� 1/[s2(F 2


o �� (aP)2�bP] in which P� [2F 2
c �Max(F 2


o,0)]/3.


Table 3. A comparison of the most important structural features of 1, 2, 3, and 4.


1 2 3 4


number of H2O 1 2 3 4
dimensionality 0 1 2 3
coordination number 9 8 9 8
M2�ÿO(glyme) [�] 2.832(3) ± 2.939(4) 2.433(4) ± 2.492(4) 2.785(10) ± 2.884(10) 2.487(5) ± 2.506(4)
M2�ÿO(H2O) [�] 2.730(4) 2.384(5), 2.390(5) 2.742(10) ± 2.792(9) 2.392(4), 2.424(5)
O(H)ÿI [�] 3.432(6), 3.529(5) 3.476(6) ± 3.528(6) 3.466(8) ± 3.670(9) 3.514(5) ± 3.579(5)
O(H)-I-O(H) [8] ± 53.94(2), 173.5(3) 51.28(8) ± 153.64(12) 50.77(6) ± 82.55(7)
I-O-I [8] 128.58(8) 105.80(7) ± 115.75(7) 105.51(9) ± 129.96(12) 99.09(5)
O-M2�-O(glyme) [8] 56.3(1) ± 59.4(1) 65.1(1) ± 66.8(1) 57.5(4) ± 60.2(3) 62.3(2) ± 65.1(2)
O-M2�-O(H2O) [8] ± 79.4(2) 70.3(3) ± 73.3(3) 70.0(3), 71.4(10)
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features (Scheme 1). In fact, several similarities can be
observed for the two barium compounds. Thus, compound 3
can be derived from compound 1 when one terminal oxygen
atom of each triglyme ligand in 1, that is O1 and O5 in vicinal
positions to the water ligand O9, is formally replaced by one


Scheme 1. Schematic representation of the structural evolution from 1 to 4
via 2 and 3. Gray spheres: [M(L)n]2� (M� Ca, Ba; L�polyether ligand;
n� 1 or 2); lines emerging from the spheres�bond to H2O; arrows�
hydrogen bond from H2O (base) to Iÿ (tip).


water molecule and the triglyme ligands are exchanged by
diglyme molecules to give the same coordination number of
barium in both structures. The relationship between the two
calcium structures is even more fascinating. It can be
explained by the strand structure of 2 : taking two such
strands, so that the intramolecularly bridging iodides point
upwards in one and downwards in the other, these are sheared
by half an asymmetric unit in direction of the chains and then
fused together to form ribbons in one direction of the
structure of 4. In order to obtain a three-dimensional network,
two more water molecules have to be introduced on each of
the calcium atoms of each cationic unit, formally exchanging
the two diglyme ligands by one tetraglyme and two water
ligands, so that all water ligands are vicinal and in approx-
imately one plane.


Hydrogen bonding and dimensionality : The dimensionality
changes from zero to three in compounds 1 to 4. How can this
be accounted for? The following conditions are the same for
all four compounds: i) the cations are all complexes with a
charge of�2, ii) the counterions, two iodides per cation for all
cases, have a charge ofÿ1 and are the only H-bond acceptors,
iii) the M2� cations are complexed by two types of neutral
ligands, namely polyethers and water; the latter are arranged
in vicinal positions, iv) only the water molecules are involved
in hydrogen bonding, and v) each hydrogen of all water
molecules forms a single hydrogen bond to iodide, and that
two hydrogen atoms of the same water molecule do not bind
to the same iodide. Therefore, the only variable is the bridging
functionality of iodide and the number of water ligands per
complex cation. Iodide is a very versatile ligand with regard to
the number of hydrogen bonds that it can accept: up to 10 as
reported for [Ca2Al(OH)6]I ´ 2 H2O.[27]


In compound 1, two hydrogen atoms that are potential
hydrogen donors come from a single water molecule. To


account for the charge of the complex cation, the two iodides
can either be linked by hydrogen bonding or included in the
structure as free counterions. As the number of iodides equals
the number of hydrogens, they will act as terminal ligands on
the hydrogen atoms, saturating the latter, and the structure
will not be polymerized by further hydrogen bonding. In
compound 2, the number of water molecules, and thus the
number of hydrogen donors, is double that of 1, whereas the
number of iodides remains constant at two. Because the
iodide can accept more than one hydrogen donor and there
are four H-bond donors and only two acceptors, each iodide
will act as a m2-bridging ligand to give an overall one-
dimensional chain structure with one intramolecular bridge
between two water molecules of the same cation and one
intermolecular bridge between two water molecules of
neighboring cations. Compound 3 possesses three water
molecules in the coordination sphere of barium. Therefore
there are six hydrogen donors compared to two iodide anions
as H-bond acceptors. In this case, the iodides act as m3-
bridging ligands: all anions link two water molecules of the
same cation to a water molecule of a neighboring complex.
The overall structure obtained in this way is two-dimensional.
In compound 4, there are four times as many hydrogen donors
as acceptors present in the structure. Each iodide acts as a m4-
bridging ligand to four different water molecules, two of them
belonging to one and the same cation, the other two to two
different cations. This leads to the formation of a three-
dimensional network.


Conclusion


It can be seen that the number of hydrogen bonds formed and
the bridging functionality of the anions plays a crucial role in
the determination of the overall dimensionality of a com-
pound. From the examples given in this paper, certain rules
might be derived which seem to be valid under the conditions
given above. When the number of H acceptors is the same as
the number of hydrogens, a zero-dimensional compound
should be expected. Doubling the number of H atoms in
relation to the H acceptors will give a one-dimensional
structure, whereas a 3:1 ratio of hydrogen atoms to H
acceptors implements the formation of two-dimensional
networks. Increasing the ratio of H atoms to H acceptor
anions to >3:1, further networking becomes necessary in
order to saturate all hydrogen atoms, and this takes place
through the mn-bridging, n� 4, of the anions, leading to more
complicated three-dimensional H-bonded structures. These
rules are summarized in the Table 4.


It can thus be seen that the concept of predicting the overall
dimensionality and, to some extent, the structure is feasible if
the possibilities of hydrogen bonding that are available
between the ligands on the cation and the anions are carefully
considered. In our case, we decided to choose simple systems
in order to exclude interference from different types of
hydrogen bonding. Now that these rules have been verified,
we plan to investigate more complicated systems in order to
obtain more insight into the possibilities of structure pre-
diction.
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Experimental Section


All reactions were carried out on a vacuum line by Schlenk techniques, with
nitrogen as the inert gas. BaI2 and CaI2 were purchased from Merck and
Aldrich, respectively, and dried under vacuum at 300 8C before use, except
for 4. IR spectra were recorded on a Perkin ± Elmer Spectrum One FT-IR
spectrometer on KBr plates and in dried Nujol.


{[Ba(triglyme)2(H2O)]I2}0/1 (1): BaI2 (0.3 g, 0.77 mmol) was treated with
triglyme (25 mL, dried over a molecular sieve (4 �) and freshly distilled
before use) containing 1 ½ water, and the mixture heated to reflux for
10 min and filtered while hot. Colorless single crystals of 1 were obtained
on cooling the mixture to room temperature over 24 h. Rodlike single
crystals were collected in a yield of 12 % with respect to Ba. A higher yield
was obtained when the mother liquor was concentrated; this gave 1 as a
white powder. The crystals were washed rapidly with cold n-pentane and
used for elemental and IR analyses. IR: nÄ � 3394 (m, sh), 2917 (Nujol), 2747
(w), 2065 (w), 1937 (w), 1595 (m), 1455 (Nujol), 1403 (m), 1369 (s), 1352
(Nujol), 1304 (s), 1276 (m), 1247 (m), 1200 (m), 1114 (s, sh), 1024 (m), 983
(m), 944 (m), 933 (m), 854 (m), 840 (m), 823 (m, sh), 722 (Nujol), 666 (w),
529 (m, sh), 353 (w), 291 (w), 233 cmÿ1 (w); elemental analysis calcd (%) for
C16H38BaI2O9: C 25.10, H 5.00, Ba 17.94; found: C 21.98, H 4.6, Ba 17.23.
The percentage of carbon is too low. This is probably caused by the
formation of very stable carbonates during combustion.


{[Ca(diglyme)2(H2O)2]I2}1/1 (2): CaI2 (0.42 g, 1.43 mmol) was dissolved by
heating in freshly distilled diglyme (50 mL) that contained 1% H2O. The
mixture was filtered while hot. On slow cooling to room temperature,
rodlike single crystals of 2 were obtained in a yield of 36% with respect to
Ca. IR: nÄ � 3385 (s), 3015 (m), 2933 (Nujol), 2248 (w), 2075 (w), 1609 (s),
1456 (Nujol), 1377 (m), 1356 (Nujol), 1292 (m), 1244 (m), 1202 (m), 1092 (s,
sh), 1011 (m, sh), 935 (m), 863 (m), 836 (m), 807 (w), 721 (Nujol), 583 (m,
sh), 364 (w), 301 (w), 227 cmÿ1 (w); elemental analysis calcd (%) for
C12H32CaI2O8: C 20.20, H 4.80, Ca 6.70; found C 16.12, H 4.41, Ca 6.5.


{[Ba(diglyme)2(H2O)3]I2}2/1 (3): The same procedure was used as for 2 but
with BaI2 (0.51 g, 1.3 mmol) and freshly distilled diglyme (50 mL). Yield:
31% with respect to Ba. Because of the strongly hygroscopic reaction of 3
when in contact with the atmosphere, it was not possible to obtain a correct
elemental analysis. IR: nÄ � 3373 (s), 2924 (Nujol), 2031 (w), 1571 (s), 1460
(Nujol), 1376 (Nujol), 1304 (m), 1154 (m),1077 (m), 966 (m, sh), 891 (m),
769 (m), 722 (Nujol), 667 (w), 355 (w), 246 (w), 233 (w) cmÿ1.


{[Ca(triglyme)(H2O)4]I2}3/1 (4): CaI2 ´ 5 H2O (0.46 g, 1.23 mmol) was dis-
solved in triglyme (50 mL). The light yellow solution was layered with n-
hexane and left to diffuse at room temperature. Colorless single crystals of
4 were obtained after three days in a yield of 23% with respect to Ca. The
compound is very stable at air and room temperature. IR: nÄ � 3381 (m),
3182 (m), 2929 (Nujol), 1958 (w), 1603 (s), 1456 (Nujol), 1350 (Nujol), 1285
(m), 1247 (s), 1199 (vs), 1110 (vs), 1028 (sh), 982 (m), 943 (s), 848 (vs, sh),
723 (Nujol), 540 (s, sh), 389 (w), 347 (m), 238 cmÿ1 (m); elemental analysis
calcd (%) for C8H26CaI2O8: C 17.66, H 4.82, Ca 7.37; found C 17.52, H 4.68,
Ca 7.48.
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Fluorescent J-type Aggregates and Thermotropic Columnar Mesophases of
Perylene Bisimide Dyes


Frank Würthner,*[a] Christoph Thalacker,[a] Siegmar Diele,[b] and Carsten Tschierske[c]


Abstract: A series of perylene tetracar-
boxylic acid bisimides 3 a ± e bearing
3,4,5-tridodecyloxyphenyl substituents
on the imide N atoms and zero, two, or
four phenoxy-type substituents in the
bay positions of the perylene core were
synthesized. From investigations of their
spectroscopic properties and aggrega-
tion behavior in low-polarity solvents by
absorption and fluorescence optical
spectroscopy, not only were these com-
pounds found to form fluorescent J-type
aggregates, but also binding constants


for aggregation could be derived which
reflect the number and steric demand of
the phenoxy substituents for bisimides
3 a ± d. In the pristine state, 3 a ± d form
thermotropic hexagonal columnar mes-
ophases which exist over a broad tem-
perature range from below ÿ30 8C to
over 300 8C. For the tetraphenoxy-sub-


stituted compound 3 e, however, a lay-
ered crystalline structure was found.
This difference in behavior can be
explained by the concept of microphase
segregation of the aromatic cores of the
molecules and the alkyl chains at the
periphery. The high stability and bright
fluorescence of the mesophase of sev-
eral of the compounds make them
promising for applications as polarizers
or components in (opto)electronic devi-
ces.


Keywords: dye aggregates ´ fluores-
cence ´ liquid crystals ´ perylene
dyes ´ supramolecular chemistry


Introduction


The formation of structurally defined assemblies of functional
building blocks with distinctive optical and electrochemical
properties offers great opportunities for preparing new
materials.[1] Thus, by control of the noncovalent interactions
of photo- and redox-active dye molecules, extended super-
structures up to mesophase materials may be derived.
Recently we have investigated the hierarchical self-organiza-
tion of core-substituted perylene bisimide ± melamine assem-
blies by hydrogen bonding and p ± p interactions to meso-
scopic fluorescent strands.[2] With the original intention of
studying the influence of the substituents on the perylene core
on these p ± p interactions, we synthesized a series of five
perylene bisimide dyes bearing mesogenic 3,4,5-tridodecyloxy-
phenyl substituents[3] at the imide N atoms and different


numbers (0, 2, 4) of phenoxy substituents in the bay regions of
the perylene core. We discovered that four of these com-
pounds formed hexagonal columnar mesophases over a very
broad range of temperature. Until now, only a few thermo-
tropic[4] and lyotropic[5] liquid-crystalline (LC) perylene
bisimides have been described, none of which bears substitu-
ents in the bay positions. Other mesogenic perylene deriva-
tives comprise Diels ± Alder adducts of 3,5-dioxotriazoles
with dialkylperylenes[6] and coronene bisimides.[7]


In this contribution we report on the spectroscopic and
electrochemical properties of the new perylene bisimide dyes
3 a ± e (Scheme 1), their aggregation in low-polarity solvents,
and their thermotropic behavior in the pristine state as
investigated by absorption and fluorescence optical spectros-
copy, optical polarization microscopy (OPM), differential
scanning calorimetry (DSC), and X-ray scattering. From these
experiments, J-type fluorescent aggregates and thermotropic
columnar mesophases were found to exist over a broad
temperature range from below ÿ30 8C to over 300 8C.


Results


Perylene bisimides 3 a ± e were synthesized in good yields
from the corresponding bisanhydrides 1 a ± e[8] by condensa-
tion with 3,4,5-tridodecyloxyaniline (2)[9] in quinoline with
zinc acetate as a Lewis acid catalyst (Scheme 1). Purification
was achieved either by dissolving the crude product in
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Scheme 1. Synthesis of perylene bisimides 3a ± e. a) Zinc acetate, quino-
line, Ar, 180 8C, 3 h, 69 ± 98 %.


dichloromethane and precipitating it by adding methanol, or
by column chromatography.


The absorption spectra of 3 a ± e are characteristic for
perylene bisimides bearing zero, two, or four phenoxy
substituents in the bay positions, respectively (Figure 1). For
the unsubstituted perylene bisimide 3 a an absorption max-
imum at 527 nm with a strongly pronounced vibronic fine
structure is observed which belongs to the electronic S0 ± S1


transition, with a transition dipole moment along the long


Figure 1. UV/Vis absorption and fluorescence spectra of perylene bis-
imides 3 a (dotted line), 3 b (broken line) and 3c (solid line) in CH2Cl2. The
excitation wavelength was 510 nm (3 b) and 530 nm (3 c).


molecular axis. The introduction of an increasing number of
phenoxy substituents in the bay positions of the perylene core
leads to a bathochromic shift of the absorption maximum to
546 nm for 3 b and 574 ± 583 nm for 3 c ± e. According to AM1
calculations and the crystal structure of a related dye,[10] these
phenoxy substituents induce a twisting of the two naphthalene
subunits in the perylene core by about 158 for two substituents
(3 b) and 258 for four substituents (3 c ± e). The resulting loss
of planarity and rigidity of the perylene bisimide chromo-
phore causes considerable line broadening and a less pro-
nounced vibronic fine structure. For an increasing number of
phenoxy substituents, a second absorption band evolves at
lower wavelengths which is attributed to the electronic S0 ± S2


transition with a transition dipole moment perpendicular to
the long molecular axis.[11] The good agreement of the peak
positions and extinction coefficients for 3 a ± e with those
observed for perylene bisimides bearing other substituents on
the imide nitrogen is explained by the presence of nodes in the
HOMO and LUMO at this position.[12]


Surprisingly, the fluorescence quantum yields for 3 a ± e are
not close to unity as for most perylene bisimides, but much
lower (Table 1). For bisimide 3 a, no fluorescence is ob-
served,[13] whereas for 3 b ± e the fluorescence quantum yield
increases with the number and electron donor quality of the
phenoxy substituents. The fluorescence peaks obtained for the
fluorescent perylene bisimides 3 b ± e in dichloromethane are
mirror images of the S0 ± S1 absorption band. Their peak
positions and vibronic fine structure correspond well to those


Abstract in German: Die Synthese von fünf Perylentetracar-
bonsäurebisimiden (3a ± e) mit 3,4,5-Tridodecyloxyphenyl-
Substituenten an den Imid-Stickstoffatomen und einer unter-
schiedlichen Anzahl (0, 2, 4) verschiedener Phenoxy-Sub-
stituenten in den ¹Bayª-Positionen des Perylengrundgerüsts
wird beschrieben. Die optischen Eigenschaften und das
Aggregationsverhalten dieser Farbstoffe in unpolaren Lö-
sungsmitteln wurden durch UV/Vis-Absorptions- und Fluores-
zenzspektroskopie charakterisiert, welche die Ausbildung
fluoreszierender J-Aggregate belegen. Darüberhinaus konnten
die Bindungskonstanten für den Aggregationsprozeû bestimmt
werden, die die Anzahl und den sterischen Anspruch der
Phenoxysubstituenten in Verbindung 3a ± d widerspiegeln. In
Substanz bilden die Bisimide 3a ± d thermotrope hexagonale
columnare Mesophasen, die über einen breiten Temperaturbe-
reich von unter ÿ30 8C bis über 300 8C stabil sind. Für die
tetraphenoxy-substituierte Verbindung 3e wurde hingegen eine
kristalline Schichtstruktur gefunden. Dieser Unterschied kann
durch das Konzept der Mikrophasen-Segregation der aromati-
schen Grundgerüste der Moleküle und der Alkylgruppen an
der Peripherie erklärt werden. Die hohe Stabilität und die
intensive Fluoreszenz einiger dieser Verbindungen, auch in der
Mesophase, erscheinen vielversprechend für Anwendungen als
Polarisatoren oder in (opto)elektronischen Bauelementen.


Table 1. Peak positions of absorption (la) and emission (le) maxima
(CH2Cl2), fluorescence quantum yields (Ff, CH2Cl2), binding constants K
(MCH, methylcyclohexane) and Gibbs binding energies DG 0


298 (MCH) for
perylene bisimides 3 a ± e.


compound la [nm] le [nm] Ff K [L molÿ1] ÿDG 0
298 [kJ molÿ1]


3a 527 ± 0 1.5� 107 40.9
3b 546 578 0.02 6.3� 105 33.1
3c 580 616 0.21 1.2� 105 29.0
3d 583 617 0.23 9.0� 103 22.6
3e 574 609 0.08 1.2� 104 23.3
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of known perylene bisimides with a similar substitution
pattern at the bay positions.[7, 8, 11, 14]


Further insight into the electronic properties of these dyes
was gained by cyclic voltammetry. Two reversible reduction
waves were detected at potentials of ÿ0.98 and ÿ1.19 V
versus Fc/Fc� (Fc� ferrocene) for 3 a and at about ÿ1.1 and
ÿ1.3 V for 3 b ± e (Table 2). These values are in good agree-


ment with literature data for perylene bisimides with zero and
four phenoxy substituents in the bay positions;[15] this also
reflects the greater electron density at the perylene core for
3 b ± e than for 3 a. All the compounds investigated underwent
an irreversible oxidation at potentials above �0.9 V (vs. Fc/
Fc�) which we attribute to oxidation of the trialkoxyphenyl
substituents. For 3 b ± e, this signal was superimposed by a
reversible oxidation peak at �1.05 V for 3 b and about
�0.85 ± 0.9 V for 3 c ± e which stems from the formation of
the perylene bisimide radical cation.[15]


The evidence of facile oxidation of the tridodecyloxyphenyl
groups and the influence of the number of phenoxy substitu-
ents on the redox potentials of the perylene bisimide core
could explain the observed fluorescence properties. Thus, if
the HOMO is located on the trialkoxyphenyl subunit (as in 3 a
and 3 b) photo-excitation of the perylene bisimide chromo-
phore might be followed by a rapid intramolecular electron
transfer leading to a nonemissive charge-separated excited
state. For the more electron-rich tetraphenoxy-substituted
perylene bisimides 3 c ± e (HOMO on the perylene bisimide
core), however, fluorescence from the excited singlet state of
the chromophore is observed. From the rotational mobility of
the trialkoxyphenyl unit we assume a broad distribution for its
energy levels due to different degrees of electronic coupling to
the imide N atoms for different twisting angles. Therefore the
changes observed in the fluorescence quantum yields are
quite smooth, rather than abrupt, for the series 3 a ± e.


In contrast to their behavior in aromatic and chloroali-
phatic solvents, strong aggregation of these perylene bisimide
dyes takes place in low-polarity environments. The aggrega-
tion of 3 a ± e was studied in detail by UV/Vis absorption and
fluorescence spectroscopy of methylcyclohexane (MCH)
solutions, which revealed pronounced changes of the optical
properties upon changing concentration (Figure 2). For 3 a
and 3 b (zero and two substituents in the bay region), strong
p ± p interactions led to an almost complete loss of fine struc-
ture. The absorption spectra of the aggregated dyes agreed


Figure 2. Concentration-dependent UV/Vis absorption spectra in MCH
for a) 3 a (concentration range 10ÿ7 ± 10ÿ5m) and b) 3 c (concentration
range 5� 10ÿ7 ± 10ÿ4m). Arrows indicate the direction of change with
increasing concentration. Dotted lines represent spectra for the free and
the aggregated chromophore calculated from the respective data set.


remarkably well with those reported by Graser and Hädicke
for red perylene bisimide pigments in the crystalline state.[16]


However, in the case of four phenoxy substituents (3 c ± e), the
absorption spectra revealed less dramatic changes upon aggre-
gation: The absorption maxima were red-shifted by about
20 nm, and aggregation-induced line broadening was ob-
served, while the fine structure remained essentially the same.


