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Introduction


A concept for generating polar properties in systems that
grow by a mechanism of attaching building blocks to a surface
is depicted in Figure 1. By use of building blocks that possess a
polar symmetry, there is a difference in the probability to
attach them ™tip-first∫ or ™back-first∫ to the surface of a
material also composed of these building blocks. As a result of
a stochastic process of attachments (Figure 1a), a system can
develop macroscopic polar properties stepwise if kinetic


stability for the grown-in orientational state of building
blocks is provided (Figure 1b).


By polarity we understand here a vectorial property
inherent to the building blocks used to assemble a material
with grown-in polarity in the bulk state.


There are ten point groups[1] for crystals and two continuous
groups[2] for non-single-crystalline materials preserving a
vectorial property. The pyroelectric effect is a typical example
for a polar property of crystals, poled ceramics, liquid crystals
and poled polymers; a property which has found widespread
technical application. A polar symmetry is basic to the
function of important devices such as the diode, transistor
and photovoltaic cell. With respect to morphology, most
objects grown on the surface of the earth show a polar
habitus: plants, animals, humans, buildings and other con-
structions. In biology, the polarity of cells is considered a
necessary property for their regulatory function during
morphogenesis.[3]


Since the middle of the last century, concepts for making
materials with polar properties have been major goals in the
chemistry of molecules and materials, along with the develop-
ment of physical methods to characterise the macroscopically
polar state (nonlinear optical, electro-optical, pyroelectric,
piezoelectric effects, etc.).[4] To date, there is still no generally
valid synthetic concept to assure a polar point group for
crystals by a mechanism of spontaneous nucleation. However,
crystallisation of enantiomerically pure dipolar compounds
can yield one of the eleven enantiomorphic point groups,
whereby ten show a piezoelectric effect. Only five (namely
those featuring only an unique rotational axis: 1, 2, 3, 4, 6) of
the enantiomorphic groups that are piezoelectric also allow
for pyroelectricity.[1b]


Conceptually, the certain way to obtain a continuous polar
group (� , �m) for a material is the use of an external
electrical field to pole polymeric layers or ferroelectric
ceramics during cooling through the transition temperature.


Recently, a general principle of spontaneous polarity
formation by a stochastic process of growth has been stated
and experimentally confirmed:[5] A vectorial property is
preserved by symmetry at the nutrient-to-solid interface of
whatever growing bulk material. In the case of polar building
blocks, bulk polarity will result if polarity generated at the
surface is kinetically stabilised during the continuation of
growth (Figure 1).
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Below we give examples from the mechanical world
(randomly grown heaps of hard polar bodies), crystal growth
(supramolecular and other compounds) and biological growth
of tissues (tendon, bones, teeth). At first we provide an
introduction to a Markov-chain model, unified to explain
polarity formation in all systems to be discussed later on.


Markov-chain Model of Polarity Formation


Markov-chains are used in chemistry, physics and other
fields[6] to model processes represented by subsequent events
E0�E1�E2�. . . A simple Markovian chain results if a
transition matrix involving constant probabilities P promotes
an initial vectorial state S0 stepwise into a final one Sq by
Equations (1) ± (4):


S1�PS0 (1)


S2�PS1 (2)


S3�PS2 (3)


Sq�PqS0 (q� 1, 2, . . . , � ) (4)


Equation (4) may, for exam-
ple, serve to model the opinion
change[6d] of a committee on
whatever subject (Figure 2).
For example, if the promoters
(Y) of the debate are holding on
(probability equal to 1) and the
opponents (N) are changing
into Y with a probability of
0.5, it will take about six de-
bates to have a nearly polarised
collective opinion if the starting
ratio Y/N� 50:50%.


It is important to note that
the first step, Equation (1), can
itself yield a polar state if
Ptip-surface��Pback-surface. Examples
of this are ordered monolayers
of dipolar molecules attached
to a surface (Langmuir ±Blo-
gett films and others).


Applied to polarity forma-
tion as introduced above, we
define here probabilities P that
account for an object to object-
at-surface recognition shown in
Figure 3. In view of interactions
of polar molecules,[4] we may
denote the ™back∫ by A and the
™tip∫ by D. The molar fraction
X of objects at a surface layer
presenting their A or D part
toward the nutrient is XA or XD,
respectively, whereby XA �
XD� 1. The net fraction Xnet of
a resulting vectorial property


(polarisation �s proportional to Xnet) is defined by Equa-
tion (5).