For 3 a ± d, the transition from free to p ± p-stacked
chromophores occurred at an increasing range of concentra-
tions, which reflects the number and the steric demand of the
substituents on the perylene core (Figure 3). Thus the


Figure 3. Fraction of aggregated molecules Xagg. for perylene bisimides
3a ± e and average number of molecules per aggregate n as a function of the
concentration in MCH. The curves were calculated by fitting the apparent
extinction coefficients at the given wavelengths to the isodesmic or equal-K
model (see Experimental Section). The aggregate size was estimated using
Carothers� equation.


strongest aggregation was observed for the unsubstituted
perylene bisimide 3 a, followed by 3 b bearing two tert-
butylphenoxy substituents in the bay region. Increasing steric
demand as imparted by four tert-butylphenoxy groups led to


Table 2. Electrochemical properties of perylene bisimides 3 a ± e in
CH2Cl2. Scan rate 0.1 Vsÿ1, concentration �10ÿ3 mol Lÿ1, supporting
electrolyte NBu4PF6 (0.1 mol Lÿ1).


E1/2 [V vs. Fc/Fc�]
Compound Xÿ/X2ÿ X/Xÿ X/X� Irrev. ox.


3a ÿ 1.19 ÿ 0.98 ± > 0.9
3b ÿ 1.29 ÿ 1.11 1.05 > 0.9
3c ÿ 1.25 ÿ 1.09 0.88 > 0.9
3d ÿ 1.30 ÿ 1.12 0.86 > 0.9
3e ÿ 1.30 ÿ 1.10 0.89 > 0.9







FULL PAPER F. Würthner et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0710-2248 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 102248


even lower aggregation. Within the series 3 c ± e, bearing four
phenoxy substituents of different bulkiness, however, the
results did not follow our expectations. Bisimide 3 e, which we
intuitively expected to aggregate at concentrations between
those for 3 b and 3 c, did not fit into the series and exhibited a
much lower propensity towards p ± p stacking. These obser-
vations were also matched by quantitative evaluation of the
data (binding constants K and Gibbs free energies DG0


298�,
achieved by fitting the data from the UV/Vis dilution studies
to the isodesmic or equal-K model (Table 1) by nonlinear
least-squares regression analysis (see Experimental Sec-
tion).[17] The applied model assumes equal binding constants
for all binding events to a one-dimensional columnar aggre-
gate of equal components independently of the size of the
aggregates, and has been applied successfully to the stacking
of aromatic compounds in solution.[18] The highest binding
constant is obtained for 3 a (about 107 L molÿ1); this is more
than three orders of magnitude larger than that determined
for 3 d and 3 e (about 104 L molÿ1). From the goodness-of-fit


Figure 4. Normalized concentration-dependent fluorescence spectra of 3 c
in MCH. Arrows indicate the direction of change with increasing
concentration (concentration range 5� 10ÿ7 ± 10ÿ4m). The broken line
represents the emission spectrum from a thin film of 3c on a quartz glass
slide. Inset: dependence of the fluorescence intensity Ifl (corrected with
respect to the absorption change at the excitation wavelength) on the
concentration. The data points are connected with a curve calculated by
application of Beer�s law to the excitation light in the sample.[20] Excitation
wavelength for all spectra: 530 nm.


(Figure 3), we conclude that the behavior of 3 a ± e is very well
described by this model, and that aggregate formation occurs
noncooperatively: that is, no or little change is observed in the
binding constants with increasing aggregate size.[19]


Fluorescence spectroscopy of the same MCH solutions of
3 b ± e showed a significant red shift (about 40 nm) of the
emission maxima upon aggregation, with almost unaltered
fine structures (Figure 4). Also, the spectra recorded from
thin films on quartz glass slides closely resembled those
obtained for concentrated solutions. An almost linear depend-
ence of the fluorescence intensity on the concentration was
observed after correction for the absorption change at the
excitation wavelength. The deviation from linearity at higher
concentrations could be described fully by the application of


Beer�s law to the excitation light in the sample (Figure 4,
inset);[20] this indicates that the spectral changes are not
merely reabsorption phenomena and that aggregation has a
negligible influence on the fluorescence quantum yield Ff.
This is a remarkable result, because aggregation often opens
up new pathways for quenching of the excitation energy; this
can be observed for many extended p systems, including other
perylene bisimide derivatives in the solid state.[21]


The thermotropic properties of 3 a ± e were investigated by
OPM and DSC. For 3 a ± d only one phase was found between
ÿ30 8C and the clearing point, whereas for 3 e several
crystalline phases were detected. Phase transition temper-
atures and associated enthalpy values for 3 a ± d are given in
Table 3. When 3 a and 3 c were cooled from the isotropic liquid


state, a spherulitic texture which is typical for columnar
mesophases was observed between crossed polarizers. Com-
pounds 3 b and 3 d exhibited lower clearing points, and
beautiful textures were obtained, reminiscent of fabrics or
ferns (Figure 5). The viscosity of the LC phases increased
considerably on further cooling, but no changes in the textures
were observed and no glass transition could be detected by
DSC. Even after six months at room temperature, no
crystallization took place.


The molecular order within the LC mesophases was
determined by X-ray diffraction. For 3 a ± d, the X-ray
diffraction pattern was characterized by a diffuse halo in the
wide-angle region corresponding to 4 ± 5 � which is usually
attributed to disordered alkyl chains. In the small-angle
region, the unsubstituted perylene bisimide 3 a exhibited only
one sharp scattering, so a particular mesophase could not be
assigned to this compound (Figure 6a). However, a diffraction
pattern of an oriented sample of 3 a revealed a hexagonal
arrangement of the first-order reflections which confirmed a
hexagonal columnar mesophase Colh (Figure 6b). Perylene
bisimides 3 b and 3 c showed two distinct scatterings in the
small-angle region with a position ratio of 1:30.5, whereas for
3 d three peaks at 1:30.5 :2 were observed. Therefore, a
hexagonal columnar lattice can be assigned to these com-
pounds also. As 3 b and 3 d exhibited an additional sharp
scattering in the wide-angle region corresponding to an
intracolumnar distance of 3.7 and 4.5 �, respectively, an
ordered hexagonal columnar mesophase Colho prevails in
these compounds, whereas the absence of this peak implies a
disordered hexagonal columnar mesophase Colhd in 3 a,c
(Figure 6). This difference is also manifest in the similarity of
the clearing points and optical textures under crossed polar-
izers for 3 a,c and 3 b,d, respectively. The lattice parameter ahex


Table 3. Phase transition temperatures T [8C] and transition enthalpies
DHt [kJ molÿ1] (in brackets) for perylene bisimides 3a ± d.


Compound T [8C] (DHt [kJ molÿ1])


3a Colhd 373 (8.9) I
3b Colho 283 (6.2) I
3c Colhd 346 (15.0) I
3d Colho 283 (23.9) I
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decreases progressively from
3 a to 3 d, from 32.5 to 28.7 �
(Table 4).


The X-ray diffraction pattern
of 3 e at room temperature also
exhibited a diffuse halo in the
wide-angle region, where it was
superimposed by several sharp-
er reflections. At lower angles,
three distinct scatterings were
observed (position ratio 1:2:3).
Hence, we conclude that a
highly disordered crystalline
layered structure prevails in
3 e, with a layer spacing of
about 16 �.


Discussion


Once the occurrence of colum-
nar mesophases has been estab-
lished for 3 a ± d, the question
arises of how the molecules are
packed within these superstruc-
tures, especially since the hex-


agonal lattice constants ahex are quite small (Table 4) com-
pared with the molecular dimensions and decrease even
further with increasing steric demand of the bay substituents.
As estimated from molecular modeling (CAChe 3.2 MM2
force field),[22] the long molecular axis of 3 a ± e amounts to
54 �, with the alkyl chains in an all-trans conformation. The
difference in behavior between 3 e and 3 a ± d is also of
interest.


To address these questions the typical procedure is to
develop a packing model for the columnar mesophase and
then match it with crystallographic and spectroscopic data.
For the packing of flat aromatic molecules, a set of rules
established by Hunter and Sanders[23] has been used success-
fully to describe the behavior of discotic liquid crystals.[24]


As these authors pointed out, for highly polar compounds
such as the given bisimides, charge ± charge interactions
have a dominating influence on the packing geometry.
Calculation of the electrostatic surface potential for 3 a ± e
(PC SPARTAN Pro, AM1 force field)[25] reveals an alternat-
ing pattern of distinct areas of negative potential at the


Figure 5. Optical textures of the hexagonal columnar mesophases of a) 3a and b) 3b, as obtained by cooling from
the isotropic melt (crossed polarizers) at room temperature. Image size: a) 0.70 mm� 0.46 mm, b) 1.40 mm�
0.92 mm.


Figure 6. Top: X-ray diffraction patterns of 3 a ± e after heating them
above the clearing point and cooling to room temperature. Bottom: X-ray
diffraction pattern of an oriented sample of 3 a, showing a hexagonal
arrangement of the first-order diffraction peaks.


Table 4. Hexagonal lattice parameter ahex [�] and intracolumnar repeat
distance c [�] for perylene bisimides 3a ± d and layer spacing d [�] for
perylene bisimide 3 e as determined from X-ray scattering at ambient
temperature.


Compound Mesophase ahex [�][a] c [�]


3a Colhd 32.5 ±
3b Colho 29.3 3.7
3c Colhd 29.0 ±
3d Colho 28.7 4.5
3e K 15.6 ±


[a] 3e : d [�].
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trioxyphenyl unit and the imide oxygens and of positive
potential in the perylene core. Consequently, for adjacent
p ± p stacked molecules, repulsion between like charges and
attractive interactions between unlike charges afford rota-
tional offsets within the column and/or offsets along the long
molecular axis (Figure 7). In the case of flat perylene
bisimides such as 3 a, both displacements are indeed observed
in single crystals of related perylene bisimide dyes.[16] As a
hexagonal columnar LC phase requires a circular column
cross-section, we favor the model of rotational disorder
around the column axis for 3 a in order to compensate for the
very different dimensions of its short (9 �) and long (54 �)
molecular axes.


For 3 b ± e, the phenoxy substituents in the bay positions
afford much more circular central units although, because of
their bulkiness, these phenoxy substituents prevent close
contacts of the p systems without longitudinal (or transverse)
offsets between adjacent molecules. To estimate this steric
influence, the following calculations were performed. Two
geometry-optimized molecules (CAChe 3.2, MM2 force
field;[22] the dodecyl chains were reduced to methyl groups)
kept in a rigid conformation were oriented in a parallel
manner. One molecule was held at a fixed position in space,
while the other was moved over it in the longitudinal and
transverse direction at a distance of 3.7 � for 3 b and 4.7 � for
3 c ± e. For all compounds, the energy minimum was found for
a longitudinal offset varying from 4.2 � (corresponding to one
benzene ring) for 3 b to 6 � for 3 d, and a transverse slip close
to zero. Different starting geometries led to the same
minimum. To assign the minimum energy conformation, a
geometry optimization (CAChe 3.2, MM2 force field) was
performed again, which left the longitudinal and transverse
slip essentially unchanged. The calculated distance between
the perylene cores varied with the increasing steric demand of
the phenoxy substituents in the bay positions from 3.7 � (3 b)
to 4 ± 5 � (3 c ± e), with the phenoxy substituents of the upper
molecule filling the space between those of the lower one.
These values are in excellent agreement with those obtained
from X-ray diffraction for the intracolumnar repeat distance c
of 3 b (3.7 �) and 3 d (4.5 �). From the longitudinal offset, a
tilted stacking of the molecules can be expected at 35 ± 458 to


the column axis (Figure 7). This tilted arrangement of the
perylene bisimides within the column implies a lower aspect
ratio of the column cross-section, which favors the formation
of hexagonal mesophases (as observed for 3 a ± d) rather than
rectangular or oblique mesophases.


The difference in behavior of 3 e can be explained by the
concept of microphase segregation.[26] For 3 a ± d, no addi-
tional lateral p ± p interactions are possible for the columnar
aggregates, because the alkyl chains on the periphery of the
columns and the bulky tert-butyl and tert-octyl groups on the
phenoxy substituents in 3 b ± d limit further packing of the p


systems within a second dimension. For 3 e, columnar motifs
are also likely, but here additional lateral p ± p interactions
become possible by interdigitation of the phenoxy substitu-
ents which leads to a layered crystalline structure with a layer
spacing of about 16 �; this corresponds well with the short
molecular axis of 3 e. From the unexpectedly low binding
constant for 3 e (Table 1), we conclude that its aggregate in
solution might also exhibit some differences from those of
3 a ± d.


The packing model of Figure 7 is also in accordance with
the spectral data obtained from the aggregation studies in
MCH. In their extensive phenomenological study, Graser and
Hädicke tried to correlate the solid-state absorption spectra
of perylene bisimide crystals with the crystal structure.[16] On
the basis of absorption properties, they distinguished three
classes of pigments. ªRed pigmentsº have a rather small
overlap of the p systems in the crystal, that is a comparatively
large shift of the chromophores with respect to each other,
and ªblack pigmentsº exhibit a large overlap. Within the
crystals of these two pigment classes, the molecules are
typically arranged in tilted stacks with a distance of 3.4 ± 3.7 �
between the perylene planes. The third class also affords ªred
pigmentsº, but the p systems are further apart because of
bulkier substituents, and the absorption characteristics of the
crystal are mainly those of the chromophores in solution,
accompanied by line broadening and a small red shift of the
absorption maxima. For the first two perylene pigment
classes, Kazmaier and Hoffmann analyzed the crystallochro-
mic properties on the basis of extended Hückel calcula-
tions.[27] From the nodal character of the HOMO and the


Figure 7. Model of the arrangement of 3 b ± d in the columnar mesophase, based on electrostatic interactions between the perylene bisimide chromophores
and steric demand of the substituents in the bay positions which lead to a longitudinal offset. For 3a, a rotational offset around the column axis is more likely.
Areas with a negative electrostatic surface potential are shaded gray.
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LUMO wavefunctions, they concluded that these pigments
should be assigned to either the ªredº or the ªblackº class not
simply from the overlap of the perylene chromophores, but
also according to their longitudinal and transverse offset
within the stack. As presented above, our model predicts for
compound 3 b a longitudinal slip of one benzene ring (about
4.2 �) and almost no transverse shift. According to Kazmaier
and Hoffmann, perylene bisimides with this offset within the
stack belong to the ªredº class, which is consistent with our
spectral data (Figure 2 a). The intracolumnar distance (3.7 �)
obtained for 3 b from X-ray scattering is also in accordance
with the spectral properties and data from single-crystal
structure analyses reported by Graser and Hädicke.[16] How-
ever, 3 c ± e, with four bulky substituents, show the character-
istics of the third class of perylene bisimide pigments
distinguished by Graser and Hädicke (Figure 2 b). Notably,
for 3 d the intracolumnar distance between adjacent mole-
cules, determined by X-ray diffraction, is 4.5 �.


Beyond this simple classification scheme, the changes in the
optical properties upon aggregation within the given series of
perylene bisimides might be analyzed by exciton coupling
theory.[28] Clearly the close intracolumnar spacing of 3 a and
3 b allows strong excitonic coupling of the chromophores,
giving rise to the completely altered spectral fine structure,
whereas this is not the case for 3 c ± e.[29] Indeed, exciton
coupling theory predicts a third-power relationship between
the sum of the coupling energies of the transition dipoles and
the distance between the dipole centers. Therefore less pro-
nounced spectral changes for the aggregates of 3c ± e with more
distant chromophores are in good agreement with this model.


The evidence of strong excitonic coupling leads to another
aspect. On the basis of their different optical properties which
result from different coupling modes between the chromo-
phores, two main species of dye aggregates are distinguished
in the literature: H-aggregates where the absorption max-
imum of the aggregate is blue-shifted with respect to the
isolated chromophore and where fluorescence of the isolated
chromophore is lost in the aggregate, and J-aggregates where
absorption and emission maxima are red-shifted and no
quenching occurs in the aggregate.[30] The common structural
model for such aggregates is based on the longitudinal offset
of the dye molecules and is sometimes described as the ªdeck-
of-cardsº model, where the cards represent the molecules
stacked on top of each other. The angle between the
molecular plane and the aggregation direction decides
between the presence of an H- or a J-aggregate: above a
theoretical value of 54.78 an H-aggregate is usually found,
whereas in J-aggregates the molecules have slipped more with
respect to each other, leading to a smaller angle.[31] The angles
obtained by molecular modeling for 3 b ± e (35 ± 458), and also
supported by X-ray data, are well below this theoretical value,
indicating the formation of J-type aggregates. This is again
supported by the spectral data, as a bathochromic shift is
observed in the absorption spectra of all aggregates of 3 a ± e,
and for 3 b ± e fluorescent aggregates with a red-shifted
emission maximum are found. It is noteworthy that a similar
bathochromic shift of the emission detected for a perylene
bisimide cyclophane was also attributed to excitonic coupling
in a J-type aggregate.[32]


Conclusion


We have found J-type aggregates and columnar mesophases
of perylene bisimide dyes by simple derivatization of the
imide groups with mesogenic trialkoxyphenyl substituents.
The most probable packing model for the hexagonal colum-
nar mesophases of 3 b ± d consists of molecules tilted at about
35 ± 458 with respect to the column axis, whereas for 3 a a more
disordered arrangement of the molecules within the column is
likely. With increasing steric demand of the phenoxy sub-
stituents an increase in the longitudinal slip of the molecules
and larger p ± p distances between the perylene bisimide cores
are observed. This permits folding and interpenetration of the
disordered alkyl chains at the periphery and thus explains the
decreasing hexagonal lattice parameter ahex within the series
3 a ± d.


For the derivatives with four phenoxy substituents in the
bay region of the perylene core, the strong fluorescence
observed even in the aggregated state makes these LC phases
interesting for applications as polarizers or components in
electroluminescent devices. Another major interest in discotic
LC phases of extended p systems stems from their charge
transport properties, which are desirable for photoconductors
and organic semiconductors.[33] However, until now all known
discotic LC systems have been p-type conducting species. As
crystalline perylene bisimides exhibit n-type semiconducting
properties,[34] we expect n-type charge transport within the
given mesophases.


Experimental Section


Materials and methods : Solvents and reagents were purchased from Merck
(Darmstadt, Germany) unless otherwise stated, and purified and dried
according to standard procedures.[35] Perylene-3,4:9,10-tetracarboxylic acid
bisanhydride (1a, Aldrich) was used as a starting material for the synthesis
of 1,7-di(4-tert-butylphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisan-
hydride (1b),[8a] 1,6,7,12-tetra(4-tert-butylphenoxy)perylene-3,4:9,10-tetra-
carboxylic acid bisanhydride (1c),[8b] 1,6,7,12-tetra[4-(1,1,3,3-tetramethyl-
butyl)phenoxy]perylene-3,4:9,10-tetracarboxylic acid bisanhydride (1 d),[8c]


and 1,6,7,12-tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisanhy-
dride (1e)[8b] according to the literature. 3,4,5-Tridodecyloxyaniline (2) was
obtained according to ref. [9]. Column chromatography was performed on
silica gel (Merck silica gel 60, 0.2 ± 0.5 mm, 50 ± 130 mesh). The solvents for
spectroscopic studies were of spectroscopic grade and used as received
(MCH was purchased from Aldrich). UV/Vis spectra were taken on a
Perkin ± Elmer Lambda 40P spectrometer and fluorescence spectra were
measured on a SPEX Fluorolog 2 spectrofluorimeter. NMR spectra were
recorded on a Bruker DRX 400 spectrometer using the proton signal of
TMS or the carbon signal of the deuterated solvent as internal standard.


Optical textures at crossed polarizers were obtained with a Zeiss Axiophot
Pol polarization microscope equipped with a Linkam THMSG600 hot
stage and a Linkam TP 92 controller unit. DSC measurements were
performed using a Perkin ± Elmer DSC-7 calorimeter. Wide-angle X-ray
diffractograms were obtained at room temperature on a Siemens D500
powder diffractometer (Ni-filtered CuKa radiation). Samples for X-ray
diffraction were prepared by heating above the clearing point and cooling
to room temperature. To prepare an oriented sample, a small amount of 3a
was heated above the clearing point between two thin beryllium foils, and
cooled slowly to room temperature.


General procedure for preparation of 3a ± e : Each of the perylene
tetracarboxylic acid bisanhydrides (1a ± e, 1 equiv) was stirred under argon
with 3,4,5-tridodecyloxyaniline 2 (2.4 ± 3 equiv) and zinc acetate (1 equiv,
Fluka) in quinoline (30 mL per mmol bisanhydride) at 180 8C for 3 h. The
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reaction mixture was cooled to room temperature and poured into HCl
(1m, 100 mL). The resulting violet precipitate was collected on a glass filter
funnel, washed with water (50 mL) and methanol (50 mL), then purified
either by dissolving the crude product in CH2Cl2 and precipitating it by
addition of methanol or by column chromatography (silica gel, CH2Cl2).


N,N'-Di(3,4,5-tridodecyloxyphenyl)perylene-3,4 :9,10-tetracarboxylic acid
bisimide (3a): Prepared from 1a (0.12 g, 0.3 mmol) and 2 (0.58 g,
0.9 mmol). Purified by precipitation from CH2Cl2. Yield: 0.44 g (89 %);
Colhd 373 8C I; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 8.42 (d,
3J(H,H)� 7.5 Hz, 4 H; H2,5,8,11), 7.93 (d, 3J(H,H)� 7.4 Hz, 4 H; H1,6,7,12),
6.69 (s, 4 H; H2'',6''), 4.03 (t, 4 H; OCH2), 3.81 (t, 8H; OCH2), 1.82 (m, 4H),
1.72 (m, 8H), 1.6 ± 1.2 (m, 108 H), 0.85 (m, 18H); 13C NMR (100 MHz,
CDCl3, 25 8C): d� 162.82, 153.68, 138.19, 133.45, 130.76, 129.72, 128.25,
125.19, 123.13, 122.72, 106.99, 73.45, 69.18, 31.98, 31.93, 30.57, 29.90, 29.86,
29.78, 29.77, 29.74, 29.72, 29.59, 29.49, 29.45, 29.40, 26.28, 26.12, 22.71, 22.67,
14.10, 14.06; UV/Vis (CH2Cl2): lmax (e)� 527 (89 600), 490 (59 500), 459 nm
(22 300 molÿ1 L cmÿ1); elemental analysis (%) calcd for C108H162N2O10


(1648.5): C 78.69, H 9.91, N 1.70; found: C 78.50, H 9.81, N 1.62.


N,N'-Di(3,4,5-tridodecyloxyphenyl)-1,7-di(4-tert-butylphenoxy)perylene-
3,4 :9,10-tetracarboxylic acid bisimide (3b): Prepared from 1b (0.34 g,
0.5 mmol) and 2 (0.97 g, 1.5 mmol). Purified by column chromatography.
Yield: 0.58 g (60 %); Colho 283 8C I; 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d� 9.49 (d, 3J(H,H)� 8.3 Hz, 2H; H6,12), 8.51 (d, 3J(H,H)� 8.3 Hz,
2H; H5,11), 8.25 (s, 2 H; H2,8), 7.46 (d, 3J(H,H)� 8.8 Hz, 4H; H3',5'), 7.10
(d, 3J(H,H)� 8.7 Hz, 4H; H2',6'), 6.53 (s, 4H; H2'',6''), 4.00 (t, 4H; OCH2),
3.82 (t, 8 H; OCH2), 1.74 (m, 12H), 1.6 ± 1.2 (m, 108 H), 1.36 (s, 18 H; tBu),
0.87 (m, 18H); 13C NMR (100 MHz, CDCl3, 25 8C): d� 163.24, 162.92,
155.60, 153.63, 152.21, 148.51, 138.21, 133.38, 130.09, 129.74, 128.90, 128.75,
127.53, 124.74, 123.68, 123.63, 123.43, 122.08, 119.32, 106.81, 73.42, 69.02,
34.54, 31.96, 31.92, 31.42, 30.47, 29.82, 29.80, 29.72, 29.67, 29.47, 29.41, 29.36,
26.19, 26.09, 22.70, 22.67, 14.10, 14.08; UV/Vis (CH2Cl2): lmax (e)� 546
(57 500), 511 (39 600), 402 nm (11 600 molÿ1 L cmÿ1); fluorescence (CH2Cl2):
lmax� 578 nm; elemental analysis (%) calcd for C128H186N2O12 (1944.9): C
79.05, H 9.64, N 1.44; found: C 79.00, H 9.77, N 1.49.


N,N'-Di(3,4,5-tridodecyloxyphenyl)-1,6,7,12-tetra(4-tert-butylphenoxy)per-
ylene-3,4 :9,10-tetracarboxylic acid bisimide (3c): Prepared from 1c (0.25 g,
0.25 mmol) and 2 (0.48 g, 0.75 mmol). Purified by precipitation from
CH2Cl2. Yield: 0.52 g (92 %); Colhd 346 8C I; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d� 8.23 (s, 4H; H2,5,8,11), 7.24 (d, 3J(H,H)� 8.8 Hz, 8H;
H3',5'), 6.84 (d, 3J(H,H)� 8.8 Hz, 8H; H2',6'), 6.41 (s, 4 H; H2'',6''), 3.98 (t,
4H; OCH2), 3.89 (t, 8H; OCH2), 1.75 (m, 12 H), 1.6 ± 1.2 (m, 108 H), 1.29 (s,
36H; tBu), 0.87 (m, 18 H); 13C NMR (100 MHz, CDCl3, 25 8C): d� 163.61,
156.17, 153.62, 152.75, 147.50, 138.22, 132.09, 130.12, 126.67, 122.58, 120.64,
120.06, 119.68, 119.43, 106.80, 73.44, 69.05, 34.34, 31.93, 31.90, 31.39, 30.34,
29.74, 29.67, 29.63, 29.61, 29.37, 29.36, 29.33, 29.31, 26.12, 26.07, 22.68, 22.66,
14.08; UV/Vis (CH2Cl2): lmax (e)� 580 (42 500), 542 (28 000), 452 nm (15
800 molÿ1 Lcmÿ1); fluorescence (CH2Cl2): lmax� 616 nm; elemental analy-
sis (%) calcd for C148H210N2O14 (2241.3): C 79.31, H 9.44, N 1.25; found C
78.91, H 9.27, N 1.27.


N,N'-Di(3,4,5-tridodecyloxyphenyl)-1,6,7,12-tetra[4-(1,1,3,3-tetramethyl-
butyl)phenoxy]perylene-3,4 :9,10-tetracarboxylic acid bisimide (3 d): Pre-
pared from 1d (0.30 g, 0.25 mmol) and 2 (0.39 g, 0.6 mmol). Purified by
column chromatography. Yield: 0.55 g (89 %); Colho 285 8C I; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 8.18 (s, 4 H; H2,5,8,11), 7.24 (d,
3J(H,H)� 8.7 Hz, 8H; H3',5'), 6.87 (d, 3J(H,H)� 8.8 Hz, 8H; H2',6'), 6.40
(s, 4H; H2'',6''), 3.98 (t, 4H; OCH2), 3.89 (t, 8H; OCH2), 1.75 (m, 12H),
1.70 (s, 8 H; t-oct), 1.5 ± 1.2 (m, 108 H), 1.33 (s, 24 H; t-oct), 0.87 (m, 18H),
0.75 (s, 36 H; t-oct); 13C NMR (100 MHz, CDCl3, 25 8C): d� 163.57, 156.29,
153.62, 152.45, 146.88, 138.23, 132.94, 130.16, 127.63, 122.59, 120.32, 119.56,
119.20, 106.80, 73.44, 69.21, 56.92, 38.25, 37.64, 32.25, 31.93, 31.68, 31.25,
29.73, 29.65, 29.61, 29.33, 29.28, 26.31, 25.99, 22.38, 14.21; UV/Vis (CH2Cl2):
lmax (e)� 583 (51 600), 544 (31 600), 451 nm (17 700 molÿ1 Lcmÿ1); fluo-
rescence (CH2Cl2): lmax� 617 nm; elemental analysis (%) calcd for
C164H242N2O14 (2465.8): C 79.89, H 9.89, N 1.14; found: C 79.86, H 9.72, N
1.20.


N,N'-Di(3,4,5-tridodecyloxyphenyl)-1,6,7,12-tetraphenoxyperylene-
3,4 :9,10-tetracarboxylic acid bisimide (3e): Prepared from 1e (0.19 g,
0.25 mmol) and 2 (0.48 g, 0.75 mmol). Purified by column chromatography.
Yield: 0.35 g (69 %); m.p. 243 8C; 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d� 8.22 (s, 4H; H2,5,8,11), 7.25 (t, 3J(H,H)� 8.0 Hz, 8H; H3',5'), 7.10 (t,


3J(H,H)� 7.4 Hz, 4H; H4'), 6.95 (d, 3J(H,H)� 8.1 Hz, 8 H; H2',6'), 6.41 (s,
4H; H2'',6''), 3.99 (t, 4 H; OCH2), 3.89 (t, 8H; OCH2), 1.76 (m, 12H), 1.5 ±
1.2 (m, 108 H), 0.87 (m, 18 H); 13C NMR (100 MHz, CDCl3, 25 8C): d�
163.40, 155.98, 155.19, 153.57, 138.20, 132.80, 130.11, 129.97, 129.51, 124.67,
122.80, 120.67, 120.21, 119.96, 106.85, 73.44, 69.06, 37.60, 31.92, 31.89, 30.34,
29.73, 29.66, 29.62, 29.60, 29.36, 29.32, 26.11, 26.06, 22.65, 14.07; UV/Vis
(CH2Cl2): lmax (e)� 574 (51 500), 535 (32 500), 445 nm
(16 400 molÿ1 L cmÿ1); fluorescence (CH2Cl2): lmax� 609 nm; elemental
analysis (%) calcd for C132H178N2O14 (2016.9): C 78.61, H 8.90, N 1.39;
found C 78.40, H 9.02, N 1.40.


Fluorescence measurements : Fluorescence was measured with a calibrated
SPEX Fluorolog 2 spectrofluorimeter, and all spectra were corrected. The
fluorescence quantum yields in CH2Cl2 were determined for optically dilute
solutions (O.D. <0.04)[36] using N,N'-di(2,6-diisopropylphenyl)-1,6,7,12-
tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisimide as reference
(Ff,CHCl3� 0.96)[11, 14b] and published refractive indices of the solvents.[37] The
given quantum yields were averaged from values at three excitation
wavelengths (s< 3 %). All solutions were prepared from air-saturated
solvents. A study of the reference perylene dye after degassing (six freeze ±
drying cycles at ultrahigh vacuum) showed that the influence of oxygen was
negligible for the given chromophoric system. Owing to the high optical
densities of the solutions required for aggregation studies in MCH, these
samples were investigated using the front-face illumination technique on a
1 mm cell in order to minimize reabsorption, rather than the conventional
right-angle setup.[38]


UV/Vis aggregation studies in MCH : A set of spectra of 3a ± e at different
concentrations in MCH was recorded. The apparent extinction coefficients
at several wavelengths were fitted by nonlinear regression analysis[17] to the
isodesmic or equal-K model according to Equation (1), derived from
ref. [18a]:


e(c)� 2 Kc� 1ÿ ������������������
4 Kc� 1
p


2 K 2c 2
(efÿ ea)�ea (1)


e denotes the apparent extinction coefficient obtained from the spectra; ef


and ea are the extinction coefficients for the free and the aggregated species,
respectively; K is the binding constant; and c is the total dye concentration
in the sample. The binding constants in Table 1 were averaged from values
obtained for four different wavelengths (s< 15%).


Electrochemistry : Cyclic voltammetry was performed with a Jaissle BI
POT PG 10 potentiostat in a three-electrode single-compartment cell with
CH2Cl2 (5 mL) as solvent. Working electrode: platinum disk; counter
electrode: platinum wire; reference electrode: Ag/AgCl. All potentials
were internally referenced to the Fc/Fc� couple. The solutions were purged
with argon before use. The supporting electrolyte was tetrabutylammonium
hexafluorophosphate (0.1m) (Fluka), which was recrystallized twice from
ethanol/water and dried in a high vacuum.
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ACombined Application of Reaction Prediction and Infrared Spectra Simulation
for the Identification of Degradation Products of s-Triazine Herbicides


Thomas Kostka, Paul Selzer, and Johann Gasteiger*[a]


Abstract: Substance identification in
analytical chemistry is usually per-
formed by comparing an experimental
spectrum with a reference spectrum.
Especially in environmental chemistry,
reference spectra from databases are
only available for a limited number of
compounds. The combination of the
reaction prediction system EROS and


of infrared spectra simulation is a power-
ful tool for computer-assisted substance
identification. First, possible degrada-
tion products of a chemical are predict-


ed and then the infrared spectra of all
these compounds are simulated. Com-
parison of the simulated infrared spectra
with experimental spectra allows one to
identify the structure of compounds. The
method is demonstrated with the exam-
ple of s-triazine herbicides.


Keywords: computer chemistry ´ IR
spectroscopy ´ reaction prediction ´
spectra simulation ´ s-triazines


Introduction


Society has become increasingly concerned about the poten-
tial threat stemming from chemicals introduced into the
environment. Danger cannot only be exerted by the released
chemicals but also by their degradation products. Thus, the
identification of the degradation products of chemicals has
become of primary importance.


Clearly, the prediction of the degradation of chemicals in
the environment by first principles will stay an insurmount-
able problem for a long time. Too many factors, such as soil
composition, influence of microorganisms, distribution and
adsorption mechanisms, make the prediction of the degrada-
tion reactions and mechanisms a difficult task. In such a
situation, a modeling of the degradation reactions has to be
built on data gained on direct observations: The identification
of degradation products can be utilized for the development
of a model for a degradation pathway. The model can then be
used for the prediction of degradation products of additional
compounds (Figure 1).


Comparison of the observed products with those predicted
can then lead to a refinement of the model and an increase in
the prediction accuracy. Thus, product identification and
product prediction are closely intertwined in this inductive
learning process.


Figure 1. Learning from observations to improve the prediction power of
the model.


In order to go one step further, we will show that also
product identification can be facilitated and assisted by
computer methods. In our case we will integrate a system
for the simulation of infrared spectra into this learning
process. The virtual scenario to be studied assumes that a
compound is introduced into the environment and is under-
going degradation. Samples are taken from the environment
and are analyzed by infrared spectroscopy after separation of
the components. The analysis of this scenario should be
assisted by simulation methods, by a system for the simulation
of chemical reactions and by a system for the simulation of
infrared spectra (Figure 2).


The reaction prediction system will give suggestions for the
potential degradation products of the initial compound. For
each of these compounds an infrared spectrum will be
simulated. Comparison of these simulated infrared spectra
with the experimental spectra obtained from the sampling
procedure should then allow a rapid identification of the
observed products. This, in turn, can then form the basis for a
further refinement of the reaction modeling.
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Figure 2. The approach: combining reaction prediction and the simulation
of infrared spectra to identify metabolites. Reaction prediction generates a
set of possible degradation products. For each of these compounds an
infrared spectrum is then simulated. Comparison of the excperimental
spectrum with each of the simulated spectra allows one to identify
metabolites.


We will illustrate such an attempt at the prediction of
degradation reactions and products with s-triazine com-
pounds, an important class of herbicides used in large amounts
all over the world.[1]


Methods


Reaction prediction : The program system EROS (elaboration
of reactions for organic synthesis), developed over the last 20
years, is capable of generating a wide variety of reaction types
observed in organic chemistry.[2] So-called ªreaction rulesº
store the chemical knowledge external from the program�s
core system. Any chemical reaction can be described as the
breaking of one or more bonds followed by the formation of
one or more new bonds. The computer representations of this
knowledge on chemical reaction schemes forms the knowl-
edge base of the system (Figure 3).


Figure 3. Functionality of EROS7ÐAn overview: From a set of starting
materials EROS generates reactions and products based on the chemical
knowledge incorporated in the knowledge base.


This knowledge on chemical reactions is kept separate from
the EROS system in a rule file. This allows easy change and
extension of reaction types known to EROS without having to
change the EROS system proper. Such a rule file keeps
information on the general set-up of the reaction conditions
such as temperature and solvent and a more specific part for
each reaction type where the rearrangement of bonds in the
course of a reaction is described and a model for the
prediction of reactivity can be contained.


Figure 4 shows the general reaction scheme for hydrolysis.
The breaking of the bonds between atoms 1 and 2 as well as 3
and 4 is followed by the formation of new bonds between


Figure 4. Formal reaction schemes for hydrolysis and reductive deal-
kylation, the main degradation pathways of 1,3,5-triazines in soil. The
breaking of the bonds between atoms 1 and 2 as well as 3 and 4 is followed
by the formation of new bonds between atoms 1 and 3 and atoms 2 and 4.


atoms 1 and 3 and atoms 2 and 4. Constraints concerning the
types of atoms or physicochemical properties of the atoms and
bonds at the reaction center can be given to limit the scope of
such a reaction scheme. The reaction scheme for reductive
dealkylation, an important degradation reaction of chemicals
in the environment, can be specified in an analogous manner.
Whenever a substructure described in the reaction rule is
found in the ensemble of starting materials all conceivable
corresponding reaction products will be generated.


The current program version EROS7 uses a new data
structure for handling molecules and reactions which goes
beyond a connection table (valence bond) representation of
molecules.[3] The new data structure, MOSES, (molecular
orbital structure encoding system) is based on electron
systems comprising any number of electrons and atoms and
therefore able to handle not only classical VB systems but also
species with delocalized p systems or multi-center bonds, such
as boron compounds or organometallic complexes.


Whenever sufficient experimental reactivity data is avail-
able to construct a correlation between the chemicals�
properties and their reactivity, such a model can be incorpo-
rated into the rule file. This can be a mathematical function or
a neural network trained with reactivity data. Such evaluation
schemes can then be accessed by the reaction generator to
control the number of reactions generated. Physicochemical
properties of atoms and bonds (e.g., polarizability, electro-
negativity, s-, p- or total charges) can be used in reactivity
models and can be promptly calculated for each reaction with
the PETRA (parameter estimation for the treatment of
reactivity applications)[4±6] subsystem. Whenever a reactivity
model has been developed and incorporated in a rule for a
reaction type, EROS7 will not only generate all possible
reaction products but also calculate product concentrations
and rate constants. Each reaction product can act for its part
as a starting material in the next reaction level and, thus,
EROS7 will generate a tree of reaction steps from the input
starting materials.


Simulation of infrared spectra : Infrared spectra can be
calculated by quantum mechanical methods, but to obtain
good correspondence with experimental data fairly extensive
ab initio calculations with large basis sets or a density
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functional theory calculation have to be done. On the other
hand, empirical correlations between substructural units and
an infrared spectrum can only explain a small part of a
spectrum.


We have recently shown that a novel description of the
three-dimensional structure of molecules such as the 3D-
MORSE code[7, 8] or through radial distribution functions
(RDF)[9, 10] allows one to obtain excellent correlations with
infrared spectra. As the approach has been described else-
where[10] we only repeat the crucial steps; Equation (1) shows
a radial distribution function, g(r).


g(r)�
Xn


j�i�1


Xnÿ1


i�1�1


ai aj exp(ÿb(rÿ rij)2) (1)


In this equation, ai and aj are properties of the atoms, rij is the
distance between these two atoms, r is a distance variable and
n gives the number of atoms in the molecule. By calculating
the radial distribution function, g(r), only at discrete values of
r, a fixed number of descriptors of the three-dimensional
structure of a molecule can be obtained. The more values of r
are chosen, the higher the resolution of the three-dimensional
structure representation. The discrete form of a radial
distribution function will be called RDF code. In order to
obtain a description of a molecule by a fixed number of
descriptors, the RDF is made discrete, computing it at a fixed
number of equidistant values of r.


The relationship between this RDF code and an infrared
spectrum is established by a counterpropagation (CPG)
neural network.[11] Figure 5 shows the architecture of a CPG
network.


The top, input block will consist of structures as represented
by the RDF code [see Eq. (1)]; in this application the RDF
code was calculated at 128 equidistant values between 0 and
12.8 �. The bottom, output block consists of 128 absorbance
values taken from the infrared spectrum in the range of 3500 ±
552 cmÿ1. The simulated infrared spectrum shown in Figure 5
was obtained from a CPG network of size 10� 10 neurons,
trained with 48 structure ± infrared spectra pairs taken from
the SpecInfo database. The query structure was taken from a
test set and it was not included in the training set.


Results


Applications to the degradation of s-triazine herbicides


The combined application of a system for reaction simulation
and a system for infrared spectra simulation will be illustrated
with two s-triazine herbicides. This example will show the
major steps that have to be performed in order to arrive at a
good predictive system. First, for a given type of compound
the main reaction types for degradation have to be identified.
Reactivity models should then be developed when sufficient
experimental data are available in the literature. We will first
perform the simulation of reactions occurring during degra-
dation without a reactivity model. Then, we will introduce a
reactivity model in order to show the enhanced performance of
such a combined system when more information is introduced.


Reaction simulation without a reactivity model : Two major
reaction types are involved in the degradation of s-triazine
herbicides in soil: reductive dealkylation and hydrolysis (see
Figure 4). These two reaction types were added as knowledge
base to the EROS system.


Input of cyanazine to the EROS system thus conditioned
produced the tree of reaction products shown in Figure 6.


As no quantitative evaluation of reactivity is included in the
rules for hydrolysis and reductive dealkylation, all of those
reaction pathways are likely to occur and all of those
compounds may be observed.


For three of the compounds included in this scheme of
reaction steps infrared spectra were found in the spectra
database SpecInfo.[12] Let us assume that these spectra would
have been available from an experiment in which these
compounds had been isolated from the environment. The
question is then: Would it have been possible to identify the
corresponding compounds among this set of 28 rather similar
compounds solely on the basis of their infrared spectra?


In order to explore this question, an infrared spectrum was
simulated for each of the compounds depicted in Figure 6. To
this effect all s-triazine compounds availabe from the
SpecInfo database were collected. Three of these compounds


were identified with com-
pounds also found in Figure 6
and were therefore removed
from this set.


The remaining 46 compounds
of the dataset were used togeth-
er with their corresponding in-
frared spectra to train a coun-
terpropagation (CPG) network
of 10� 10 neurons. Then, each
of the structures depicted in
Figure 6 was sent through this
CPG network, thus providing a
simulated infrared spectrum for
each of the 28 compounds of
Figure 6.


Each of the three experimen-
tal spectra was then compared
with every one of the 28 simu-


Figure 5. Simulation of an infrared spectrum by a CPG neural network. The structure code of the query molecule
is used to retrieve a simulated spectrum from the trained network.
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lated spectra to determine which simulated infrared spectrum
had highest correspondence with the selected experimental
spectrum. The Pearson correlation coefficient[13] was taken as
a measure of similarity. Figure 7 shows the results thus
obtained. The bold frames identify the simulated spectra with
closest resemblence to the respective experimental spectrum.


The question is whether this procedure gives correct
structural assignments. Figure 8 shows the results that were
obtained by this kind of comparison of the experimental with
simulated infrared spectra.


In the first two cases the proposed structures were correct.
In the third case, the proposed structure contained two amino
and one hydroxy group on the triazine system, whereas the
experimental spectrum was actually from the compound
having one amino and two hydroxy groups. The low correla-
tion coefficient r of 0.719 indicated that the assigned structure
is less reliable. The reason for this lower correspondence is a
lack of information for the training process since the database
contained no molecule with an OH-substituted s-triazine.