Xnet�XA�XD (5)


Figure 1. Graphical summary on the process of polarity formation by a mechanism of directional growth. Here,
building blocks are symbolised by polar pearls attached to a surface. a) Polar building blocks are shown; these
become attached to a substrate by a process of directional growth (shown on the left). Because of the perfect
order of an ™up∫ and ™down∫ orientation in the substrate, there is no initial polarity, that is, excess of one
preferred orientation of pearls. As growth starts (middle) there is the possibility of faulted orientations as
compared to the centrosymmetric order within in the substrate. As growth proceeds (right) a constant state of
polar order will establish, if P™tip-first∫ differs from P™back-first∫ (see also Figure 3). It is important to note that
attachment is assumed to occur pearl- or layerwise. For pearls or layers of pearls that were attached previously, it
is assumed that no re-orientational flips occur during further addition of building blocks. Because of growth into
the upper and lower space, a bipolar (twinned) macroscopic state is obtained. b) As a result of growth without re-
orientational flips of the previously attached building blocks, a metastable (bipolar) state is obtained. Mechanical
(M) or thermal (T) activation (Ea) may transform this grown-in state into a state represented by the best
geometrical (mechanical) packing or free energy F. Depending on the system to be looked at, a centrosymmetric
or polar (or just noncentrosymmetric, see comments in text on pyroelectric and piezoelectric symmetry groups)
state may result upon activation.


Figure 2. Illustration for an application of a Markov chain model in
opinion change during repeated balloting. Starting by 50% promoters (Y)
and 50% opponents (N), a polarised opinion can emerge as a result of
debates. A probability of 0.5 for a conversion of N into Y was assumed.
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The probability P to have A toward the nutrient when
attached to a surface site A is called PAD, because the D part
of the incoming object is assumed to interact with i) the A part
of a building block at the surface and ii) the surrounding
blocks attached before. Correspondingly, we have PDA, PAA


and PDD, whereby PAD � PAA� 1 and PDA � PDD� 1.
Equation (4) then extends with the inclusion of thes proba-
bilities to a 2� 2 matrix representation [Eq. (6)]:[7, 8]


�
XA 	q

XD 	q



�
�
�


PAD PDD


PAA PDA


�q �
XA 	�

XD 	�



�
, (6)


in which XA(0), XD(0) describe the initial state at the
surface subjected to growth (q� 1, 2, . . . ,� ) and XA(q), XD(q)
are the fractions after q steps of attachment. Equation (6) has
an interesting mathematical property;[6] at large values of q
the final state is independent of the initial distribution of A
and D at the surface of a seeding state. Only evolution of
polarity into a constant Xnet depends on the initial state,
whereas the final value of Xnet (q�� ) does not (Figure 4). It


Figure 4. As defined in the text, polarity is expressed by the net fraction
Xnet [Eq. (5)] of a preferred dipolar orientation. Physically, the polarisation
�s is proportional to Xnet . The graphs show the evolution of Xnet as a
function of the growth steps (q) in one of the two directions in space. A
bipolar structure is formed (e.g., as in bones, see Figure 9), if growth can
take place in both directions of a prolate-top object. A steep or a flat
increase of Xnet is possible, depending on probabilities P involved in the
transition matrix in Equation (6).


is the ergodic property of a Markov chain which makes the
present model so interesting for understanding the building
up of a vectorial property, because a centrosymmetric
initial state can undergo evolution into a noncentrosymmetric,
more precisely, polar one by a process of unidirectional
growth.


Asymptotic limits are given by Equations (7) and (8).


XA�
PDD


PAA � PDD


(7)


XD�
PAA


PAA � PDD


(8)


Evidently, polarity can evolve only if PDD��PAA. Whatever
makes a ™tip-to-tip∫ (or ™tip-to-surface∫) interaction different
from a ™back-to-back∫ (or ™back-to-surface∫) one, it is this
difference which drives the system to polarity as growth
proceeds, irrespective of interactions to neighbouring blocks
that may tend to suppress polarity.[8] Depending on the
elements of the transition matrix in Equation (6), polarity
may evolve over just a few or a very large number q of steps.
Graphical examples for the rise of polarity (for sets of
assumed probabilities) are shown in Figure 4. In the general
case interactions between incoming building blocks and the
surface (longitudinal) as well as interactions between blocks
within the newly attached layer (transversal) are taken into
account to calculate the probabilities.[8]