As a next example, the same procedure was performed with
trietazine. Figure 9 shows the potential degradation products
obtained by application of the two reaction types, reductive
dealkylation, and hydrolysis, as in the previous investigation.
The infrared spectra were simulated for all compounds as
outlined above. All structures from the SpecInfo database


which were found to be identical with one of the structures
depicted in Figure 9, in this case again three compounds were
deleted from the training set and used for testing the quality of
the structure prediction by comparing their spectra with each
one of the 18 simulated spectra.


The experimental spectra of the three compounds of
Figure 9 which were in the database were compared in turn
with each one of the 18 simulated spectra. Figure 10 ranks the
simulated spectra according to their correlation coefficients
with each one of the experimental spectra.


The correct structures in this example are at position 2, 3,
and 3, respectively, or, if tautomers are also taken into
account, the correct structures take the ranks 2, 3, and 2,
respectively. Can this situation be improved and can the
correct structures eventually obtain a higher ranking? We will
show in the next section that a more detailed modeling of the
reaction types which also incorporates a quantitative evalua-
tion of chemical reactivity can improve the prediction
accuracy.


Reaction simulation with a reactivity model : The develop-
ment of a reactivity model needs observations and data on
chemical reactions. The more detailed and accurate data are
available, the better a model can be developed. The ideal case
would be if detailed kinetic measurements on a series of


Figure 6. Tree of simulated degradation reactions for cyanazine with hydrolysis and reductive dealkylation as main degradation pathways in soil. Five levels
of degradation reactions are shown.
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reactions had been performed. Such data, however, could not
be found for the degradation of s-triazine compounds similar
to those investigated here. The best data we could find were
half-life times of four s-triazine herbicides for their degrada-
tion in soil (see Figure 11).[14]


For the reactivity model two assumptions were made. First,
the rate of hydrolysis was considered as constant and
independent of the structural differences in the amino-alkyl
groups. Secondly, both reaction types, hydrolysis and reduc-
tive dealkylation, should follow first order kinetics. Each


overall degradation rate will then be the sum of the
degradation rate for hydrolysis and the rates of dealkylation
for the two alkyl groups. A constant rate of hydrolysis of k�
5.10ÿ9 sÿ1 was assumed, based on hydrolysis rates reported in
the literature[15] and adapted to the scenario of our four
herbicides.[14] With the rate of hydrolysis known, the reaction
rate for the dealkylation of an ethyl group can be calculated
from the half-life of simazine. Analogously, the rate constants
for the dealkylation of an isopropyl and tert-butyl group can
be derived from the half-life of propazine and terbuthylazine.


Figure 7. Comparison of experimental spectra with the simulated IR spectra for all cyanazine metabolites shown in Figure 6. Bold frames indicate best
correlation between experimental and simulated spectra.
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Figure 8. Ranking of the correct structures using Pearson correlation
coefficient as shown at the upper right-hand side of each structure. Bold
frames indicate the correct structures. Top row: Structures for experimen-
tally observed compounds. Ranks indicate simulated spectra.


The information on the individual reaction rates was then
implemented into the EROS rule file. We already used this
approach of modeling degradation kinetics for triazine
herbicides in combination with exposure modeling for the
development of a software system for risk assessment of
chemicals in soil.[16] Figure 12 shows the calculated concen-
trations of each compound from Figure 9 during a period of
one year.


One can clearly see that the concentration of compound
III.3 is rather low during this one-year period, so that we can
delete compound III.3 in our ranking of Figure 10. Therefore,
the ranking of the correct structures improves to ranks 1, 2,
and 2.


It should be pointed out that the structures investigated
here are quite similar and often have infrared spectra that are
rather close. For a human expert the task presented here
would be very difficult if not impossible to solve. Clearly, this
approach depends on the amount and quality of data
available. The database used as a basis for the investigation
contained 49 s-triazine derivatives. Only four infrared spectra
for the overall 36 structures investigated were available from
the database. Thus, quite accurate intrapolations were neces-
sary to obtain the high quality simulated infrared spectra
needed here. Efforts to collect infrared spectra over the
internet to improve the simulation power of this system are in
progress.[17]


Figure 9. Tree of simulated degradation reactions for trietazine with hydrolysis and reductive dealkylation as main degradation pathways in soil. Six levels of
degradation reactions are shown.
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Conclusion


The two examples of studies on the degradation of s-triazine
herbicides show the power of this approach both for structure
elucidation and for the modeling of reaction pathways. These
two tasks are closely interrelated: Product identification is the
first step in modeling a reaction pathway. Knowledge on a
reaction pathway on the other hand facilitates product
identification.


Comparison of the results for trietazine with those for
cyanazine shows that a deeper knowledge on chemical
reactivity allows one to make better inferences and obtain
correct structure assignments more rapidly. Thus, more


knowledge on the reactivity of a class of compounds can
somehow compensate for deficiencies in the database of
infrared spectra and vice versa.
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Figure 10. Ranking of simulated IR spectra for all trietazine metabolites
shown in Figure 9; the Pearson correlation coefficient is shown at the upper
right-hand side of each structure. Bold frames indicate the correct
structures. Top row: Structures for experimentally observed compounds.
Ranks indicate simulated data.


Figure 11. Half lifes for simazine, atrazine, propazine, and terbuthylazine
from ref. [14].


Figure 12. Concentration versus time plots for trietazine degradation products.








The 12,13-Diol Cyclization Approach for a Truly Stereocontrolled
Total Synthesis of Epothilone B and the Synthesis of a
Conformationally Restrained Analogue


Harry J. Martin,* Peter Pojarliev, Hanspeter Kählig, and Johann Mulzer*[a]


Abstract: A highly convergent and ster-
eocontrolled synthesis of epothilone B
(1) has been developed. The epoxide
moiety in 1 was generated by regiose-
lective mesylation and base treatment of
the 12,13-diol 30 which was formed by a
chelate Cram controlled Grignard addi-
tion of 14 and methyl ketone 13. Both
fragments were synthesized from the
chiral carbon pool precursors (S)-citro-
nellol and (S)-lactic acid, respectively. A
highly diastereoselective aldol additon


of epoxy-aldehyde 7 and the known
Southern hemisphere ketone 8 delivered
the full carbon skeleton, containing all
the stereogenic centers of 1. Functional
group manipulation, macrolactonization
and removal of two protecting groups
then yielded 1. The spatial closeness of


the C4-b-methyl and C6-methyl group in
the crystal structure of 1 inspired us to
connect them through a methylene
bridge to give a cyclohexanone deriva-
tive. Thus, the Northern hemisphere
aldehyde 7 was added to the enolate of
the cyclohexanone 47. Further manipu-
lations and macrolactonization deliv-
ered the conformationally restrained
epothilone derivative 42.


Keywords: carbonyl addition ´ epo-
thilones ´ epoxidation ´ stereoselec-
tive synthesis ´ total synthesis


Introduction


Epothilone B (1)[1] shows outstanding microtubule binding
affinities and cytotoxity against tumor cells and multiple drug
resistant tumor cell lines.[2] The role of 1 as a potential
paclitaxel successor has initiated intense interest in its syn-
thesis, resulting in several total syntheses of 1 and numerous
derivatives thereof.[3, 4]


Apart from the objective to procure material for biological
tests these syntheses were increasingly carried out in the
intention to use 1 and the simpler epothilone A (2) as a
testbed for the application of novel methodology. Thus, ring
closing metathesis was used to generate the 12,13-olefin,[5] and
ring closing aldol addition to form the 2,3-bond.[6] For the
formation of the C-11,12-bond an interesting sp2 ± sp3-con-
necting Suzuki coupling was employed.[3a,c,e] Another issue
was the introduction of stereogenic centers through chiral
catalysis. For instance in the synthesis of 2 Shibasaki applied
multifunctional catalysis for the construction of C15 (hydro-
cyanation) and C3 (aldol addition),[7] and the Lerner group
prepared non-racemic fragments of 2 with the aid of catalytic
antibodies.[8] In view of the extensive efforts which have been


spent on developing stereocontrolled approaches to 1/2 it is
more than surprising that the stereoproblem of introducing
the 12,13-epoxide in pure (12R,13S) configuration still awaits
a satisfactory solution. (Scheme 1). Usually the epoxide is
generated through epoxidation of the corresponding 12,13-
olefins (epothilone D, 3, and epothilone C, 4) either with
mCPBA or dimethyl or trifluorodimethyl dioxirane. The high
stereocontrol initially reported by Danishefsky[3a,c] could not
be reproduced by Nicolaou, who found a virtually reagent
independent ratio of 4:1 instead.[3b] Additionally, the two
epoxide diastereomers are difficult to separate (TLC) and the
application of peroxidic epoxidizing agents does not appear
acceptable for the industrial scale. Recently Nicolaou report-
ed a solution of the problem by using a 12-hydroxymethylene
substituent in a stereocontrolled Sharpless epoxidation, how-
ever, this methodology requires several additional steps and
does not appear satisfactory.[4e]


Though to a lesser degree the introduction of C6/C7 in the
correct (6R,7S)-configuration still poses a problem. Usually,
the C-6,7-bond is formed by an aldol addition of ketone 6 to
the 12,13-unsaturated aldehyde 5 (or shorter fragments
thereof). The diastereomeric ratio of 6R,7S:6S,7R-diastereom-
ers routinely is about 3 ± 4:1. Only Schinzer[3e] and White[3h]


reported stereoselectivities of >90:10. This degree of selec-
tivity was also recently achieved in Nicolaou�s synthesis of
some epothilone B derivatives.[4e] Remarkably, on reviewing
the various syntheses of 1 there is not one synthesis so far, in
which all stereogenic units are introduced with a selectivity of
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Scheme 1. Retrosynthetic analysis I for the synthesis of epothilone B.


>95:5, which would be desirable for any up-to-date-method-
ology.


Recently we reported a novel approach to the introduction
of the epoxide function in 1 (Scheme 1). The key step of the
synthesis was the highly stereoselective (ds >95:5) aldol
addition of ketone 8 to the epoxy aldehyde 7.[3j] The epoxide
moiety in 7 was prepared through a regiocontrolled cycliza-
tion of diol 10, which was readily available from the olefinic
ester 9 by Sharpless AD reaction. In this way the epoxide was
introduced very early in the synthesis and turned out to be
surprisingly stable over a variety of synthetic operations.
However, there were two flaws in this synthesis: the
introduction of the 12,13-diol through Sharpless AD reaction
of olefin 9 to form diol 10 was not stereoselective and the 15-
O-protective group had to be changed from TBS to TES later
in the synthesis to allow the final 15-O-deprotection under
mild conditions.


We now report a new synthesis of 7 which eliminates the
previous drawbacks and makes use of simple and reliable
reactions which are applicable on the larger scale without
problems, and most gratifyingly, create all stereogenic units
with the required >95 % stereoselectivity. The synthesis of 7
was centered around the 13,15-syn diol acetonide moiety
represented in intermediate 12, which, in the synthetic
direction, had to be transformed into 7 via the 15-O-silylated
triol 11. Acetonide 12, in turn, was prepared from ketone 13
through a chelate Cram controlled addition of the Grignard
reagent 14.[9] The high stereocontrol of this addition was to be
expected from previous experiments in our group which


showed that ketone acetonides 15 underwent highly selective
additions with various Grignard reagents to form the syn-
triols 16 in about 90 % isolated yields (Scheme 2).[10] The
mechanistic interpretation implies a chelate Cram intermedi-
ate 17 which is attacked at the carbonyl group from the less
hindered face. In this way the trajectory is antiperiplanar to
the endocyclic CÿO-bond to give syn-triol 18.
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Scheme 2. Retrosynthetic analysis II for the convergent synthesis of the
Northern hemisphere aldehyde.


Results and Discussion


Our synthesis started with the known addition of allyltrime-
thylsilane to aldehyde 19 (Scheme 3), which furnishes the syn-
adduct 20 with >95:5 diastereoselectivity.[11] Subsequent
O-silylation of 20 gave 21 which was treated with ozone
followed by addition of isopropenyl magnesium bromide to
form the triol 22 as a 3:2-mixture of diastereomers which was
converted into the acetonide 24. After oxidation of 24 to the
ketone, the epimeric mixture was treated with mild base to
achieve complete equilibration to the syn-diastereomer 13.[12]


The addition of the Grignard reagent 14 (readily available
from the known alcohol via the bromide)[13] to ketone 13
proceeded with high chelate Cram selectivity as expected to
furnish the tertiary alcohol 25. After PMB deprotection and
oxidation, ketone 27 was transferred into the thiazolyl olefin
12 by an E-selective Wittig reaction.[3g] Global O-deprotection
led to the triol 29 which, much to our surprise, underwent
completely regioselective O-silylation at the 15-position to
generate 30, even when 3 mol equivalents of TESCl had to be
applied for a complete conversion! Subsequent 13-O-mesy-
lation also proceeded with perfect regiocontrol to convert 30
into 31. The stage was now set for the base catalyzed
formation of the 12,13-epoxide 32 under inversion at C13
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and retention at C12. Regioselective dihydroxylation of the
terminal olefin followed by glycol cleavage delivered the
desired aldehyde 7.


Next we set about a stereocontrolled synthesis of ketone 8
(see Scheme 4). This compound had been made by a Brown
allylation of aldehyde 34 with moderate enantioselectivity (ee
�84 %).[3b] We applied Duthaler�s allylation protocol[14] and
to our delight we found that reagent 33 converted aldehyde 34
into adduct 35 with an ee >98 %. Additionally we found the
workup much more convenient than for Brown�s method
which implied repeated and tedious column chromatography
to remove the boron containing side products. Aldol addition
of the lithium enolate of ketone 8 to aldehyde 7 proceeded
with excellent diastereoselectivity (>95:5) to form the adduct
36 which was protected to give the 7-OTroc derivative 37. The
further success of the synthesis crucially depended on the
handling of the O-protective groups. Thus, 37 was first
converted into the aldehyde and then 15-O-desilylated to
give hydroxy aldehyde 38 which was oxidized to the acid 39
with Pinnick�s reagent.[15] Yamaguchi macrolactonization[16]


furnished lactone 40 which was first deprotected at 7-O to give
41 and after removal of the 3-TBS group, epothilone B (1)
which was identical in all pertinent analytical data with the
natural compound described. In effect we have thus achieved
a truly stereocontrolled synthesis of 1, in addition to the one
reported earlier.[3m]


Encouraged by this result we turned to the synthesis of a
conformationally restricted analogue. On inspecting the
crystal structure of 1 and on the basis of the conformational
analysis of epothilone A in solution[17] it occurred to us that
the (pro-R)-4- and the 6-methyl groups are closely together,


and hence could be connected by a one carbon bridge to form
a cyclohexane analogue 42 in which the ªSouth Eastº
(C3ÿC7) fragment can be expected to underly a significant
conformational restriction. (Figure 1).


Figure 1. Design of a conformationally restrained epothilone analogue.


The synthesis of 42 started from the cyclohexane derivative
43, which was provided by the Schering (ZK 204 027, ee
>98 %) (Scheme 5). Reduction with LAH furnished alcohol
44, which was oxidized to aldehyde 45 and then subjected to
an asymmetric Brown allylation followed by acetal hydrolysis
to furnish 46 with a ds� 6:1. This value is much lower than the
one observed for the acyclic analogue 34 (92:8), so that the
allylation of 45 may be assumed to be a mismatched case.
After TBS protection of the hydroxyl group the ketone 46 was
used in the aldol condensation with aldehyde 7 to form the
diastereomeric adducts 48 in a ratio of 4:1. After protection,
7-OTroc derivative 49 was oxidized to the aldehyde 50 with
OsO4/NMO followed by glycol cleavage with NaIO4. Depro-
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Scheme 3. a) See ref. [11]; b) TBSCl, imidazole, DMF, 22 8C, 24 h, 97% c) O3, CH2Cl2/MeOH, ÿ78 8C, then PPh3, 98 %; d) isopropenyl magnesium
bromide, THF,ÿ10 8C, 45 min, 89% as a 3:2-mixture of diastereomers; e) 1.2 equiv TBAF, THF, 1 h, 25 8C, 99 %; f) 2,2-dimethoxypropane, cat. TsOH, 99%;
g) O3/PPh3, CH2Cl2, ÿ78 8C, then 2.0 equiv K2CO3, MeOH, 1 h, 25 8C, (94 % in two steps); h) MgBr2, CH2Cl2, ÿ78 8C, 3.0 equiv 14, 3 h, (78 %, ds� 96:4);
i) 1.2 equiv DDQ, CH2Cl2, 45 min, 25 8C, (98 %); j) 1.5equiv Dess ± Martin-periodinane, CH2Cl2, 2 h, 25 8C, 95 %; k) 5.0 equiv 28, KHMDS, 0 8C, 40 min, then
27, 45 8C, 20 min, THF, 80%; l) 15% HCl, MeOH, 12 h, 25 8C, 99%; m) 3.0 equiv TESCl, Et3N, CH2Cl2, 12 h, 25 8C, 90%; n) MsCl, Et3N, 92 %; o) K2CO3,
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20 min, 88%; i) NaClO2, butanol, 2,3-dimethyl-but-2-ene, H2O, NaH2PO4,
25 8C, 2 h, then 2,4,6-trichlorobenzoyl chloride, NEt3, toluene, DMAP,
25 8C, 30 min, 36 %; j) Zn, EtOH, NH4Cl, reflux, 30 min, 95%; k) HF,
pyridine, 40 8C, 4 d, 50%. Ipc� isopinocampheyl; LDA� lithium diisopro-
pylamide.


tection of O-15 and Pinnick oxidation of the resulting
aldehyde 51 led to the seco acid which was converted without
purification into the macrolactone 52 through Yamaguchi
lactonization. Sequential deprotection furnished 53 and,
eventually, the desired epothilone B analogue 42. Careful
analysis by two-dimensional NMR spectroscopy revealed the
(R) configuration at C6 which established a cis-relationship of
the two carbon appendages around the cyclohexane ring.
However, the configuration of C7 could not be assigned with
certainty. We did not insist on this point, as no biological
activity of 42 towards tumor cell line MCF-7 was observed.


In conclusion, we have established a fully stereocontrolled
synthesis of epothilone B, essentially based on well estab-
lished methodology which starts from inexpensive materials.
This methodology has also been successfully applied to the
synthesis of a conformationally restricted epothilone ana-
logue.


Experimental Section


Unless otherwise stated, solvents were dried by distillation under argon,
from Na (toluene), Na/K (Et2O, abbreviated as ether), potassium (THF),
CaH2 (Et3N, DMF), P2O5 (CH2Cl2), KOH (pyridine) and Mg (MeOH,
EtOH). All other commercially available reagents were used without
further purification unless specified otherwise. All reactions were per-
formed in oven-dried glassware under argon. Chromatography refers to
flash column chromatography on silica gel 60 (230 ± 400 mesh). Thin-layer
chromatography (TLC) was performed on Al-backed plates (Merck silica
gel 60 F254) and visualised by using either a UV lamp, phosphomolybdic
acid, sulphuric acidic/anisaldehyde or potassium permanganate solutions.
Melting points (m.p.) are uncorrected. Optical rotations are reported in g
per 100 mL. Infrared spectra (IR) were measured as evaporated films on
single crystal silica plates and reported in wave numbers (cmÿ1) with broad
signals denoted by (br). High resolution mass spectra were obtained using
electron ionisation (EI), field ionisation (FI) or fast atom bombardment
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Scheme 4. a) 33, allylmagnesium chloride, THF, 0 8C, 90 min, then add 34, ÿ74 8C, 3 h, 61%; b) TBSOTf, 2,6-lutidine, CH2Cl2, ÿ78 8C, 1 h, 87%;
c) diisopropylamine, nBuLi (1.6m in hexanes), THF, 0 8C, 20 min, then add 8 (in THF),ÿ78 8C toÿ40 8C, 30 min, then add 7 (in THF),ÿ78 8C, 15 min, 92%;
d) TrocCl, CH2Cl2, pyridine, 20 8C, 30 min, 91%; e) NMO, OsO4 (5 mol %), THF/tBuOH/H2O 10:10:1, 25 8C, 16 h, workup with Na2S2O3; crude diol in
EtOH/H2O, NaIO4, 25 8C, 1 h, 78 % over two steps; f) HF/pyridine, THF, 22 8C, 20 min, 91%; g) NaClO2, 2,3-dimethyl-2-butene, NaH2PO4, tBuOH, H2O,
22 8C, 45 min, 92 %; h) 38, 2,4,6-trichlorobenzoyl chloride, triethylamine, DMAP, 0.02m solution in toluene, 22 8C, 90 min, 65 % i) Zn, ammonium chloride,
EtOH, reflux, 20 min, 92 %; j) HF/pyridine, 35 8C, 7d, 67%. Tf� trifluormethanesulfonyl; TrocCl� 2,2,2-trichloroethyl chloroformate; DMAP� 4-
dimethylaminopyridine.
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(FAB). 1H and 13C NMR were recorded on a Bruker AC 250 (250 MHz),
AM 400 (400 MHz) or AM 600 (600 MHz) spectrometer. Chemical shifts
are reported using the solvent resonance internal standard (chloroform,
d� 7.26 and 77.0).


Silyl ether 21, silylation of alcohol 20 : A solution of alcohol 20 (8.95 g,
38.0 mmol) in dry DMF (180 mL) was treated with imidazole (15.5 g,
227 mmol) and TBS chloride (8.00 g, 53.0 mmol). After stirring over a
period of 16 h at room temperature, the reaction mixture was added to
hexane/ether (1:1 mixture, 400 mL) and washed with saturated aqueous
NaHCO3 solution (2� 100 mL), water (100 mL) and brine (100 mL). The
organic layer was dried (MgSO4) and concentrated under reduced pressure.
Purification by column chromatography (silica gel, hexane/EtOAc 50:1!
20:1) afforded silyl ether 21 as a colorless oil (12.94 g, 97%). [a]20


D �ÿ0.4
(c� 2.40, CHCl3); IR (thin film): nÄmax �2955, 2857, 1642, 1613, 1587, 1514,
1464, 1249, 1098, 1039 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.26 (d, J�
8.5 Hz, 2H), 6.87 (d, J� 8.5 Hz, 2H), 5.83 (ddt, J� 17.0, 10.0, 7.3 Hz, 1H),
5.04 (d, J� 17.0 Hz, 1H), 5.01 (d, J� 10.0 Hz, 1H), 4.52 (d, J� 12.0 Hz,
1H), 4.44 (d, J� 12.0 Hz, 1H), 3.80 (s, 3 H), 3.72 (qn, J� 4.0 Hz, 1H), 3.47
(dq, J� 4.0, 6.5 Hz, 1H), 2.42 ± 2.34 (m, 1H), 2.17 ± 2.08 (m, 1 H), 1.12 (d,
J� 6.5 Hz, 3H), 0.87 (s, 9 H), 0.02 (s, 3 H), ÿ0.01 (s, 3 H); 13C NMR
(100.6 MHz, CDCl3): d� 159.5, 136.6, 131.5, 129.5, 116.8, 114.1, 77.4, 74.2,
71.1, 55.7, 36.7, 26.3, 18.5, 14.4,ÿ4.1 (two signals); EI HRMS: m/z : 293.1581
[MÿC4H9]� , calcd for C20H34O3Si: 350.2277.


Alcohol 22, ozonolysis of alkene 21 and Grignard reaction : Ozone was
passed through a solution of alkene 21 (8.02 g, 25 mmol) in CH2Cl2


(200 mL) and methanol (10 mL) at ÿ78 8C until a blue color appeared.
Excess ozone was removed by purging with air (2 min), then PPh3 (19.7 g,
75 mmol) was added and the mixture was allowed to warm to room
temperature. The solvents were removed under reduced pressure and the
residue was purified by column chromatography (silica gel, hexanes/
EtOAc/CH2Cl2 40:1:10, then hexanes/EtOAc 20:1! 10:1) to give aldehyde
(7.90 g, 98 %) as a colorless liquid. [a]20


D ��2.8 (c� 2.20, CHCl3); IR (thin
film): nÄmax �2934, 1728, 1612, 1514, 1466, 1250, 1101, 1037 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 9.75 (s, 1H), 7.25 ± 7.17 (m, 2 H), 6.88 ± 6.82 (m, 2H),
4.50 (d, J� 11.5 Hz, 1H), 4.38 (d, J� 11.5 Hz, 1H), 4.32 ± 4.25 (m, 1H), 3.78
(s, 3 H), 3.56 ± 3.48 (m, 1 H), 2.68 ± 2.60 (m, 1H), 2.50 ± 2.41 (m, 1 H), 1.11 (d,
J� 6.5 Hz, 3 H), 0.83 (s, 9 H), 0.00 (s, 6H); 13C NMR (100.6 MHz, CDCl3):
d� 202.2, 159.6, 130.9, 129.6, 114.2, 76.6, 71.0, 69.4, 55.7, 46.4, 26.1, 18.3,
13.9, ÿ4.2, ÿ4.5; EI HRMS: m/z : 295.1366 [MÿC4H9]� , calcd for
C19H32O4Si: 352.2070.


A solution of the above aldehyde (7.82 g, 22.2 mmol) in dry THF (20 mL)
was slowly added at ÿ10 8C to a solution of isopropenyl magnesium
bromide (0.5m solution in THF, 53.0 mL, 26.5 mmol). The mixture was
allowed to warm to 0 8C and was quenched by addition to a saturated
aqueous NH4Cl solution (100 mL) and ether (100 mL). The aqueous layer
was extracted with ether (2� 40 mL), the combined organic phases were
dried and concentrated. Purification by flash column chromatography
(silica gel, hexanes/EtOAc 10:1) furnished allylic alcohol 22 (7.79 g, 89%,
mixture of diastereomers ca. 3:2) as a colorless oil. IR (thin film): nÄmax�
3438 (br), 2955, 1650, 1613, 1514, 1463, 1250, 1086 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.28 ± 7.21 (m, 2H), 6.90 ± 6.84 (m, 2 H), 4.99 (s,
1H), 4.84 (s, 0.6H), 4.81 (s, 0.4 H), 4.56 ± 4.44 (m, 2 H), 4.23 ± 4.15 (m, 1H),
4.00 (dt, J� 7.0, 4.5 Hz, 0.4 H), 3.95 (dt, J� 8.5, 4.5 Hz, 0.6H), 3.80 (s, 3H),
3.62 ± 3.50 (m, 1 H), 3.10 (d, J� 2.5 Hz, 0.6H), 2.81 (d, J� 3.5 Hz, 0.4H),
1.95 ± 1.76 (m, 1H), 1.73 (s, 3 H), 1.68 ± 1.58 (m, 1H), 1.16 (d, J� 6.5 Hz,
1.8 H), 1.14 (d, J� 6.5 Hz, 1.2H), 0.88 (s, 9H), 0.07 (s, 1.8H), 0.06 (s, 1.2H),
0.00 (s, 3 H); EI HRMS: m/z : 337.1849 [MÿC4H9]� , calcd for C22H38O4Si:
394.2539.


Diol 23, desilylation of 22 : A solution of silyl ether 22 (2.5 g, 6.3 mmol) in
dry THF (60 mL) at 0 8C was treated with TBAF (1m solution in THF,
7.6 mL, 7.6 mmol). After stirring for 1 h at 25 8C, the reaction mixture was
diluted with ether (60 mL) and washed with saturated aqueous NH4Cl
solution (60 mL). The aqueous phase was extracted with ether (3� 50 mL),
and the combined organic phases were washed with brine (40 mL), dried
(MgSO4), and concentrated. The crude mixture was purified by flash
column chromatography (hexane/EtOAc 4:1) to provide diol 23 (1.75 g,
99%) as a colorless liquid. IR (thin film): nÄmax�3418 (br), 2969, 2934, 2868,
1612, 1513, 1248, 1106 cmÿ1; 1H NMR (CDCl3, 250 MHz): d� 7.28 ± 7.18
(m, 2H), 6.90 ± 6.81 (m, 2 H), 5.03 (br s, 0.4 H), 4.98 (br s, 0.6H), 4.85 (br s,
0.4H), 4.80 (s, 0.6H), 4.58 (d, J� 11.2 Hz, 1 H), 4.35 (d, J� 11.2 Hz, 1H),
4.36 ± 4.23 (m, 1H), 3.79 (s, 3H), 3.81 ± 3.63 (m, 1H), 3.50 ± 3.33 (m, 1H), 3.1


(br s, 0.6�OH), 2.93 (d, J� 5 Hz, 0.4�OH), 2.87 (d, J� 3 Hz, 1�OH),
1.72 ± 1.53 (m, 2H), 1.70 (s, 3 H), 1.21 (d, J� 6.2 Hz, 1.8H), 1.15 (d, J�
6.2 Hz, 1.2H); 13C NMR (62.5 MHz, CDCl3): d� 159.4, 147.3, 130.3, 129.4,
114.0, 113.9, 110.8, 110.3, 77.9, 77.8, 75.6, 75.4, 72.5, 72.4, 70.7, 70.3, 55.3,
55.3, 37.6, 36.9, 18.7, 17.8, 15.4, 15.2; EI HRMS: m/z : 280.1682 [M]� , calcd
for C16H24O4: 280.1675.


Acetonide 24 : A solution of diol 23 (1.75 g, 6.25 mmol) in 2,2-dimethoxy-
propane (50 mL) and catalytic amount of p-TsOH ´ H2O (50 mg) was
stirred for 3 h at 25 8C. The reaction mixture was diluted with ice-water
(50 mL) and ether (50 mL) and washed with saturated aqueous NaHCO3


solution (50 mL). The aqueous phase was extracted with ether (3� 50 mL)
and the combined organic phases were washed with brine (40 mL), dried
(MgSO4), and concentrated. The crude mixture was purified by flash
column chromatography (hexane/EtOAc 15:1) to provide acetonide 24
(2.0 g, 99%) as a colorless oil. IR (thin film): nÄmax �2989, 2937, 2870, 2836,
1613, 1248 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 7.29 ± 7.22 (m, 2H),
6.89 ± 6.81 (m, 2H), 4.95 (br s, 0.4H), 4.91 (br s, 0.6 H), 4.81 (br s, 0.4 H), 4.77
(br s, 0.6 H), 4.61 ± 4.48 (m, 2 H), 4.28 ± 4.24 (m, 0.4H), 4.23 ± 4.18 (m, 0.6H),
3.98 ± 3.81(m, 1H), 3.78 (s, 3H), 3.57 ± 3.44 (m, 1 H), 1.9 ± 1.56 (m, 2 H), 1.73
(s, 3 H), 1.45 (s, 0.9 H), 1.43 (s, 0.9H), 1.38 (s, 1.2 H), 1.13 (d, J� 6.4 Hz,
1.2 H), 1.11 (d, J� 6.4 Hz, 1.8 H); 13C NMR (62.5 MHz, CDCl3): d� 159.0,
145.2, 129.2, 113,7, 110,3, 100.5, 75.9, 71.3, 70.0, 69.7, 55.2, 32.4, 25.0, 24.5,
18.6, 15.3; EI HRMS: m/z : 320.1977 [M]� , calcd for C19H28O4: 320.1988.


Ketone 13, ozonolysis of alkene 24 : Alkene 24 (2.0 g, 6.25 mmol) was
dissolved in a mixture of CH2Cl2 and MeOH (8:1, 65 mL), and the solution
was cooled to ÿ78 8C. Oxygen was bubbled through the solution for 2 min,
after which ozone was passed through until the reaction mixture had a pale
blue color (ca. 15 min). The solution was then purged with air for 2 min at
ÿ78 8C (until disappearance of blue color) and PPh3 (2.46 g, 9.38 mmol)
was added. The reaction mixture was allowed to warm to room temper-
ature and stirred for 12 h at 25 8C. The solvent was removed under reduced
pressure, and the residue was purified by flash column chromatography
(hexane/EtOAc 40:1 to 10:1) to provide a 1:1 epimeric mixture of ketone
13. The mixture of epimers were dissolved in dry MeOH (100 mL) and
treated with dry K2CO3 (1.73 g, 12.5 mmol) at 25 8C. After stirring for 1 h at
25 8C, a mixture of ether (50 mL) and ice-water (50 mL) was added and the
reaction mixture was neutralised with saturated aqueous NH4Cl solution.
The organic phases were separated and the aqueous phase was extracted
with ether (3� 50 mL). The combined organic phases were washed with
brine (40 mL), dried (MgSO4) and concentrated under reduced pressure.
Flash column chromatography (hexane/EtOAc 10:1) furnished the pure
ketone 13 (1.9 g, 94% for two steps) as a single diastereomer. [a]20


D ��23.8
(c� 2.1, CHCl3); IR (thin film): nÄmax �2993, 2939, 2837, 1718, 1613, 1514,
1380, 1107, 973 cmÿ1; 1H NMR (CDCl3, 250 MHz): d� 7.27 ± 7.20 (m, 2H),
6.88 ± 6.80 (m, 2H), 4.56 (d, J� 11.6 Hz, 1H), 4.49 (d, J� 11.6 Hz, 1H), 4.21
(dd, J� 12.0, 3.0 Hz, 1H), 3.93 (ddd, J� 11.7, 5.5, 2.5 Hz, 1 H), 3.77 (s, 3H),
3.53 ± 3.41 (m, 1H), 2.17 (s, 3H), 1.66 (dt, J� 13.0, 2.7 Hz, 1 H), 1.45 (s, 3H),
1.43 (s, 3H), 1.36 (dd, J� 13.0, 1.0 Hz, 1H), 1.15 (d, J� 7.0 Hz, 3H);
13C NMR (62.5 MHz, CDCl3): d� 208.9, 159.1, 130.9, 129.2, 113.7, 98.9, 76.1,
74.8, 72.0, 71.3, 55.3, 29.9, 27.7, 25.4, 19.5, 15.0; EI HRMS: m/z : 322.1776
[M]� , calcd for C18H26O5: 322.1780.


Alcohol 25, Grignard reaction of ketone 13 : Mg cuttings (365 mg, 15 mmol)
were moistened with dry THF (0.2 mL). (3S)-6-Bromo-3-methyl-hex-1-ene
(2.21 g, 12.5 mmol), dissolved in dry THF (12.5 mL), was slowly added at
25 8C under argon atmosphere. After the exothermic reaction was
complete, the solution was stirred for 30 min at 25 8C. The dark-brown
solution of 14 was separated from the mixture via syringe and used in the
next step.


MgBr2 ´ Et2O (1.48 g, 5.4 mmol) was added in portions to a cooled (ÿ78 8C)
solution of ketone 13 (1.45 g, 4.5 mmol) in dry CH2Cl2 (30 mL). After
stirring for 30 min, the homogeneous mixture was treated dropwise with
Grignard compound 14 (1m in THF, 13.5 mL, 13.5 mmol) at ÿ78 8C and
stirred for 1 h at this temperature. The mixture was allowed to warm to
25 8C and stirred for 1 h. Ice-water (30 mL) was added and the solution was
treated with saturated aqueous NH4Cl solution (30 mL). The aqueous
phase was extracted with CH2Cl2 (3� 25 mL) and the combined organic
phases were washed with brine (30 mL), dried (MgSO4), and concentrated.
The crude mixture was purified by flash column chromatography (hexane/
EtOAc 8:1) to give a mixture of diastereomers (syn :anti� 24:1 by HPLC
analysis). Separation of these diastereomers was carried out by HPLC
(Nucleosil 50 ± 5, 237� 32 mm, 15 % EtOAc in hexane, 80 mL minÿ1, UV254,
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10.0 min for the syn-product) to yield pure 25 (1.48 g, 78 %) as a colorless
oil. [a]20


D �ÿ7.5 (c� 2.1, CHCl3); IR (thin film): nÄmax �3572 (br), 2939,
1639, 1613, 1513, 1379 cmÿ1; 1H NMR (CDCl3, 250 MHz): d� 7.30 ± 7.21
(m, 2 H), 6.91 ± 6.88 (m, 2H), 5.75 ± 5.59 (m, 1H), 4.99 ± 4.85 (m, 2 H), 4.57
(d, J� 11.7 Hz, 1H), 4.50 (d, J� 11.7 Hz, 1 H), 3.88 (dq, J� 11.2, 3.0 Hz,
1H), 3.78 (s, 3H), 3.64 (dd, J� 11.2, 3.0 Hz), 3.54 ± 3.42 (m, 1 H), 2.24 (br s,
1�OH), 2.17 ± 2.04 (m, 1H), 1.45 ± 1.22 (m, 8 H), 1.40 (s, 3H), 1.38 (s, 3H),
1.11 (d, J� 6.4 Hz, 3 H), 1.04 (s, 3 H), 0.96 (d, J� 6.6 Hz, 3 H); 13C NMR
(62.5 MHz, CDCl3): d� 144.7, 131.1, 129.2, 113.7, 112.4, 98.6, 73.4, 73,2, 72.0,
71.3, 55.2, 38.9, 37.6, 37.2, 30.0, 25.3, 21.1, 21.1, 20.2, 19.8, 15.0; EI HRMS:
m/z : 420.2866 [M]� , calcd for C25H40O5: 420.287.


Compound 26, PMB-deprotection of 25 : DDQ (926 mg, 4.08 mmol) was
added in small portions at 0 8C within 5 min to a solution of PMB-ether 25
(1.43 g, 3.4 mmol) in a mixture of CH2Cl2 and H2O (10:1, 55 mL). After
stirring for 45 min at 25 8C, the reaction mixture was diluted with saturated
aqueous NaHCO3 solution (50 mL) and aqueous Na2S2O3 solution (1m,
10 mL). The aqueous phase was extracted with CH2Cl2 (3� 30 mL) and the
combined organic phases were washed with brine (30 mL), dried (MgSO4)
and concentrated. The crude mixture was purified by flash column
chromatography (hexane/EtOAc 4:1) to provide 26 (1.0 g, 98%) as a
colorless oil. [a]20


D ��1.74 (c� 1.0, CHCl3); IR (thin film): nÄmax �3453 (br),
3075, 2971, 1640, 1461, 1379, 911 cmÿ1; 1H NMR (CDCl3, 250 MHz): d�
5.78 ± 5.62 (m, 1H), 5.03 ± 4.92 (m, 2H), 3.75 ± 3.55 (m, 3 H), 2.60 (br s, 1�
OH), 2.25 (br s, 1�OH), 2.23 ± 2.07 (m, 8H), 1.42 (s, 3H), 1.39 (s, 3 H), 1.18
(d, J� 6 Hz, 3H), 1.08 (s, 3H), 1.01 (d, J� 7 Hz, 3 H); 13C NMR (62.5 MHz,
CDCl3): d� 144.7, 112.5, 98.9, 73.7, 73.2, 73.1, 70.7, 38.9, 37.7, 37.2, 30.0, 26.4,
21.2, 21.1, 20.2, 20.0, 17.7; EI HRMS: m/z : 285.2057 [M]� , calcd for
C16H29O4: 285.2066.


Ketone 27, Dess ± Martin oxidation of 26 : Dry pyridine (1.0 mL) and Dess ±
Martin periodinane (445 mg, 1.0 mmol) were added at 0 8C to a solution of
26 (200 mg, 0.67 mmol) in dry CH2Cl2 (15 mL). After stirring for 2 h at
25 8C, the reaction was quenched with a 1:1 mixture of aqueous Na2S2O3


solution (1m) and saturated aqueous NaHCO3 solution (20 mL). The
aqueous phase was extracted with CH2Cl2 (3� 15 mL) and the combined
organic phases were washed with brine (10 mL), dried (MgSO4) and
concentrated. The crude mixture was purified by flash column chromatog-
raphy (hexane/EtOAc 6:1) to provide ketone 28 (190 mg, 95%) as a
colorless foam. [a]20


D �ÿ24.2 (c� 1.0, CHCl3); IR (thin film): nÄmax� 3508
(br), 2942, 1720, 1381 cmÿ1; 1H NMR (CDCl3, 250 MHz): d� 5.74 ± 5.56 (m,
1H), 4.88 ± 4.83 (m, 2 H), 4.21 (dd, J� 11.7, 3.2 Hz, 1 H), 2.19 (s, 3 H), 2.18 ±
2.04 (m, 1H), 1.68 (dt, J� 13.0, 2.7 Hz, 1 H), 1.50 ± 1.20 (m, 8 H), 1.44 (s,
3H), 1.41 (s, 3 H), 1.04 (s, 3H), 0.96 (d, J� 6.6 Hz, 3H); 13C NMR
(62.5 MHz, CDCl3): d� 209.1, 144.7, 112.5, 99.1, 74.9, 73.4, 73.3, 38.8, 37.7,
37.2, 29.9, 26.7, 25.4, 21.2, 21.1, 20.2, 19.6.


Thiazolyl olefin 12, Wittig reaction of 27: A solution of Wittig salt 28
(1.12 g, 3.2 mmol) in dry THF (10 mL) was cooled to ÿ78 8C and treated
dropwise with KHMDS (0.5m in toluene, 6.4 mL, 3.2 mmol). After stirring
for 45 min at ÿ78 8C ketone 27 (190 mg, 0.64 mmol), dissolved in dry THF
(1.0 mL), was added to the reaction mixture at ÿ78 8C. The cooling bath
was removed and the reaction mixture was stirred for 45 min at 40 8C. Ether
(20 mL) was added and the reaction was quenched by the addition of a
cooled solution (0 8C) of saturated aqueous NH4Cl (20 mL). The aqueous
phase was extracted with ether (3� 15 mL) and the combined organic
phases were washed with brine (20 mL), dried (MgSO4) and concentrated.
The crude mixture (E/Z� 28:1, by 1H NMR analysis) was purified by flash
column chromatography (hexane/EtOAc 6:1) to provide pure compound
12 (202 mg, 80%) as a colorless oil. [a]20


D ��5.2 (c� 1.5, CHCl3); 1H NMR
(CDCl3, 250 MHz): d� 6.93 (s, 1H), 6.58 (br s, 1 H), 5.78 ± 5.55 (m, 1H),
5.04 ± 4.88 (m, 2H), 4.35 (dd, J� 4.5, 3.5 Hz, 1 H), 3.78 (dd, J� 5.5, J�
4.5 Hz, 1 H), 2.71 (s, 3H), 2.28 (br s, 1�OH), 2.22 ± 2.08 (m, 1H), 2.08 (dd,
J� 0.9 Hz, 3 H), 1.62 ± 1.25 (m, 8H), 1.52 (s, 3 H), 1.49 (s, 3H), 1.09 (s, 3H),
1.01 (d, J� 6.7 Hz, 3 H); EI HRMS: m/z : 393.2336 [M]� , calcd for
C22H35NO3S: 393.2338.


Triol 29, global O-deprotection of 12 : A 15 % aqueous HCl solution
(10 mL) was added to a solution of acetonide 12 (190 mg 0.48 mmol) in
ethanol (20 mL) and the reaction mixture was stirred for 12 h at 25 8C. The
reaction was quenched by the addition of ice-water (20 mL) and
neutralised by the addition of saturated aqueous NaHCO3 solution
(20 mL). The aqueous phase was extracted with EtOAc (2� 20 mL) and
ether (2� 20 mL). The combined organic phases were then washed with
brine (20 mL), dried (MgSO4) and concentrated. The crude mixture was


purified by flash column chromatography (hexane/EtOAc 1:2) to provide
triol 29 (168 mg, 99 %) as a colorless oil. [a]20


D ��8.1 (c� 1.6, CHCl3); IR
(thin film): nÄmax� 3384 (br), 2955, 2865, 1452, 1374, 910 cmÿ1; 1H NMR
(CDCl3, 250 MHz): d� 6.90 (s, 1H), 6.54 (br s, 1 H), 5.74 ± 5.57 (m, 1H),
4.97 ± 4.83 (m, 2H), 4.41 ± 4.31 (m, 1H), 3.72 ± 3.63 (m, 1 H), 2.64 (s, 3H),
2.17 ± 2.03 (m, 1 H), 1.98 (d, J� 0.9 Hz, 3H), 1.74 ± 1.64 (m, 2H), 1.50 ± 1.20
(m, 6 H), 1.07 (s, 3H), 0.95 (d, J� 6.7 Hz, 3H); 13C NMR (62.5 MHz,
CDCl3): d� 165.0, 152.5, 144.8, 142.3, 118.7, 115.6, 112.5, 77.9, 77.2, 74.4,
38.9, 37.7, 37.2, 35.8, 21.4, 21.1, 20.2, 19.0, 14.4; EI HRMS: m/z : 353.2032
[M]� , calcd for C19H31NO3S: 353.2025.