Examples from the Mechanical, the Crystalline and
the Biological World


Piling sugar beets and similar objects into heaps : When Swiss
farmers are harvesting sugar beets they pile them on their
fields into huge heaps. Passing these on a walk, we may ask:
Will a random process of piling polar objects into a heap
create a vectorial property? The answer is yes! Laboratory
experiments with beet-shaped plastic pearls have shown the
formation of a vectorial-type property if the pearls are piled
by a random process of unidirectional growth into one-,[5a]


two- and three-dimensional stacks (see Table 1). Irrespective
of the type of the geometrical confinement imposed on the
pearls (entering a tube, slit or cylinder; see Figure 5), pearls
showed a preference to enter ™tip-first∫ into different types of
stacks. Important to notice here that gravity (for experiments
with a two- or three-dimensional confinement) would pro-
mote an orientation in which the ™back∫ preferably faces the
surface. Comparison with stacks prepared by shaking the final
number of pearls within the confining box (two- and three-
dimensional) has demonstrated that the grown state repre-
sents a mechanically metastable arrangement (mechanical


Figure 3. Polarity formation as discussed arises because of an orientational
selectivity of polar building blocks undergoing attachment to a surface.
a) For a centrosymmetric substrate there are two different attachment sites
which show up by the ™tip∫ or ™back∫ at the surface. b) In the case of an
uniformly polarised substrate there is only one type of site, either ™tip∫ or
™back∫ appearing at the surface.


Table 1. Experimental results on mechanical analogues. n : number of
pearls, Xnet : see also definition by Equation (5).


Dimensionality
of confinement


Number of
independent
trials/sampling


Mean value of


�Xnet�
ntip � nback


ntip � nback


Standard
deviation


1D 52 0.51[a] 0.003
2D (growth) 20 0.11 0.008
2D (randomized) 15 0.001 0.006
3D (growth) 15 0.050 0.009
3D (randomized) 22 � 0.001 0.008


[a] By use of histograms[5a] a different degree of polar order (1D) was
reported previously with the same set of data. Note that mechanical post-
growth activation (M, see Figure 1b) cancels polarity in the case of 2D und
3D confinement. Stochastically grown heaps of mechanical objects thus
develop a metastable state of arrangement featuring a vectorial property.
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Figure 5. Mechanical confinements imposed on pearls entering a) a tube
(lpearl�dtube� dpearl), b) a slit (lpearl� dslit� dpearl) and c) a cylinder (dcylinder�
lpearl , dpearl), whereby l� length, d� diameter or width. Conditions for a
random process of entering a containment was set up 1) by exposing pearls
to a random motion in oil (a), and 2) random feeding from a higth less than
10 cm above the growing layer (b, c).


(M) activation, see Figure 1b). No significant effects were
found for a randomised bulk state (two- and three-dimen-
sional). Given these relatively low values of Xnet (two- and
three-dimensional cases), it is likely that vectorial property
formation in this particular system occurs within each full
layer, thus showing little influence of the previous one. A
similar situation was found for crystals in which a small
number of orientational defects occur.[8a] It is anticipated that
orientational disorder in some protein crystals of globular
proteins may arise by a similar mechanism as demonstrated
here for mechanical objects.


Growing molecular crystals : For the purpose of presenting a
concept applying to crystalline materials we will constrain our
discussion to molecules with no centre of symmetry; these do
not necessarily represent chiral objects. Dipolar (achiral)
compounds may be described as being composed of electron-
accepting and -donating fragments symbolized by A and D,
respectively. This type of a A±D molecular structure ensures
polarity at the level of building blocks.[4] During the process of
slow crystal growth, A ±D entities enter crystal surfaces (hkl)
at which specific short-range and many long-range interac-
tions account for the energy of attachment sites.


In crystalline materials, stochastic polarity formation was
experimentally found for:
1 Inorganic[9] and organic[10] channel-type zeolites, whereby


guest molecules enter pre-existing empty or partially filled


channels from both sides of pores by one-dimensional
diffusion. In this respect, zeolites show a strong analogy to
our one-dimensional mechanical analogue.


2 Channel-type inclusion crystals,[11] whereby guest and host
molecules co-crystallise to form a supramolecular material
with a centrosymmetric host structure.


3 Organic solid solutions H1�xGx (H: host, G: guest),[12]


whereby, for example, A ±D guest molecules substitute
sites in a centrosymmetric lattice built by molecules H.


4 Single component organic crystals,[8, 13] whereby A±D
molecules undergo 180� orientational disorder during
growth, thereby transforming a centrosymmetric seed into
a twinned crystal with polarity in the growth sectors.
Given whatever a type of packing and symmetry in


molecular crystals (examples 1 ± 4 above), we assume here a
set of sites to which attachments can be described by
probabilities P entering a kind of equation given above
[Eq. (6)]. By virtue of properties of Equation (6), polarity can
evolve upon a centrosymmetric seed. In such type of a seeding
lattice there are at least two sites related by a centre of
symmetry. During growth, corresponding sites appear at the
crystal surface whereby the centre of symmetry is lost
(because of joining the nutrient, i.e. , interface formation).
Therefore, we may approach polarity evolution by two
independent Markov-chains,[8] for which longitudinal (A ±D
to surface interactions) and transversal (A ±D intralayer
interactions) interactions of molecules must be known for the
calculation of probabilities P in Equation (6). Precisely, our
system was investigated by an anisotropic two-dimensional
Ising Hamiltonian that formally includes the effect of an
external field.[14] The appearance of an external electrical field
here shows similarity to the certain way to obtain a continuous
polar group (� , �m) by a process of electrical poling.
Bethe ±Peierls and Markov mean-field solutions of the
Hamiltonian agree well with Monte ±Carlo simulations,
which take into account an attachment layer (or bilayer) of
A±D molecules subjected to thermalisation on top of a
frozen substrate layer of A ±D molecules.[8, 14]


Because of a centric seed to start with, polarity evolution
for the most frequent space group reported for molecular
compounds, P21/c, takes place symmetrically in corresponding
growth sectors, for example, the �b- and �b sector (for
comparison, see Figures 1 and 6).[15] Consequently, as-grown
crystals are twinned. In sectors related by the symmetry of the
seeding point group, corresponding vectors of average macro-
scopic polarity are, in theory, of equal absolute value, but have
an opposite orientation. This type of a nongeometrical
twinning is typical for grow-in polarity in crystals[8] and other
systems (see biological examples of bones, Figure 9 below). It
is important to mention here that polarity evolution is not
necessarily the result of a kinetically controlled growth
process, although we have conditioned it to kinetic stability
(see Figure 1b).


Experimentally, 180� domain formation was recently con-
firmed by two independent new techniques: scanning pyro-
electric microscopy (SPEM)[16] and phase-sensitive second
harmonic microscopy (PS-SHM).[17] These analytical methods
allow the mapping of the spatially inhomogeneous distribu-
tion of polarity in crystals and thin layers. The lateral
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resolution of SPEM is presently at about 2.5 �m; in PS-SHM
two-dimensional resolution is limited by far-field optics and
the wavelength of the fundamental laser light.


The existence of polarity and 180� twinning in examples 1 ±
4 has been confirmed by SPEM or PS-SHM, and X-ray
diffraction (type 3).[12a,b]


Examples of type 1 (lattices providing channels) show
similarity to a diffusion process of molecules across pores of
natural or artificial membranes.[18] However, a most recent
case of polarity inversion, found (molecular dynamics simu-
lations) for the average dipolar moment of water passing
along the pore of aquoporines (AQP1, GlpF),[19] occurs as a
result of interactions to binding sites at the wall, rather than
by the water-to-water interaction along the water chain seen
across the pore. Another case of great importance in biology
are microtubules in neuronal and other cells: microtubules in
the axon of neurons show a high degree of polar order; this
gates the direction of flow of material across the neuron.[20]


For a brief discussion of a most recent example[8b, 13] from
the crystalline world (type 4), Figure 6 depicts 4-chloro-4�-
nitro-stilbene (CNS) entering a crystal lattice in the b sector of


Figure 6. 4-Chloro-4�-nitro-stilbene (CNS) molecules entering the centro-
symmetric lattice in a b sector. a) Entering by ™NO2-group first∫ establishes
four N�O ¥¥¥H�C bonds in the range of 2.4 ± 2.8 ä. b) Entering by ™Cl-
group first∫ establishes only one Cl ¥¥ ¥ H�C bond of 2.8 ä. For clarity, only
molecules that form relatively short bonds to the NO2 or Cl groups are
shown here. The orientation of CNS in the unit cell is set at random because
of the centrosymmetric crystal structure.[8b]


P21/c by a) ™nitro-first∫ or b) ™chloro-first∫. In case a) there
are four relatively short O ¥¥¥H�C bonds. In case b) there is
only one relatively short Cl ¥ ¥ ¥ H�C bond. Although we do yet
not know the difference in energy that gives rise to
Pchloro-surface ��Pnitro-surface, it is reasonable to assume a small
difference here. The effect of polarity formation is confirmed
by a second harmonic generation (SHG) response seen in
CNS crystals:[13] for the first time, a grown-in bipolar state was
confirmed for P21/c. In Figure 7A a fundamental-wave-
polarised parallel b axis reveals the preseence of polarity in
both the upper and lower b sectors. The phase-sensitive
response[17] has an opposite orientation for the polarisation