Silyl ether 30, monosilylation of 29 : Dry triethylamine (212 mg, 1.8 mmol)
followed by triethylchlorosilane (68 mg, 0.45 mmol) was added to a cooled
(0 8C) solution of triol 29 (160 mg, 0.45 mmol) in dry CH2Cl2 (25 mL). After
stirring for 3 h at 25 8C, the reaction mixture was treated with additional
TESCl (136 mg, 0.90 mmol) and the reaction mixture was stirred for an
additional 16 h at 25 8C. The reaction was quenched by the addition of
saturated aqueous NH4Cl solution (10 mL). The aqueous phase was
extracted with CH2Cl2 (3� 15 mL) and the combined organic phases were
washed with brine (20 mL), dried (MgSO4) and concentrated. The crude
mixture was purified by flash column chromatography (hexane/EtOAc 3:1)
to provide pure silyl ether 30 (192 mg, 90 %) as a colorless oil. [a]20


D �ÿ4.7
(c� 1.5, CHCl3); IR (thin film): nÄmax �3451 (br), 2956, 2910, 909 cmÿ1;
1H NMR (CDCl3, 250 MHz): d� 6.93 (s, 1H), 6.48 (br s, 1H), 5.73 ± 5.57 (m,
1H), 4.96 ± 4.82 (m, 2H), 4.41 (dd, J� 8.5, 4.8 Hz, 1 H), 3.71 (br s, 1�OH),
3.58 (dd, J� 9.0, 0.9 Hz, 1H), 2.68 (s, 3H); 2.15 ± 2.02 (m, 1 H), 1.99 (d, J�
0.9 Hz, 3 H), 1.75 ± 1.62 (m, 2H), 1.50 ± 1.20 (m, 6 H), 1.05 (s, 3H), 0.98 ± 0.87
(m, 12H), 0.68 ± 0.55 (m, 6H); 13C NMR (62.5 MHz, CDCl3): d� 164.5,
152.6, 144.7, 141.5, 119.6, 115.6, 112.3, 79.9, 76.2, 74.0, 38.7, 37.7, 37.2, 37.1,
21.4, 21.0, 20.1, 19.1, 13.8, 6.7, 4.7; EI HRMS: m/z : 467.2896 [M]� , calcd for
C25H45NO3SSi: 467.2889.


Mesylate 31, monomesylation of 30 : Dry triethylamine (46 mg, 0.45 mmol)
followed by methanesulfonyl chloride (44 mg, 0.38 mmol) was added to a
cooled (ÿ20 8C) solution of diol 31 (70 mg, 0.15 mmol) in dry CH2Cl2


(6 mL). After stirring for 3.5 h at ÿ20 8C the reaction was quenched by
addition of ice-water (10 mL) and saturated aqueous NaHCO3 solution
(10 mL). The aqueous phase was extracted with CH2Cl2 (3� 10 mL) and
the combined organic phases were washed with brine (20 mL), dried
(MgSO4) and concentrated. The crude mixture was purified by flash
column chromatography (hexane/EtOAc 4:1 to 3:1) to provide unstable
mesylate 32 (75 mg, 92 %) as a colorless oil. 1H NMR (CDCl3, 250 MHz):
d� 6.95 (s, 1H), 6.56 (br s, 1H), 5.70 ± 5.53 (m, 1 H), 4.91 ± 4.80 (m, 2H),
4.54 (dd, J� 8.0, 3.0 Hz, 1 H), 4.36 (dd, J� 8.5, 5.0 Hz, 1H), 3.1 (s, 3 H), 2.68
(s, 3H), 2.1 (br s, 1�OH), 2.09 ± 1.96 (m, 1H), 2.02 (d, J� 1.1 Hz, 3 H), 1.81
(ddd, J� 13.0, 8.0, 5.0 Hz, 1 H), 1.46 ± 1.17 (m, 7 H), 1.25 (s, 3 H), 1.0 ± 0.80
(m, 3�TES-CH3, 1�Me, 12 H), 0.67 ± 0.52 (m, 6 H); 13C NMR (62.5 MHz,
CDCl3): d� 164.5, 152.4, 144.5, 141.6, 119.8, 116.4, 112.6, 86.2, 75.6, 74.1,
39.1, 38.9, 37.8, 37.8, 37.7, 37.1, 21.6, 20.4, 20.1, 13.0, 6.8, 4.7; EI HRMS: m/z :
545.2672 [M]� , calcd for C26H47O5NS2Si: 545.2665.


Oxirane 32 : Dry K2CO3 (36 mg, 0.26 mmol, 2.0 equiv) was added in
portions at 25 8C to a solution of mesylate 31 (70 mg, 0.13 mmol) in dry
MeOH (5 mL) and the mixture was stirred for 1 h at 25 8C. The reaction
was quenched by the addition of ice-water (10 mL), ether (10 mL) and
saturated aqueous NH4Cl solution (10 mL). The aqueous phase was
extracted with ether (3� 10 mL) and the combined organic phases were
washed with brine (15 mL), dried (MgSO4) and concentrated. The crude
mixture was purified by flash column chromatography (hexane/EtOAc
10:1) to provide pure oxirane 32 (53 mg, 90%) as a colorless oil. [a]20


D �
ÿ7.6 (c� 0.25, CHCl3); IR (thin film): nÄmax �2956, 2876, 1455, 1377, 1261,
1182, 1082, 1006, 962, 908, 739 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 6.91
(s, 1H), 6.50 (br s, 1H), 5.74 ± 5.58 (m, 1 H), 4.99 ± 4.85 (m, 2H), 4.32 (dd,
J� 8.9, 3.7 Hz, 1H), 2.86 (dd, J� 7.5, 4.3 Hz, 1 H), 2.68 (s, 3H), 2.17 ± 2.02
(m, 1H), 2.01 (d, J� 1.1 Hz, 3 H), 1.88 (ddd, J� 13.9, 8.9, 4.3 Hz, 1 H), 1.59
(ddd, J� 14.0, 7.8, 4.3 Hz, 1H), 1.52 ± 1.20 (m, 6H), 1.25 (s, 3H), 0.99 ± 0.82
(m, 3�TES-CH3, 1�Me, 12 H), 0.66 ± 0.55 (m, 6 H); 13C NMR (62.5 MHz,
CDCl3): d� 164.8, 153.1, 144.6, 142.3, 118.7, 115.3, 112.6, 76.2, 62.0, 61.7,
37.8, 36.8, 36.1, 33.1, 23.1, 20.1, 19.2, 14.1, 14.0, 6.8, 4.8; EI HRMS: m/z :
449.2784 [M]� , calcd for C25H43NO2SSi: 449.2774.


Aldehyde 7, glycolization and cleavage of alkene 32 : N-Methylmorpholine-
N-oxide (0.7m aqueous solution, 0.14 mL) followed by osmium tetroxide
[0.13 mL, 0.04m solution (10 mgmLÿ1) in tBuOH, ca. 5 mol %] was added
at 0 8C to a cooled (0 8C) solution of alkene 33 (45 mg, 0.1 mmol) in a
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mixture of THF and tBuOH (1:1, 1.5 mL). After stirring for 16 h at 25 8C the
reaction was quenched by the addition of ice-water (5 mL), Na2S2O3


(74 mg) and CH2Cl2 (5 mL). The aqueous phase was extracted with CH2Cl2


(3� 10 mL) and the combined organic phases were washed with brine
(15 mL), dried (MgSO4) and concentrated. The crude mixture was filtered
through silica gel (hexane/EtOAc 1:1), concentrated and redissolved in a
5:1 mixture of ethanol and water (6 mL). NaIO4 (42 mg, 0.2 mmol) was
added at 25 8C. After stirring for 1 h at 25 8C, the reaction was quenched
with the addition of ice-water (5 mL), saturated aqueous NaHCO3 solution
(5 mL) and ether (10 mL). The aqueous phase was extracted with ether
(3� 10 mL) and the combined organic phases were washed with brine
(15 mL), dried (MgSO4), concentrated and purified by flash column
chromatography (hexane/EtOAc 4:1) to provide pure aldehyde 7 (28 mg,
62% in two steps) as a colorless oil. [a]20


D �ÿ10.6 (c� 1.0, CHCl3); IR (thin
film): nÄmax �2956, 2876, 1726, 1459, 1378, 1183, 1079, 1006, 745 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 9.61 (d, J� 2.0 Hz, 1 H), 6.93 (s, 1H), 6.52
(s, 1H), 4.34 (dd, J� 9.0, 4.0 Hz, 1 H), 2.89 (dd, J� 7.0, 4.5 Hz, 1H), 2.70 (s,
3H), 2.33 ± 2.25 (m, 1 H), 2.02 (s, 3H), 1.89 (ddd, J� 14.0, 9.0, 4.5 Hz, 1H),
1.74 ± 1.66 (m, 1 H), 1.60 (ddd, J� 14.0, 7.0, 4.0 Hz, 1H), 1.53 ± 1.32 (m, 5H),
1.27 (s, 3 H), 1.09 (d, J� 7.0 Hz, 1 H), 0.94 (t, J� 7.8 Hz, 9 H), 0.61
(q, J� 7.8 Hz, 6H); 13C NMR (100.6 MHz, CDCl3): d� 205.2, 164.9,
153.4, 142.6, 119.2, 115.8, 76.5, 62.4, 61.1, 46.7, 36.4, 33.3, 31.0, 23.2, 22.6,
19.6, 14.2, 13.7, 7.2, 5.2; EI HRMS: m/z : 451.2559 [M]� , calcd for
C24H41NO3SSi: 451.2576.


Hydroxy ketone 35, Hafner ± Duthaler allylation : A solution of allylmag-
nesium chloride (2.0m solution in 5.5 mL THF, 11.0 mmol) was added
slowly at 0 8C to a solution of titanium reagent 33 (7.36 g, 12.0 mmol) in dry
ether (100 mL) and the mixture was stirred at 0 8C for 1.5 h. The reaction
mixture then was cooled to ÿ78 8C and keto aldehyde 34 (1.41 g, 11.0 mol),
dissolved in ether (10 mL), was added. The mixture was stirred for
additional 3 h at ÿ78 8C, then ammonium fluoride (45 % solution in water,
50 mL) was added and the mixture was stirred at room temperature
overnight. After filtration through celite and extraction with ether (2�
50 mL), the combined organic phases were washed with brine (50 mL)
dried and concentrated. The solid residue was stirred with pentane
(50 mL), filtered and concentrated. Purification by flash column chroma-
tography (silica gel, hexane/EtOAc/CH2Cl2 9:1:5) afforded hydroxy ketone
35 (1.14 g, 61 %) as a colorless oil, containing traces of chiral ligand (ee
>98 %, by chiral HPLC). 1H NMR (400 MHz, CDCl3): d� 5.85 ± 5.79 (m,
1H), 5.10 ± 5.06 (m, 2 H), 3.73 (dd, J� 10.0, 2.5 Hz, 1H), 2.54 ± 2.38 (m,
3H), 2.24 ± 2.17 (m, 1 H), 2.03 ± 1.95 (m, 1 H), 1.14 (s, 3H), 1.10 (s, 3H), 0.98
(t, J� 7.0 Hz, 3 H); 13C NMR (100.6 MHz, CDCl3): d� 217.2, 135.6, 117.7,
75.5, 51.2, 36.3, 31.3, 21.7, 19.5, 7.8.


Silyl ether 8, silylation of hydroxy ketone 35 : 2,6-Lutidine (0.70 mL,
6.0 mmol) and TBS triflate (1.15 mL, 5.0 mmol) were added at ÿ78 8C to a
solution of alcohol 35 (425 mg, 2.5 mmol) in dry CH2Cl2 (15 mL). After 1 h,
saturated aqueous NH4Cl solution (10 mL) was added and the mixture was
allowed to warm to room temperature. The aqueous layer was extracted
with CH2Cl2 (2� 5 mL), dried (MgSO4) and concentrated. Purification by
flash column chromatography (silica gel, hexane/EtOAc 40:1) afforded
silyl ether 8 (616 mg, 87 %) as a colorless oil. [a]20


D ��3.6 (c� 2.08, CHCl3);
IR (thin film): nÄmax �2957, 2886, 1706, 1472, 1090, 1024 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 5.74 (m, 1H), 5.02 ± 4.94 (m, 2H), 3.96 (dd, J� 6.5,
5.0 Hz), 2.48 (dq, J� 11.3, 7.0 Hz, 2H), 2.19 ± 2.08 (m, 2 H), 1.09 (s, 3H), 1.06
(s, 3 H), 0.96 (t, J� 7.0 Hz, 3 H), 0.86 (s, 9H), 0.04 (s, 3 H), 0.01 (s, 3H);
13C NMR (100.6 MHz, CDCl3): d� 215.8, 136.2, 116.5, 76.7, 52.9, 39.0, 31.9,
26.0, 22.4, 20.2, 7.7, ÿ3.6, ÿ4.4; FI MS: m/z : 227 [MÿC4H9]� , 185, 83, 57;
elemental analysis calcd for C16H32O2Si (284): C 67.54, H 11.34; found: C
67.78, H 11.24.


Hydroxy ketone 36, aldol addition of ketone 8 and aldehyde 7: Diisopro-
pylamine (0.19 mL, 1.36 mmol) in dry THF (3.5 mL) was treated with
nBuLi (0.84 mL, 1.6m in hexane, 1.36 mmol) at ÿ40 8C. After 20 min at
0 8C, the solution was cooled to ÿ78 8C and ketone 8 (382 mg, 1.34 mmol),
dissolved in THF (0.5 mL), was added dropwise (3 min). After stirring for
15 min at ÿ78 8C and the mixture was allowed to warm to ÿ40 8C over a
period of 0.5 h. The mixture was cooled to ÿ78 8C and aldehyde 7 (390 mg,
0.86 mmol), dissolved in THF (0.5 mL), was added dropwise (3 min). After
15 min at ÿ78 8C, the reaction was quenched by addition of saturated
aqueous NH4Cl solution and ether (5 mL), the cooling bath was removed
and water (5 mL) was added. The aqueous layer was extracted with ether
(2� 10 mL) and the combined organic phases were dried (MgSO4) and


concentrated. Purification by column chromatography (silica gel, hexane/
EtOAc 5:1) provided aldol product 36 (582 mg, 92 %, ds>95:5, by 1H NMR
analysis) as a colorless oil. [a]20


D �ÿ17.0 (c� 1.05, CHCl3); IR (thin film):
nÄmax �3502, 2956, 2877, 1683, 1472, 1082, 1003, 837, 776 cmÿ1; 1H NMR
(600 MHz, CDCl3): d� 6.93 (s, 1H), 6,52 (s, 1 H), 5.78 (ddt, J� 17.0, 10.0,
7.0 Hz, 1H), 5.05 ± 4.98 (m, 2 H), 4.34 (dd, J� 9.0, 4.0 Hz, 1 H), 3.93 (dd, J�
6.5, 4.5 Hz, 1H), 3.50 (s, 1 H, OH), 3.31 (d, J� 9.0 Hz, 1H), 3.25 (q, J�
7.0 Hz, 1H), 2.89 (dd, J� 7.5, 4.5 Hz, 1H), 2.70 (s, 3 H), 2.22 ± 2.16 (m, 1H),
2.14 ± 2.08 (m, 1 H), 2.02 (s, 3H), 1.90 (ddd, J� 14.0, 9.0, 4.5 Hz, 1 H), 1.81 ±
1.74 (m, 1H), 1.61 (ddd, J� 14.0, 7.5, 4.0 Hz, 1H), 1.57 ± 1.44 (m, 4H), 1.40 ±
1.32 (m, 1H), 1.28 (s, 3 H), 1.18 (s, 3 H), 1.13 (s, 3H), 1.03 (d, J� 7.0 Hz, 1H,
0.95 (t, J� 7.8 Hz, 9H), 0.90 (s, 9 H), 0.83 (d, J� 6.5 Hz, 3H), 0.62 (q, J�
7.8 Hz, 6H), 0.07 (s, 3H), 0.06 (s, 3H); 13C NMR (100.6 MHz, CDCl3): d�
222.9, 164.8, 153.5, 142.7, 136.7, 119.1, 117.1, 115.7, 76.9, 76.5, 75.3, 62.5, 61.4,
54.7, 41.5, 40.0, 36.4, 36.0, 33.8, 33.5, 26.4, 23.8, 23.1, 22.7, 19.8, 19.6, 18.6,
15.7, 14.4, 10.1, 7.2, 5.2, ÿ3.1, ÿ3.7; EI HRMS: m/z : 735.4773 [M]� , calcd
for C40H73NO5SSi2: 735.4748.


Trichloroethyl carbonate 37, protection of alcohol 36 : A well stirred
solution of aldol 36 (516 mg, 0.70 mmol) in dry CH2Cl2 (25 mL) and
pyridine (1 mL) at 15 8C was treated with 2,2,2-trichloroethyl chlorofor-
mate (0.57 mL, 4.2 mmol). After stirring at 20 8C for 0.5 h, saturated
aqueous NaHCO3 solution (50 mL) was added. The organic layer was
separated and the aqueous layer was extracted with CH2Cl2 (2� 30 mL).
The combined organic phases were dried (MgSO4) and concentrated under
reduced pressure. Purification by column chromatography (silica gel,
hexanes/EtOAc 10:1) provided 37 (580 mg, 91%) as a pale yellow oil.
[a]20


D �ÿ34.6 (c� 2.0, CHCl3); IR (thin film): nÄmax �2956, 2878, 1760, 1699,
1464, 1383, 1251, 1082, 992, 928, 837, 776 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 6.93 (s, 1H), 6.52 (s, 1H), 5.77 (ddt, J� 17.0, 10.0, 7.0 Hz, 1H), 5.03 ±
4.95 (m, 2H), 4.84 (d, J� 12.0 Hz, 1H), 4.81 (dd, J� 7.5, 4.5 Hz, 1 H), 4.68
(d, J� 12.0 Hz, 1H), 4.33 (dd, J� 9.0, 3.5 Hz, 1H), 3.75 (dd, J� 6.3, 4.3 Hz,
1H), 3.44 (dq J� 4.5, 7.0 Hz, 1H), 2.88 (dd, J� 7.5, 4.5 Hz, 1H), 2.70 (s,
3H), 2.28 ± 2.19 (m, 1H), 2.05 ± 1.95 (m, 1 H), 2.01 (d, J� 1.0 Hz, 3 H), 1.87
(ddd, J� 14.0, 9.0, 4.5 Hz, 1H), 1.75 ± 1.66 (m, 1H), 1.56 (ddd, J� 14.0, 7.5,
3.5 Hz, 1 H), 1.54 ± 1.38 (m, 4 H), 1.30 (s, 3 H), 1.28 ± 1.22 (m, 1 H), 1.26 (s,
3H), 1.20 ± 1.10 (m, 1 H), 1.07 (d, J� 7.0 Hz, 3H), 0.97 ± 0.91 (t, J� 8.0 Hz,
9H�3 H), 0.89 (s, 9H), 0.61 (q, J� 8.0 Hz, 6H), 0.06 (s, 6 H); 13C NMR
(100.6 MHz, CDCl3): d� 216.0, 164.8, 154.6, 153.4, 142.6, 136.8, 119.2, 117.0,
115.7, 95.2, 83.2, 78.5, 77.0, 76.5, 62.5, 61.1, 54.4, 42.7, 39.8, 36.4, 35.4, 33.7,
32.2, 26.5, 24.3, 23.1, 22.7, 20.4, 19.6, 18.6, 16.5, 14.4, 11.9, 7.2, 5.2, ÿ3.3,
ÿ3.5; FAB HRMS: m/z : 1042.2865 [M�Cs]� , calcd for C43H74Cl3NO7SSi2:
909.3790.