Figure 7. Second harmonic generation analysis to show polarity formation
in the centrosymmetric crystal structure (X-ray analysis) of 4-chloro-4�-
nitrostilbene.[8b, 13] Micrometer thin crystal plate in (001) orientation, grown
from the melt. A) Polarisation of the fundamental wave (1064 nm) parallel
the b axis (upper and lower b sector appearing green, 512 nm). B) Effect of
phase contrast for the lower b sector (only SHG signals from here). C)
Effect of phase contrast for the upper b sector. A change of contrast with
respect to the lower and upper sector allows one to conclude that the
orientation of the average polarisation in the lower sector (B) is opposite to
that in the upper one (C). Going back to Figure 1, nonlinear optical
microscopy confirms here a basic feature of Markov-type polarity
formation.[8]


Figure 8. Summary of the possibilities for tuning polarity by use of
different crystalline systems: 1) Full tuning range for channel-type
inclusion compounds and intended single component crystals. 2) Limited
ranges for tuning of solid solution (with respect to the range of
composition). 3) Limited ranges for either topologically polar or centro-
symmetric single component crystals.


vector �s in the upper and the lower b sectors (Figure 7B, C).
Sectors that feature an SHG response do not take up a
™closest possible approach∫ conformation, due to seeds that
grew first along the a axis before developing along b axis.
Other crystals were investigated, for which this gap was not
seen.[13] For geometrical reasons the SHM effect is below the
present detection limit for a sectors in CNS.


Conceptually, we find for molecular crystals that polarity is
a tunable (tuning variables can be: strength of synthon
interactions, composition, growth temperature) property
(Figure 8) that can be obtained by application of an unifying
principle.[5] Broken lines in Figure 8 indicate that the extent of
polarity which may be found depends on interactions active
during crystal growth. In the case of solid solutions there
might be a miscibility gap for a system in which A±D
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molecules substitute sites in a centrosymmetric lattice of A±
A or D±D molecules or vice versa. The miscibility gap is
likely to exist, since examples of A ±D (centrosymmetric,
synthon interactions present) forming a solid solution with
A±A or D±D (centrosymmetric) over the entire range of
composition may represent a rare case.


Biologically grown tissues : By a process called morphogenesis
nature creates all kind of macroscopic forms that are basic to
the mechanical stability of the living world.[21] Soft, elastic and
hard materials emerge from a cell-driven intergrowth of
biopolymers and inorganic crystalline compounds in the case
of hard tissues. Connective-tissue proteins such as collagen,
elastin and others serve to hold cells together; they provide
not only elastic properties but also space-filling and interfacial
properties.


Collagen,[22] a family of fibrous proteins, is the most
abundant protein in nature used as major fibrous component
to grow tendon, bones and teeth, etc. In non-cross-linked
tropocollagen three polypeptide chains form a triple helix.
Each strand of the triple helix is made up mostly from the
sequence gly-pro-pro; however, other amino acids occur as
well. Tropocollagen can self-assemble into fibrils that are up
to hundreds of micrometers long. The synthesis of an
extracellular matrix that contains long collagen fibrils is
prerequisite for the morphogenesis of tissues.


Because of its helical peptide structure and side-chain
amino acids that introduce charged groups along the helix,
tropocollagen is a chiral and polar macromolecule. In hard
tissues, the structural organisation of collagen fibrils is a
staggered, parallel array intergrown by inorganic crystal-
lites.[23] Looked at as a noncrystalline but partially ordered
material, the order of collagen molecules or fibrils may be
described by a continuous group (� or �2). For compar-
ison,[2] nematic liquid crystals made of optically active and
polar molecules can exist in symmetry � allowing for
piezoelectric, nonlinear optical (third rank tensorial proper-
ties) and pyroelectric (vectorial property) effects. In group
�2 we find nematic liquid crystals composed of optically
active molecules with third rank tensorial but no vectorial
properties.


Tropocollagen has the potential to act as a building block to
form either a material with � or �2 symmetry. Given a case
of parallel alignment of helices (type I packing of collagen
fibrils, see Weiner[24] et al.), corresponding tissues will show a
transversal piezoelectric and second-order nonlinear optical
effect (�2). In the Introduction we noted that a chiral
molecular structure can ensure formation of a crystal lattice
belonging to one of the enantiomorphic groups. However,
there is no guarantee that they will fall into a pyroelectric
group as well.


To obtain polar symmetry (�) when building a collagen-
based composite material, a mechanism is needed which drives
the ordering of collagen along the process of secretion and self-
assembly into a vectorial alignment in mature fibrils. Biological
studies show that fibril self-assembly takes place in extracyto-
plasmic channels of fibroblasts (for more details, see ref. [25]).