Hydroxy aldehyde 38, glycolization and cleavage of alkene 37: OsO4


(0.43 mL, 10 mgmLÿ1 in tBuOH, �5 mol %) and NMO (1.7 mL, 0.2m in
H2O, 0.34 mmol) were added to a solution of alkene 37 (311 mg,
0.34 mmol) in THF (7.5 mL) and tBuOH (7.5 mL). The mixture was stirred
for 16 h at room temperature, then Na2S2O3 (0.25 g), water (25 mL) and
CH2Cl2 (25 mL) were added. The aqueous layer was extracted with CH2Cl2


(2� 15 mL) and the combined organic phases were dried (MgSO4) and
concentrated. The residue was dissoved in hexane/ethyl acetate 1:1 and
filtered through silica gel to give crude diol (302 mg), which was used
without further purification. A solution of crude diol (302 mg) in ethanol
(15 mL) and water (3 mL) was treated with sodium periodate (214 mg,
1.0 mmol) and stirred for 1 h at room temperature. The mixture was poured
into saturated aqueous NaHCO3 solution (25 mL), diluted with water
(25 mL) and extracted with ether (3� 25 mL). The combined organic
phases were washed with brine (20 mL), dried (MgSO4) and concentrated.
Purification by flash column chromatography (silica gel, hexanes/EtOAc
10:1! 5:1) afforded aldehyde 38 (242 mg, 78 %) as a colorless oil. [a]20


D �
ÿ43.4 (c� 1.00, CHCl3); IR (thin film): nÄmax �2956, 1759, 1726, 1698, 1464,
1383, 1252, 1083, 1003, 838, 778 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 9.74
(s, 1H), 6.93 (s, 1H), 6.52 (s, 1 H), 4.83 (d, J� 12.0 Hz, 1H), 4.74 (dd, J� 7.5,
4.0 Hz, 1 H), 4.67 (d, J� 12.0 Hz, 1 H), 4.36 ± 4.31 (m, 2 H), 3.44 (dq, J� 4.5,
6.5 Hz, 1 H), 2.88 (dd, J� 7.5, 4.5 Hz, 1H), 2.70 (s, 3 H), 2.67 (ddd, J� 18.0,
4.5, 1.0 Hz, 1 H), 2.39 (ddd, J� 18.0, 5.0, 2.0 Hz, 1 H), 2.02 (s, 3 H), 1.86 (ddd,
J� 14.0, 9.0, 4.5 Hz, 1 H), 1.77 ± 1.67 (m, 1H), 1.60 ± 1.10 (m, 6 H), 1.56 (ddd,
J� 14.0, 7.5, 4.0 Hz, 1H), 1.33 (s, 3H), 1.26 (s, 3 H), 1.06 (d, J� 6.5 Hz, 3H),
1.03 (s, 3H), 0.96 (d, J� 6.5 Hz, 3 H), 0.94 (t, J� 8.0 Hz, 9H), 0.87 (s, 9H),
0.62 (q, J� 8.0 Hz, 6H), 0.11 (s, 3H), 0.03 (s, 3 H); 13C NMR (100.6 MHz,
CDCl3): d� 215.8, 200.8, 164.8, 154.6, 153.4, 142.6, 119.2, 115.8, 95.1, 82.7,
77.1, 76.5, 72.7, 62.5, 61.1, 53.8, 49.7, 42.6, 36.4, 35.3, 33.7, 32.3, 26.3, 23.4, 23.0,
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22.5, 20.4, 19.6, 18.5, 16.4, 14.9, 11.6, ÿ4.0, ÿ4.1; EI HRMS: m/z : 854.2844
[MÿC4H9]� , calcd for C42H72Cl3NO8SSi2: 911.3583.


Hydroxy aldehyde 38, monodesilylation of 37: In a polypropylene flask, a
solution of the aldehyde 37 (204 mg, 0.22 mmol) in dry THF (4 mL) was
treated with an HF/py stock solution (6 mL; prepared from 5 mL HF/
pyridine complex, 15 mL pyridine and 10 mL THF). After stirring over a
period of 20 min at room temperature, the reaction mixture was carefully
added to a well stirred mixture of saturated aqueous NaHCO3 solution
(100 mL) and ether (20 mL). The layers were separated and the aqueous
phase was extracted with ether (3� 20 mL). The combined organic phases
were dried (MgSO4) and concentrated. The residue was purified by column
chromatography (deactivated silica gel, hexanes/EtOAc 2:1! 1:1) to give
compound 38 (204 mg, 91%) as a pale yellow oil. [a]20


D �ÿ57.6 (c� 0.50,
CHCl3); IR (thin film): nÄmax�2957, 1758, 1725, 1698, 1471, 1384, 1252, 1090,
992, 928, 838, 778 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 9.74 (s, 1 H), 6.95
(s, 1H), 5.70 (s, 1H), 4.84 (d, J� 12.0 Hz, 1H), 4.75 (dd, J� 7.8, 4.3 Hz, 1H),
4.68 (d, J� 12.0 Hz, 1H), 4.41 ± 4.32 (m, 2 H), 3.44 (dq, J� 4.0, 7.0 Hz, 1H),
2.96 (dd, J� 8.0, 4.0 Hz, 1 H), 2.70 (s, 3 H), 2.67 (dd, J� 17.5, 4.0 Hz, 1H),
2.40 (ddd, J� 17.5, 5.5, 2.0 Hz, 1 H), 2.09 (d, J� 3.5 Hz, 1H), 2.06 (s, 3H),
1.94 (ddd, J� 14.0, 9.0, 4.0 Hz, 1 H), 1.78 ± 1.70 (m, 1 H), 1.67 (ddd, J� 14.0,
8.0, 4.0 Hz, 1 H), 1.58 ± 1.42 (m, 4 H), 1.38 ± 1.15 (m, 2H), 1.34 (s, 3 H), 1.28
(s, 3H), 1.07 (d, J� 6.5 Hz, 1H), 1.04 (s, 3H), 0.98 (d, J� 7.0 Hz, 1H), 0.87
(s, 9 H), 0.11 (s, 3 H), 0.03 (s, 3 H); 13C NMR (100.6 MHz, CDCl3): d� 215.8,
200.9, 165.0, 154.6, 153.1, 142.1, 119.3, 116.2, 95.1, 82.7, 77.1, 75.8, 72.6, 62.2,
61.1, 53.8, 49.7, 42.6, 35.3, 34.5, 33.6, 32.3, 26.3, 23.4, 23.0, 22.5, 20.4, 19.6,
18.5, 16.4, 14.9, 11.6, ÿ4.0, ÿ4.1; FAB HRMS (CsI): m/z : 930.1764
[M�Cs]� , calcd for C36H58Cl3NO8SSi: 797.2718.


Hydroxy acid 39, Pinnick oxidation of aldehyde 38 : A solution of sodium
chlorite (55 mg, 0.51 mmol) and NaH2PO4 (55 mg) in water (1 mL) was
added to a solution of aldehyde 38 (151 mg, 0.188 mmol) in tBuOH (5 mL)
and 2,3-dimethyl-2-butene. The mixture was stirred at room temperature
for 45 min and quenched by addition of saturated aqueous NH4Cl solution
(10 mL) and water (10 mL). After extraction with CH2Cl2 (3� 10 mL), the
combined organic phases were dried (MgSO4) and concentrated to give
crude seco-acid 39 (148 mg) which was used without further purification.
1H NMR (400 MHz, CDCl3): d� 6.97 (s, 1H), 6.75 (s, 1H), 4.91 (d, J�
12.0 Hz, 1H), 4.77 (dd, J� 8.5, 4.0 Hz, 1 H), 4.67 (d, J� 12.0 Hz, 1 H), 4.47
(dd, J� 7.5, 2.0 Hz, 1 H), 4.32 (t, J� 7.0 Hz, 1H), 3.46 ± 3.38 (m, 1 H), 2.85 (t,
J� 6.0 Hz, 1 H), 2.70 (s, 3 H), 2.59 (dd, J� 17.0, 2.0 Hz,1 H), 2.35 (dd, J�
17.0, 7.5 Hz, 1H), 2.00 (s, 3 H), 1.82 ± 1.20 (m, 9H), 1.26 (s, 3H), 1.17 (s, 3H),
1.12 (d, J� 6.5 Hz, 3H), 1.11 (s, 3H), 1.04 (d, J� 7.0 Hz, 1H), 0.89 (s, 9H),
0.13 (s, 3H), 0.08 (s, 3 H).


Lactone 40, Yamaguchi cyclization of hydroxy acid 39 : Dry triethylamine
(0.06 mL, 0.42 mmol) and 2,4,6-trichlorobenzoyl chloride (0.053 mL,
0.28 mmol) were added at 0 8C to a solution of crude seco-acid 39
(140 mg, 0.170 mmol) in dry toluene (1.5 mL). After stirring the mixture at
room temperature for one hour, it was diluted with dry toluene (3.5 mL)
and slowly added to a solution of DMAP (208 mg, 1.70 mmol) in toluene
(95 mL) via syringe pump over a period of 1 h. After addition was
completed, stirring was continued for 0.5 h, then the reaction mixture was
concentrated to a �20 mL volume and filtered through silica gel. The
solution was concentrated and purified by column chromatography (silica
gel, hexane/EtOAc 4:1) to provide lactone 40 (88 mg, 65%) as a colorless
oil. [a]20


D ��4.8 (c� 1.00, CHCl3); IR (thin film): nÄmax �2958, 2934, 1760,
1698, 1464, 1380, 1248, 1158, 1100, 1067, 930, 827, 778 cmÿ1; 1H NMR
(600 MHz, CDCl3): d� 6.99 (s, 1H), 6.56 (s, 1H), 5.21 ± 5.14 (m, 2H), 4.87
(d, J� 12.0 Hz, 1 H), 4.75 (d, J� 12 Hz, 1 H), 4.05 (d, J� 9.8 Hz, 1 H), 3.30
(dq, J� 10.2, 6.3 Hz, 1 H), 2.82 (dd, J� 10.3, 4.0 Hz, 1H), 2.79 (dd, J� 16.5,
1.5 Hz, 1H), 2.71 (s, 3H), 2.64 (dd, J� 16.5, 10.0 Hz, 1H), 2.25 ± 2.21 (m,
1H), 2.11 (s, 3H), 1.93 ± 1.64 (m, 4H), 1.55 ± 1.42 (m, 2 H), 1.32 ± 1.24 (m,
1H), 1.28 (s, 3 H), 1.21 (s, 3H), 1.19 (s, 3 H), 1.16 ± 1.08 (m, 1 H), 1.12 (d, J�
6.7 Hz, 3 H), 1.03 (d, J� 6.7 Hz, 3H), 0.88 (s, 9H), 0.16 (s, 3 H), ÿ0.03 (s,
3H); 13C NMR (150.1 MHz, CDCl3): d� 212.8, 171.2, 165.2, 155.0, 95.2,
86.7, 77.9, 77.0, 76.5, 63.1, 62.3, 53.8, 46.1, 39.6, 35.5, 34.5, 31.9, 31.6, 26.5,
25.5, 24.5, 24.2, 23.0, 19.6, 19.5, 19.0, 16.7, 14.7, ÿ3.1, ÿ5.3; EI HRMS: m/z :
795.2541 [M]� , calcd for C36H56Cl3NO8SSi: 795.2562.


Hydroxy lactone 41: Zinc powder (200 mg) and NH4Cl (200 mg) were
added to a solution of lactone 40 (32 mg, 0.040 mmol) in dry ethanol
(3 mL). After refluxing over a period of 20 min, the mixture was cooled to
room temperature, diluted with EtOAc (10 mL) and filtered through celite.
The solution was concentrated and purified by flash column chromatog-


raphy (silica gel, hexane/EtOAc 2:1! 1:1) to give 41 (23 mg, 92 %) as a
colorless oil. [a]20


D �ÿ38.2 (c� 1.02, CHCl3); IR (thin film): nÄmax �3524,
2935, 1745, 1695, 1463, 1380, 1256, 1196, 1158, 1100, 1068, 978, 837, 777,
757 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.98 (s, 1 H), 6.55 (s, 1H), 5.17
(br d, J� 10.0 Hz, 1 H), 4.07 (dd, J� 10.0, 2.0 Hz, 1 H), 3.88 (dd, J� 6.0,
2.5 Hz, 1H), 3.07 (qn, J� 6.7 Hz, 1H), 2.82 ± 2.75 (m, 2H), 2.70 (s, 3H), 2.66
(dd, J� 16.0, 10.0 Hz, 1H), 2.37 (br s, 1 H), 2.20 (ddd, J� 15.0, 3.0, 2.0 Hz,
1H), 2.10 (s, 3H), 1.87 (dt, J� 15.0, 10.0 Hz, 1H), 1.80 ± 1.70 (m, 2H), 1.52 ±
1.20 (m, 5H), 1.28 (s, 3H), 1.20 (s, 3 H), 1.15 (s, 3 H), 1.14 (d, J� 6.5 Hz, 3H),
1.03 (d, J� 7.0 Hz, 3 H), 0.86 (s, 9 H), 0.14 (s, 3 H), ÿ0.03 (s, 3 H); 13C NMR
(100.6 MHz, CDCl3): d� 216.8, 171.3, 165.2, 152.6, 137.8, 120.9, 117.0, 77.8,
76.4, 75.3, 63.3, 62.3, 53.8, 45.3, 39.8, 37.5, 34.3, 32.3, 32.1, 26.4, 25.0, 24.4,
23.6, 22.9, 19.6, 19.0, 18.7, 15.4, 15.1, ÿ3.2, ÿ5.2; EI HRMS: m/z : 621.3531
[M]� , calcd for C33H35NO6SSi: 621.3519.


Epothilone B (1): In a polypropylene flask, a solution of 41 (10.5 mg,
0.017 mmol) was dissolved in dry pyridine (1.6 mL) and treated with HF/
pyridine complex (0.4 mL). After stirring over a period of 7 d at 35 8C, the
reaction mixture was carefully added to a well stirred mixture of saturated
aqueous NaHCO3 solution (25 mL) and ether (15 mL). The layers were
separated and the aqueous phase was extracted with ether (3� 10 mL). The
combined organic phases were dried (MgSO4) and concentrated. The
residue was purified by column chromatography (silica gel, hexanes/EtOAc
2:1! 1:1) to give epothilone B (5.8 mg, 67 %) as a colorless oil, which
crystallized upon standing (m.p. 90 ± 92 8C). [a]20


D �ÿ35.5 (c� 0.20,
MeOH); 1H NMR (600 MHz, CDCl3): d� 6.97 (s, 1H), 6.59 (s, 1H), 5.41
(dd, J� 7.8, 2.8 Hz, 1H), 4.26 ± 4.21 (m, 1H), 4.18 (br d, J� 6.0 Hz, 1H;
OH), 3.77 (dd, J� 5.5, 3.5 Hz, 1 H), 3.30 (dq, J� 4.2, 6.8 Hz, 1 H), 2.81 (dd,
J� 7.5, 4.5 Hz, 1 H), 2.70 (s, 3 H), 2.65 (br s, 1 H, OH), 2.54 (dd, J� 14.0,
10.2 Hz, 1 H), 2.37 (dd, J� 14.0, 3.0 Hz, 1 H), 2.11 (dd, J� 3.5, 4.5 Hz), 2.09
(s, 3H), 1.92 (ddd, J� 15.6, 7.8, 7.6 Hz, 1H), 1.77 ± 1.68 (m, 2 H), 1.54 ± 1.46
(m, 2H), 1.45 ± 1.37 (m, 3 H), 1.37 (s, 3 H), 1.28 (s, 3H), 1.25 (s, 3H), 1.16 (d,
J� 6.8 Hz, 3H), 1.08 (s, 3 H), 1.00 (d, J� 7.0 Hz, 3H); 13C NMR (150 MHz,
CDCl3): d� 220.6, 170.6, 165.1, 151.8, 137.5, 119.7, 116.1, 76.7, 74.1, 72.9,
61.6, 61.3, 53.1, 42.9, 39.2, 36.4, 32.3, 32.0, 30.8, 22.7, 22.3, 21.4, 19.7, 19.1, 17.0,
15.8, 13.6.


Alcohol 44, reduction of 43 : A cooled (0 8C) solution of methyl ester 43
(Schering, ZK 204 027, 3.0 g, 14 mmol) in ether (200 mL) was treated
portionwise with LiAlH4 (531 mg, 14 mmol). The reaction mixture was
stirred for 3.5 h at 25 8C and then quenched by dropwise addition of ice-
water (50 mL) and saturated aqueous NH4Cl solution (50 mL). The phases
were separated, the aqueous phase was extracted twice with ether, and the
combined organic phases were washed with brine (30 mL) and dried over
MgSO4. Purification by flash column chromatography (hexane/EtOAc 5:1)
gave the alcohol 44 (2.53 g, 97%) as a colorless liquid. [a]20


D �ÿ13.7 (c�
6.1, CHCl3); IR (thin film): nÄmax �3453 (br), 2937, 1464, 1415, 1332, 1276,
1178, 1095, 1031, 949 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 3.97 ± 3.91 (m,
4H), 3.59 (dd, J� 11.2, 5.3 Hz, 1H), 3.44 (dd, J� 11.2, 6.2 Hz, 1 H), 2.87
(dd, J� 5.9, 5.5 Hz, 1H), 1.75 ± 1.28 (m, 8H), 0.98 (s, 3H); 13C NMR
(62.5 MHz, CDCl3): d� 113.8, 68.8, 64.5, 64.3, 41.9, 33.3, 30.5, 23.5, 20.5,
18.7; elemental analysis calcd for C10H18O3 (186): C 64.49; H 9.74; found: C
64.26, H 9.87.


Aldehyde 45, Swern oxidation of 44 : DMSO (3.25 mL, 42.9 mmol,
3.75 equiv) was added dropwise at ÿ78 8C to a solution of oxalyl chloride
(1.3 mL, 14.3 mmol) in CH2Cl2 (40 mL). After stirring for 15 min atÿ78 8C,
a solution of the above alcohol 44 (2.13 g, 11.44 mmol), dissolved in dry
CH2Cl2 (20 mL), was added dropwise at ÿ78 8C. The solution was stirred
for 15 min, then DIPEA (13 mL, 75.6 mmol) was added. After 10 min the
mixture was allowed to warm to 0 8C over a 1 h. The mixture was diluted
with CH2Cl2 (60 mL) and quenched by addition of ice-water (60 mL) and
saturated aqueous NH4Cl solution (30 mL). The phases were separated, the
aqueous phase was extracted twice with CH2Cl2, and the combined organic
phases were washed with brine (30 mL) and dried over MgSO4. After
filtration through a short pad of silica gel (hexane/EtOAc 10:1), the solvent
was removed under reduced pressure and the unstable crude aldehyde 45
(1.9 g, 90%) was subjected to the next reaction without further purification.
IR (thin film): nÄmax �3262 (br), 2939, 1722, 1461, 1353, 1277, 1182, 1044,
1018, 991 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 9.7 (s, 1 H), 4.05 ± 3.90 (m,
4H), 2.05 ± 1.90 (m, 1 H), 1.80 ± 1.40 (m, 8H), 1.1 (s, 3 H); 13C NMR
(62.5 MHz, CDCl3): d� 205.7, 110.8, 65.1, 64.7, 53.7, 32.2, 31.2, 23.3, 20.8, 16.3.


Alcohol 46, Brown allylation : A solution of MgBr2 ´ Et2O (3.1 mL, 1m
solution in ether, 3.1 mmol) was added to a cooled solution (ÿ78 8C) of
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(ÿ)-DIPCl (Aldrich No. 31,702 ± 0, 988 mg, 3.08 mmol) in dry ether
(20 mL). The reaction mixture was stirred for 30 min, and then warmed
to room temperature without removing the precipitated magnesium salts.
The suspension was cooled to ÿ78 8C and the above aldehyde 45 (474 mg,
2.57 mmol), dissolved in dry THF (3 mL), was added dropwise with stirring
over a period of 3 h. The magnesium salts were removed, the mixture was
treated with 3n NaOH (3 mL, 9 mmol) and 30 % H2O2 (1.2 mL) and then
stirred at 50 8C overnight. The organic layer was separated and washed with
saturated aqueous NH4Cl solution (50 mL) and brine (20 mL), and dried
over MgSO4. After filtration and removal of the solvent under reduced
pressure, the residue was purified by flash column chromatography
(hexane/EtOAc 10:1) to give 283 mg a mixture of epimers in ca. 6:1 ration
(by 1H NMR analysis). The mixture was dissolved in acetone/water 3:2
(30 mL) and treated with p-TsOH ´ H2O (30 mg) at 25 8C. The reaction
mixture was stirred overnight and quenched by addition of saturated
aqueous NaHCO3 solution (10 mL) and ether (20 mL). The organic layer
was separated and the aqueous phase was extracted with ether (5� 20 mL).
The combined organic phases were dried over MgSO4, concentrated under
reduced pressure, and the crude mixture was purified by flash column
chromatography (hexane/EtOAc 5:1). The mixture of epimers was
separated by HPLC (Supersphere Si60, 241� 16 mm, 15% EtOAc in
hexane, 20 mL minÿ1, UV254 , 10.0 min for 46 and 11.0 min for epi-46) to give
pure 202 mg 46 und 33 mg epi-46 (50 % yield in two steps).


(S,R)-Isomer 46 : [a]20
D �ÿ10.2 (c� 1.1, CHCl3); IR (thin film): nÄmax �3483


(br), 2938, 1699, 1452, 1054, 910, 610 cmÿ1; 1H NMR (250 MHz, CDCl3):
d� 5.98 ± 5.78 (m, 1H), 5.18 ± 5.01 (m, 2H), 3.91 (ddd, J� 9.8, 4.6, 3.2 Hz,
1H), 2.55 ± 1.50 (m, 10 H, 1�OH), 1.11 (s, 3 H); 13C NMR (62.5 MHz,
CDCl3): d� 216.9, 136.2, 116.9, 73.8, 53.0, 39.2, 35.0, 32.7, 26.6, 20.7, 20.0; EI
HRMS: m/z : 182.1312 [M]� , calcd for C11H18O2: 182.1307.


(R,R)-Isomer epi-46 : [a]20
D �ÿ55.4 (c� 1.1, CHCl3); IR (thin film): nÄmax�


3483 (br), 2938, 1699, 1452, 1054, 910, 610 cmÿ1; 1H NMR (250 MHz,
CDCl3): d� 5.99 ± 5.80 (m, 1H), 5.14 ± 5.02 (m, 2 H), 3.83 (dt, J� 10.0,
3.0 Hz, 1 H), 3.18 (d, J� 3.0 Hz, 1�OH), 2.58 ± 2.42 (m, 1H), 2.37 ± 2.50
(m, 1H), 2.24 ± 1.50 (m, 8 H), 1.16 (s, 3H); 13C NMR (62.5 MHz, CDCl3):
d� 218.3, 136.1, 116.8, 74.7, 52.2, 38.9, 36.2, 34.9, 27.2, 20.8, 16.8; EI HRMS:
m/z : 182.1313 [M]� , calcd for C11H18O2: 182.1307.