Since the second half of the last century it is known that
biologically grown soft and hard tissues show effects related to


electrical polarity.[26] First it was found that bones have a
transversal piezoelectric effect (�2).[27] Later, evidence for
small longitudinal piezoelectric[28] (Fukada et al. , 1964) and
pyroelectric effects[29] was reported. Although hard tissues
contain hydroxyapatite, Ca5(PO4)3(OH), effects of polarity
cannot have their origin in a textured (� , �m) mineral
intercalation, as centrosymmetric space groups are found for
modifications of hydroxyapatite (P63/m or P21/b).


Athenstaedt[30] has extensively studied the pyroelectric
properties of many kinds of hard tissues and tendon.
According to Athenstaedt pyroelectric effects exist in ™nerve
tissue, in the integument of vertebrates and arthropods, in all
major supporting tissues of the vertebrates and [...] in cells
and tissues of plants∫.[31a] Taking into account its broad
appearance it seems that pyroelectricity (and logically a
longitudinal piezoelectric effect) is a basic property of all
living organisms. There is another general finding: the
unidirectional growth of animal (tendons, bones, teeth) and
plant structures occur always in the direction of the positive
pole (for a definition, see Figure 9), irrespective of whether


Figure 9. Some examples of bones with either an unipolar or a bipolar
state as a result of biological growth (H. Athenstaedt[30, 31]). Arrows (drawn
into bones) represent parts of an uniform orientation of polarisation �s (Ps


in the figure here). Along the arrows collagen fibrils show a preferred
vectorial alignment (excess of one orientation of a few percent[32, 34]). Note
that the positive pole points in the direction of longitudinal biological
growth. The Markov chain model that makes use of biochemical
results[35, 36] to obtain an order of probabilities P agrees with experimental
findings on the orientation of net polarity.[30, 31] a) Exposed chorda of
Myxine glutinosa; b) part of the axial skeleton of Acipenser sturio;
c) macorpus spec. (Marsupialia), young animal during growth of axial
skeleton; d) parietal bone of a new-born child (at the parietal tuber 1 the
direction of polarisation is reversed), e) fibula of Crocodilus niloticus.


collagen-, keratin-, chitin-based materials were investigated.
When comparing hard tissues with tendon, effects in collagen-
rich tissues are larger by about a factor of ten. After the period
of growth, aging can reduce or even invert the grown-in
polarisation. This not true for collagen-rich structures of the
axial skeleton (disci intervertebrales, ligamenta longitudinalia
communia[30, 31b]). Our discussion will therefore be restricted
to polarity evolution in young, growing tissues.
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Independent work with second harmonic generation tech-
niques including second harmonic microscopy[32] (also tomo-
graphic, confocal and ultrashort pulse studies[33]) has con-
firmed the �2 symmetry and particularly supports polarity
formation in tendon (�). Freund et al.[32] could show that
most, if not all, polar filaments are of the same sign, and that
these filaments permeate the tendon bulk in an apparently
random fashion. Furthermore, they have estimated that the
polar material occupies a few percent of the tendon volume.
An electron microscopy study by Trelstad et al.[34] reports a
53% fraction of the collagen molecules in tendon oriented in
the same direction. Both kind of data allow for a small excess
of fibrils oriented in the same direction.


A recent study by Kadler et al.[35] has identified two types of
fibrils in 12- and 18-day-old embryonic (chick metarsal leg)
tendon that differ with respect to the orientation of collagen
molecules in the fibrils: 1) unipolar fibrils joined by the C and
N termini, and 2) bipolar fibrils joined by the C termini. The
mean length of unipolar fibrils is found to be smaller than for
bipolar ones (bipolar/unipolar fibrils� 2:1). Growth into long
unipolar and bipolar fibrils seems to be supported by
proteoglycans, which are preferably attached to the shafts of
the fibrils, leaving more space at the tips for a process of
longitudinal self-assembly.


In view of our Markov chain model, polarity formation in
longitudinally growing tendon may be analysed in the
following way: at first we define the building blocks subjected
to self-assembly. Next, interactions are identified by which
these blocks can self-assemble in the longitudinal direction.
Finally a model for unidirectional growth is proposed.


Referring to a review by Kadler et al.,[36] fusion of fibrils has
been observed to occur 1) by interaction of the C and N


termini (producing unipolar fibrils of an increased length),
and 2) by interaction of the C termini (producing a bipolar
fibril from two unipolar ones). Fusion by interactions of
N-termini was not reported. Given these results, we define
short unipolar fibril segments to act as building blocks to
obtain finally a macroscopic object of tendon. As a matter of
fact, the probabilities PCN, PNC (prolongation) and PCC


(bipolar fusion) are significant, whereas PNN (fusion by N
termini) is negligible. From the chemical point of view it is
thus reasonable to assume PCN�PCC. (Note that PCN�PCC� 1,
PNC�PNN� 1.) At this point we can say that PCC��PNN, which
is the necessary condition for polarity formation.


Polarity evolution at the level of the early state of a piece of
tendon may start with an equal number of ™up∫ and ™down∫
fibrils exceeding elongation in extracytoplasmic channels
(Figure 10) In this sense we model the system by two
independent Markov chains (I, II, see Figure 10), an approach
we have discussed in the chapter on crystals.[8] Driving forces
for lateral aggregation may support or work against polarity
formation.[8] As a result of the interplay of all interactions, in
principle, polarity will develop if the difference in PCC and PNN


is effected by a stochastic mechanism of self-assembly.
Because PCC�PNN, the positive ends (N termini) of the
fibrils will preferably point in the direction of growth (see
Figure 10). This important prediction of the Markov chain
model agrees with experimental data.[30, 31] A similar mecha-
nism is proposed for bones and teeth, although hard tissues
exceed intercalation by apatite in the late phase of develop-
ment.


In view of a broad occurrence of polarity in tissues, the
biological function of a � -type symmetry should be ques-
tioned. Is it just a stochastic phenomenon, for example, some


kind of a defect, or is there a
functionality behind it? Inves-
tigations in the field of bioelec-
trical potentials[37] have for-
warded the possibility of an
electrical-signal-feedback sen-
sor system because of electrical
polarity in connective tissues.
Basic principles for sensory
functions and organs using po-
lar dielectric properties were
proposed by Athenstaedt.[38]


Examples of sensory properties
are the piezoelectric auditory
membrane of the ear of locusta
migratoria (insect)[38] and the
infrared-sensitive organ of Cro-
talinae and Boidae (snakes).[39]


Today, biologists are investigat-
ing a possible sensory function
of thermophilic proteins (vanil-
loid-like receptors: VR1,
VRL),[40] although a pyroelec-
tric behaviour of the membrane
of Crotalus horridus (rattle-
snake) was demonstrated much
earlier.[41]


Figure 10. Graphical scheme for explaining polarity formation in tissues grown by self-assembly of small
unipolar fibril segments. q : subsequent steps of fusion. The length of arrows is a measure for the polarity of fibrils.
For a demonstration PCN�PCC� 0.5 was chosen. In this case polarity evolves already after the first step (q� 1).
Biochemical data[35, 36] on the early state of tendon development imply, however, that PCN�PCC and PCC�PNN.
Therefore, a much larger number of growth steps than q� 1, 2 are needed to produce a significant Xnet of a few
percent as found experimentally.[32, 34] For more theoretical details on Markov-type polarity formation, see
Hulliger et al.[8]
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Conclusion


We present an unifying concept of how a process of unidirec-
tional growth can build up macroscopic polarity in materials.
It turns out that polarity at the level of building blocks
(mechanical, molecular, supramolecular, macromolecular) is
the key for preserving polarity along a stochastic process of
self-assembly. As compared to cooperative phase transitions
generating polarity in the bulk, a growth-driven transition into
a metastable polar state is generally not subjected to the
option of a centre of symmetry. However, if growth is allowed
in the � and � direction of space, bipolar objects evolve. In
this sense the Markov chain mechanism produces macro-
scopic domains featuring opposite polarity. Because in nature
and in vitro we can establish conditions for unidirectional
growth, the present concept allows for a rational synthesis of
unipolar materials.


More than 35 years after the discovery of the wide-spread
existence of pyroelectricity in the living world we can put
forward and explanation for polarity formation by a growth
mechanism effected by chemical recognition.[42]
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DNAzymes–A New Class of Enzymes with
Promise in Biochemical, Pharmaceutical, and


Biotechnological Applications


Long considered as strictly a genetic material, DNA was
shown in 1994[1] to carry out catalytic functions, and thus
became the newest member of the enzyme family after
proteins and RNA. Since then, the DNA molecules (called
DNAzymes here, also called deoxyribozymes, DNA enzymes,


or catalytic DNA elsewhere) have been shown to catalyze
many of the same reactions as RNAzymes (also called
ribozymes) or protein enzymes,[2±5] including RNA/DNA-
cleavage,[1, 6±13] ligation,[14, 15] phosphorylation,[15, 16] cleavage of
phosphoramidate bonds,[17] and porphyrin metallation[18] (Fig-
ure 1). The catalytic efficiency and reaction mechanism of
DNAzymes are often similar to those of RNAzymes and
protein enzymes. In one notable case, the catalytic efficiency
of 109��1min�1 observed for the ™10 ± 23∫ DNAzyme[10, 19]


rivals that of the protein enzyme ribonuclease. Therefore,
understanding the structure and function of DNAzymes is a
new frontier in chemistry and biology.