Silyl ether 47: 2,6-Lutidine (1.0 mL, ca. 8.7 mmol) and TBS triflate
(1.35 mL, 5.86 mmol) were added sequentially to a cooled (0 8C) solution
of 46 (534 mg, 2.93 mmol) in dry CH2Cl2 (30 mL). After stirring for 1 h, the
reaction mixture was quenched with saturated aqueous NH4Cl solution
(10 mL) and the aqueous phase was extracted with CH2Cl2 (3� 20 mL).
The combined organic phases were washed with brine (20 mL) and dried
over MgSO4. After filtration and removal of the solvent under reduced
pressure, the residue was purified by flash column chromatography
(hexane/EtOAc 30:1) to give 47 as colorless liquid (834 mg, 96%).
[a]20


D ��99.5 (c� 2.3, CHCl3); IR (thin film): nÄmax �2934, 2857,1707,
1471, 1462, 1252, 1094, 911 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 5.87 ±
5.69 (m, 1H), 5.04 ± 4.93 (m, 2H), 4.22 (dd, J� 6.4, 5.0 Hz, 1H), 2.36 ± 2.27
(m, 2 H), 2.20 ± 2.07 (m, 3H), 1.93 ± 1.55 (m, 4H), 1.47 ± 1.35 (m, 1 H), 0.98 (s,
3H), 0.85 (s, 9 H), 0.07 (s, 3 H), 0.03 (s, 3H); 13C NMR (62.5 MHz, CDCl3):
d� 214.9, 136.3, 116.9, 73.5, 54.8, 40.0, 38.0, 34.8, 26.9, 26.0, 20.8, 18.6, 18.3,
ÿ3.6,ÿ4.3; EI HRMS: m/z : 296.2161 [M]� , calcd for C17H32O2Si: 296.2172.


Hydroxy ketones 48, aldol addition of ketone 47 and aldehyde 7: A solution
of ketone 47 (241 mg, 0.81 mmol) in dry THF (0.5 mL) was added dropwise
to a freshly prepared solution of LDA [2.7 mL, 0.81 mmol; nBuLi (1.55 mL,
1.6m solution in hexanes, 2.5 mmol) was added to diisopropylamine
(0.35 mL, 2.5 mmol) in 6.1 mL dry THF at 0 8C] at ÿ78 8C. After stirring
for 10 min, the solution was allowed to warm to ÿ40 8C, and after 30 min at
that temperature, it was recooled to ÿ78 8C. A solution of aldehyde 7
(244 mg, 0.54 mmol) in dry THF (0.5 mL) was added dropwise. The
resulting mixture was stirred for 10 min at ÿ78 8C and then quenched by
slow addition of saturated aqueous NH4Cl solution (3 mL). The reaction
mixture was warmed to 0 8C, and ether (5 mL) was added, followed by
addition of ice-water (5 mL). The organic layer was separated, and the
aqueous phase was extracted with ether (3� 10 mL). The combined
organic phases was dried over MgSO4 and concentrated under reduce
pressure to afford a mixture of aldol products (6R,7R)-isomer 48 and one
isomer in a ca. 4:1 ratio (78 %, by 1H NMR analysis). Purification by flash
column chromatography (hexane/EtOAc 10:1) and HPLC [Supersphere
Si60-4, 241� 16 mm, 13 % EtOAc in hexane, 20 mL minÿ1, UV254, 8.0 min


for (6R,7R)-isomer 48 and 12.2 min for its isomer] gave pure 48 (201 mg),
52 mg of its isomer and 50 mg unreacted aldehyde 7.


(6R,7R)-Hydroxy ketone 48 : [a]20
D ��19.0 (c� 0.7, CHCl3); IR (thin film):


nÄmax �3105 (br), 2957, 2757, 2708, 1726, 1505, 1459, 1378, 1240, 1005 cmÿ1;
1H NMR (250 MHz, CDCl3): d� 6.90 (s, 1H), 6.5 (br s, 1H), 5.82 ± 5.63 (m,
1H), 5.04 ± 4.92 (m, 2H), 4.31 (dd, J� 8.7, 3.7 Hz, 1H), 4.19 (dd, J� 6.6,
4.8 Hz, 1H), 3.76 ± 3.65 (m, 1 H), 3.16 (d, J� 3.2 Hz, 1�OH), 2.85 (dd, J�
7.3, 4.3 Hz, 1H), 2.67 (s, 3H), 2.55 ± 2.41 (m, 1H), 2.30 ± 1.78 (m, 6H), 1.99
(d, J� 1.4 Hz, 3 H), 1.65 ± 1.20 (m, 11 H), 1.25 (s, 3 H), 0.90 ± 0.79 (m, (1�
TBS-tBu, 3�TES-CH3, 2�Me, 24 H), 0.65 ± 0.52 (m, 6H), 0.08 (s, 3H),
0.06 (s, 3H); 13C NMR (62.5 MHz, CDCl3): d� 219.1, 164.4, 153.1, 142.3,
135.4, 118.7, 117.7, 115.3, 76.1, 73.0, 72.8, 62.1, 61.0, 56.2, 51.6, 38.6, 37.2, 36.1,
34.4, 33.6, 33.2, 30.7, 26.0, 23.2, 22.3, 20.1, 19.2, 18.3, 16.7, 14.0, 12.5, 6.8, 4.8,
ÿ3.4, ÿ4.2; EI HRMS: m/z : 747.4722 [M]� , calcd for C41H73NO5SSi2:
747.4748.


Trichloroethyl carbonate 49, protection of alcohol 48 : A solution of alcohol
48 (106 mg, 0.14 mmol) in dry CH2Cl2 (5 mL) was treated with dry pyridine
(0.25 mL) and TrocCl (0.1 mL, 0.74 mmol) at 0 8C. After stirring for 40 min
at 25 8C, the reaction mixture was quenched by addition of ice-water
(10 mL), saturated aqueous NaHCO3 solution (5 mL) and CH2Cl2 (10 mL).
The organic layer was separated, and the aqueous phase was extracted with
CH2Cl2 (3� 10 mL). The combined organic phases were dried over MgSO4


and concentrated. Purification by flash column chromatography (hexane/
EtOAc/CH2Cl2 5:0.3:2) gave pure 49 (127 mg, 98 %) as a colorless oil:
[a]20


D ��35.64 (c� 0.55, CHCl3); IR (thin film): nÄmax� 2954, 1765, 1711,
1461, 1378 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 6.9 (s, 1H), 6.49 (br s,
1H), 5.82 ± 5.64 (m, 1 H), 5.18 (dd, J� 9.1, 1.8 Hz, 1 H), 5.10 ± 4.97 (m, 2H),
4.72 (s, 2 H), 4.31 (dd, J� 9.1, 3.4 Hz, 1H), 4.20 (dd, J� 6.6, 5.0 Hz, 1H),
2.86 (dd, J� 7.5, 4.1 Hz, 1H), 2.82 ± 2.69 (m, 1 H), 2.67 (s, 3H), 2.30 ± 1.74
(m, 6 H), 2.00 (d, J� 1.1 Hz, 3 H), 1.68 ± 1.12 (m, 11 H), 1.25 (s, 3H), 0.97 ±
0.83 (m, (1�TBS-tBu, 3�TES-CH3, 2�Me, 24H), 0.66 ± 0.53 (m, 6H),
0.11 (s, 3H), 0.09 (s, 3H); 13C NMR (62.5 MHz, CDCl3): d� 212.8, 164.4,
153.9, 153.1, 142.3, 135.2, 118.7, 117.9, 115.3, 94.9, 79.2, 76.5, 76.2, 72.9, 62.1,
60.9, 56.2, 50.0, 38.7, 37.9, 36.0, 33.7, 33.1, 30.9, 29.7, 25.9, 23.2, 22.3, 20.5,
19.2, 18.3, 16.4, 14.0, 12.8, 6.8, 4.8, ÿ3.4, ÿ4.2; EI HRMS: m/z : 921.3813
[M]� , calcd for C44H74Cl3NO7SSi2: 921.3790.


Aldehyde 50, glycolization and cleavage of alkene 49 : N-Methylmorpho-
line-N-oxide (0.7m aqueous solution, 0.3 mL) followed by osmium
tetroxide [0.26 mL, 0.04m solution (10 mg mLÿ1) in tBuOH, ca. 5 mol %]
was added at 0 8C to a cooled (0 8C) solution of alkene 49 (190 mg,
0.206 mmol) in a mixture of THF and tBuOH (1:1, 4 mL). After stirring for
16 h at 25 8C the reaction was quenched by the addition of ice-water
(10 mL), Na2S2O3 (148 mg) and CH2Cl2 (10 mL). The aqueous phase was
extracted with CH2Cl2 (3� 10 mL) and the combined organic phases were
washed with brine (20 mL), dried (MgSO4) and concentrated. The crude
mixture was filtered through silica gel (hexane/EtOAc 1:1), concentrated
and redissolved in a 5:1 mixture of ethanol and water (15 mL). NaIO4


(84 mg, �0.2 mmol) was added at 25 8C. After stirring for 1 h at 25 8C the
reaction was quenched with the addition of ice-water (10 mL), saturated
aqueous NaHCO3 solution (10 mL) and ether (20 mL). The aqueous phase
was extracted with ether (3� 20 mL) and the combined organic phases
were washed with brine (20 mL), dried (MgSO4), concentrated and purified
by flash column chromatography (hexane/EtOAc 9:1) to provide pure
aldehyde 50 (120 mg, 64% in two steps) as a colorless oil. [a]20


D ��33.0
(c� 1.3, CHCl3); IR (thin film): nÄmax �2954, 1765, 1711, 1461, 1378 cmÿ1;
1H NMR (250 MHz, CDCl3): d� 9.71 (d, J� 0.9 Hz, 1�CHO), 6.91 (s,
1H), 6.50 (br s, 1 H), 5.12 (dd, J� 9.4, 2.3 Hz, 1H), 4.93 (dd, J� 5.5, 3.7 Hz,
1H), 4.81 (d, J� 12.1 Hz, 1 H), 4.61 (d, J� 11.9 Hz, 1H), 4.31 (dd, J� 8.9,
3.7 Hz, 1H), 2.86 (dd, J� 7.5, 4.1 Hz, 1H), 2.8 ± 2.69 (m, 1H), 2.67 (s, 3H),
2.57 (dd, J� 5.7, 1.4 Hz, 0.3 H), 2.49 (dd, J� 5.7, 1.4 Hz, 0.7H), 2.36 (d, J�
3.7 Hz, 0.7 H), 2.28 (d, J� 3.7, 0.3H), 2.28 ± 2.16 (m, 1H), 2.07 ± 1.83 (m,
3H), 2.00 (d, J� 1.4 Hz, 3 H), 1.74 ± 1.12 (m, 11H), 1.25 (s, 3H), 0.98 ± 0.79
(m, 1�TBS-tBu, 3�TES-CH3, 2�Me, 24H), 0.65 ± 0.53 (m, 6 H), 0.14 (s,
3H), ÿ0.01 (s, 3 H); 13C NMR (62.5 MHz, CDCl3): d� 213.0, 199.9, 164.4,
153.8, 153.1, 142.3, 118.7, 115.3, 94.9, 79.5, 76.5, 76.2, 65.2, 62.1, 60.9, 55.9,
50.3, 48.5, 36.8, 36.0, 33.6, 33.1, 30.2, 29.7, 25.8, 23.1, 22.3, 20.6, 19.2, 18.1,
16.5, 14.0, 12.8, 6.8, 4.8, ÿ4.6, ÿ4.8; EI HRMS: m/z : 923.3554 [M]� , calcd
for C43H72Cl3NO8SSi2: 923.3583.


Hydroxy aldehyde 51, monodesilylation of 50 : A solution of 50 (90 mg,
0.097 mmol) in dry THF (4 mL) was treated with a stock solution of HF/py
(3 mL) [prepared from HF/pyridine complex (5 mL), dry pyridine (15 mL)
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and dry THF (10 mL)]. After stirring for 20 min at 25 8C, the reaction
mixture was cooled at 0 8C and quenched by addition of saturated aqueous
NaHCO3 solution (50 mL) and ether (10 mL). The aqueous phase was
extracted with ether (3� 20 mL) and the combined organic phases were
washed with brine (20 mL), dried (MgSO4) and concentrated. The crude
mixture was filtered through silica gel (hexane/EtOAc 2:1) and gave
compound 51 (68 mg, 88%) as a colorless oil. [a]20


D ��33.9 (c� 1.25,
CHCl3); Rf� 0.23 (2.5 % MeOH in CH2Cl2); IR (thin film): nÄmax�3396(br),
2955, 2932, 2857, 1765, 1711, 1507, 1379 cmÿ1; 1H NMR (250 MHz, CDCl3):
d� 9.71 (d, J� 0.9 Hz, 1�CHO), 6.93 (s, 1H), 6.58 (br s, 1H), 5.14 (dd, J�
9.1, 2.1 Hz, 1H), 4.92 (dd, J� 5.5, 3.2 Hz, 1 H), 4.79 (d, J� 11.9 Hz, 1H),
4.61 (d, J� 11.9 Hz, 1H), 4.40 ± 4.30 (m, 1H), 2.93 (dd, J� 7.8, 4.3 Hz, 1H),
2.80 ± 2.69 (m, 1 H), 2.67 (s, 3 H), 2.57 (dd, J� 5.7, 1.4 Hz, 0.3H), 2.49 (dd,
J� 5.7, 1.4 Hz, 0.7 Hz), 2.36 (d, J� 3.4 Hz, 0.7H), 2.28 (d, J� 3.4, 0.3H),
2.26 ± 2.15 (m, 1 H, 1�OH), 2.05 (d, J� 1.1 Hz, 3 H), 2.03 ± 1.89 (m, 3H),
1.74 ± 1.12 (m, 11H), 1.25 (s, 3H), 0.95 ± 0.80 (m, 1�TBS-tBu, 2�Me,
15H), 0.13 (s, 3 H), ÿ0.02 (s, 3H); 13C NMR (62.5 MHz, CDCl3): d� 213.0,
199.9, 164.6, 153.9, 152.8, 141.8, 118.8, 115.7, 94.6, 79.3, 76.5, 75.4, 65.2, 61.9,
60.9, 55.9, 50.3, 48.6, 36.8, 36.1, 33.7, 33.7, 33.2, 30.3, 25.8, 23.3, 22.1, 20.6,
19.2, 18.1, 16.5, 14.6, 13.0,ÿ4.3,ÿ4.8; EI HRMS: m/z : 809.2685 [M]� , calcd
for C37H58Cl3NO8SSi: 809.2718.


Lactone 52, Pinnick oxidation and Yamaguchi macrolactonization : A
solution of NaClO2 (21 mg, 0.23 mmol) and NaH2PO4 (21 mg) in water
(0.5 mL) was added to a solution of hydroxy aldehyde 51 (57 mg,
0.07 mmol) in tBuOH/2,3-dimethyl-but-2-ene (1:1, 4.4 mL) and the reac-
tion was stirred for 2 h at 25 8C. The solution was concentrated under
reduced pressure and subjected to flash column chromatography (silica gel,
2.5% MeOH in CH2Cl2) to give seco-acid (28 mg, 48 %) as a colorless oil:
Rf� 0.12 (2.5 % MeOH in CH2Cl2). A solution of the above seco-acid
(28 mg, 0.034 mmol) in dry toluene (1 mL) was treated at 0 8C with dry
Et3N (0.14 mmol) and 2,4,6-trichlorobenzoyl chloride (0.07 mmol). The
reaction mixture was stirred at 0 8C for 1 h and then added (over 3 h) to a
solution of DMAP (50 mg, 0.3 mmol) in dry toluene (100 mL) at 25 8C and
stirred at that temperature for 30 min. The reaction mixture was
concentrated under reduced pressure to a small volume and filtered
through silica gel. The residue was washed with 40 % EtOAc in hexane
(20 mL), and the resulting solution was concentrated. Purification by flash
column chromatography (hexane/EtOAc 5:1) furnished lactone 52 (10 mg,
36%) as a colorless oil. [a]20


D ��7.2 (c� 0.5, CHCl3); Rf� 0.43 (hexane/
EtOAc 4:1); IR (thin film): nÄmax �2925, 2854, 1755, 1709, 1656, 1379, 1250,
1111 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 6.99 (s, 1 H), 6.55 (br s, 1H),
5.31 (t, J� 7.0 Hz, 1H), 4.85 (d, J� 12.1 Hz, 1 H), 4.68 (d, J� 12.0 Hz, 1H),
4.61 (t, J� 5.5 Hz, 1H), 4.44 (dd, J� 10.3, 2.3 Hz, 1H), 3.18 ± 3.07 (m, 1H),
2.75 ± 2.67 (m, 1H), 2.69 (s, 3 H), 2.48 ± 2.00 (m, 4 H), 2.39 (dd, J� 5.3,
3.7 Hz, 2 H), 2.16 (d, J� 1.4 Hz, 3H), 1.96 ± 1.12 (m, 11H), 1.25 (s, 3H),
0.98 ± 0.80 (m, 1�TBS-tBu, 2�Me, 15 H), 0.01 (s, 3H), ÿ0.02 (s, 3H);
13C NMR (62.5 MHz, CDCl3): d� 210.2, 170.7, 164.8, 155.2, 152.1, 135.8,
122.6, 117.1, 94.9, 85.2, 79.0, 76.7, 68.7, 61.8, 61.0, 56.0, 48.1, 39.5, 37.1, 36.2,
33.8, 32.2, 31.9, 29.4, 25.8, 25.5, 22.7, 22.0, 19.3, 18.2, 16.3, 14.8, 14.1, ÿ4.0,
ÿ4.6; EI HRMS: m/z : 807.2587 [M]� , calcd for C37H56Cl3NO8SSi: 807.2561.


Hydroxy lactone 53, Troc-deprotection of 52 : A solution of 52 (8.0 mg,
0.01 mmol) in dry EtOH (2 mL) was treated with Zn powder (40 mg) and
NH4Cl (40 mg) at a rate sufficient to maintain a gentle reflux for 30 min.
EtOAc (5 mL) was added at 0 8C and the mixture was filtered through silica
gel. The resulting solution was concentrated under reduced pressure.
Purification by flash column chromatography (hexane/EtOAc 3:1! 2:1)
gave pure product 53 (6 mg, 95 %). [a]20


D ��22.0 (c� 0.7, CHCl3); Rf� 0.14
(hexane/EtOAc 4:1); 1H NMR (250 MHz, CDCl3): d� 6.99 (s, 1H), 6.56
(br s, 1 H), 5.38 (t, J� 7.0 Hz, 1 H), 4.66 (t, J� 5.5 Hz, 1 H), 3.03 ± 2.89 (m,
1H), 2.84 (dd, J� 7.0, 2.2 Hz, 1 H), 2.78 (br s, 1�OH), 2.76 ± 2.71 (m, 1H),
2.70 (s, 3H), 2.35 (t, J� 5.7 Hz, 2H), 2.31 ± 2.10 (m, 2 H), 2.16 (d, J� 1.2 Hz,
3H), 2.09 ± 1.99 (m, 2H), 1.93 ± 1.18 (m, 11 H), 1.25 (s, 3 H), 1.04 (d, J�
6.4 Hz, 3 H), 0.93 (s, 3 H), 0.89 ± 0.78 (s, 9 H), 0.00 (s, 3 H), ÿ0.03 (s, 3H);
13C NMR (62.5 MHz, CDCl3): d� 217.3, 170.5, 164.8, 152.1, 136.0, 122.5,
117.0, 79.5, 78.7, 69.1, 62.1, 61.1, 56.6, 49.2, 39.7, 38.5, 38.3, 33.2, 32.5, 31.9,
29.4, 25.9, 25.6, 22.7, 22.0, 19.2, 18.3, 16.0, 14.7, 14.1, ÿ3.9, ÿ4.6; EI HRMS:
m/z : 633.3536 [M]� , calcd for C34H55NO8SSi: 633.3519.


Epothilone B analogue 42, desilylation of 53 : A solution of silyl ether 53
(5 mg, 0.008 mmol) in dry pyridine (1 mL) was treated with 0.5 mL of a
stock solution of HF/py [prepared from HF/pyridine complex (0.4 mL) and
dry pyridine (0.6 mL)]. After stirring for 4 d at 40 8C, the reaction mixture


was cooled at 0 8C and quenched by addition of saturated aqueous NaHCO3


solution (10 mL) and ether (5 mL). The aqueous phase was extracted with
ether (3� 10 mL) and the combined organic phases were dried (MgSO4)
and concentrated. Purification by flash column chromatography (hexane/
EtOAc 1:1! 1:2) and HPLC (Supersphere Si60-4, 250� 4 mm, 10%
iPrOH in hexane, 2 mL minÿ1, UV254, 8.0 min) furnished lactone 42 (1.9 mg,
50%) as a colorless wax. [a]20


D ��8.1 (c� 0.25, CHCl3); Rf� 0.44 (hexane/
EtOAc 1:2); 1H NMR (250 MHz, CDCl3): d� 6.94, (s, 1H), 6.58 (br s, 1H),
5.28 (d, J� 3.2 Hz, 1 H), 4.83 ± 4.76 (m, 1 H), 3.97 (d, J� 5.5 Hz, 1H), 3.17
(d, J� 3.0 Hz, 1 H), 2.95 ± 2.83 (m, 1H), 2.79 (dd, J� 9.7, 2.2 Hz, 1H), 2.65
(s, 3 H), 2.38 (dd, J� 9.0, 2.3 Hz, 1 H), 2.20 (dd, J� 9.0, 4.4 Hz, 1H), 2.12 ±
1.90 (m, 2 H), 2.03 (d, J� 1.1 Hz, 3H), 1.80 ± 1.40 (m, 14H), 1.25 (s, 3H),
1.07 (d, J� 6.6 Hz, 3 H), 0.9 (s, 3H); 13C NMR (150 MHz, CDCl3): d�
218.5, 170.5, 165.6, 153.0, 139.6, 119.0, 115.4, 78.7, 76.1, 68.4, 63.0, 62.0, 56.0,
49.2, 38.9, 38.7, 38.0, 36.3, 34.3, 32.9, 32.7, 25.1, 22.1, 20.7, 18.9, 17.7, 16.0, 15.3;
EI HRMS: m/z : 519.2667 [M]� , calcd for C28H41NO6S: 519.2655.
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