Among the functions displayed by DNAzymes, the endo-
nuclease activity has been explored the most. DNAzymes
have been used to cut, process, and map RNA molecules in
biochemical studies.[20] Similar to that of RNAzymes,[21] the
endonuclease activity makes DNAzymes promising anti-viral
pharmaceutical agents, against diseases such as AIDS and
leukemia (Figure 2).[22±27] For example, the ™10 ± 23∫ DNA-
zyme destroys hepatitis B viral RNA,[22] abnormal BCR-ABL
fusion mRNA,[23, 24] c-myc RNA,[25, 26] and Egr-1 mRNA.[28]


Recently, the use of DNAzymes as highly sensitive and
selective metal-ion sensors has also been demonstrated.[29]


Metal Ions as Important Cofactors in DNAzymes


For DNAzymes to be effective in biochemical and clinical
applications, they must be able to compete with other
catalysts for efficiency and diversity. In contrast to protein
enzymes constructed from 20 natural amino acids, structural
repertoires of DNA/RNAzymes are limited due to the
availability of only four different nucleotide building blocks.
The lack of a 2�-OH functional group in DNAzymes in
comparison to RNAzymes makes DNAzymes even more
limited. To overcome this limitation, several groups have
made progress toward introducing modified bases into
DNAzymes.[30] In biology, one common solution to the lack
of efficiency and diversity is the employment of cofactors,
such as NADH, porphyrins, and, especially, metal ions.
Protein enzymes are known to recruit these cofactors to
broaden the scope of reactions, to increase catalytic efficiency,
and to fine-tune the reactivity for difficult reactions.[31±34] With
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more limited building blocks,
the need for cofactors is even
greater for DNAzymes.


Metal ions are arguably the
most important class of cofac-
tors for enzymes because of
their ability to broaden and
fine-tune the reactivity of the
enzymes.[31±34] Indeed, despite
the recent reports that some
DNA/RNAzymes are active in
the presence of monovalent
ions[8] or amino acid cofactors,[9]


divalent metal ions such as
MgII, MnII, or CaII, are essential
for the catalytic function of the
majority of DNA/RNAzymes
under physiological condi-
tions.[35±38] However, DNA/
RNAzymes found to date can-
not match protein enzymes in
terms of either the variety of
metal ions they employ or the
specificity of the metal-binding
sites. For example, while pro-
tein enzymes use metal ions
from almost all groups of met-
als, including even the second-
and third-row transition-metal
ions such as Mo and W, DNA/
RNAzymes only utilize a lim-
ited number of metal ions such
as MgII, CaII, and MnII. Further-
more, it is well known that
protein enzymes possess re-


markable metal-binding affinity and specificity, and they are
commonly classified by the metal ions they specifically bind
(e.g., copper proteins or zinc proteins). In contrast, DNA/
RNAzymes tend to work with several metal ions equally
efficiently.[35±38] For example, hammerhead ribozymes are
known to be active not only with MgII, but also with MnII


and CoII.[39] Furthermore, metal-binding affinity of DNA/
RNAzymes is generally much weaker than that of protein
enzymes. These observations lead to the question of whether
the lack of variety and specificity of metal ions employed by
DNA/RNAzymes is the result of the inherent structural
limitation of these enzymes, or is because DNA/RNAzymes
with high specificity for a diverse group of metal ions have yet
to be discovered.


The Search for New Metallo-DNA/RNAzymes with
Broad Diversity and High Specificity


To answer the question of whether the lack of variety and
specificity of metal ions employed by DNA/RNAzymes is an
inherent limitation of these enzymes, or is due to the fact that
those DNA/RNAzymes with broad diversity and high specif-
icity have yet to be discovered, one can search for more


Figure 1. Examples of DNAzymes: a) ™10 ± 23∫ DNAzyme with RNA nuclease activity;[10, 19] b) ™8 ± 17∫
DNAzyme with RNA nuclease activity;[10, 11, 13] c) DNAzyme with DNA nuclease activity; d) DNAzyme with
ligase activity;[14] e) DNAzyme with kinase activity;[16] f) DNAzyme with 3�-5�-phosphoramidate bond cleavage
activity.[17]


Figure 2. Concept of DNA/RNAzymes as endonucleases to target viral
RNA. DNA/RNAzymes can be designed to bind specifically to the target
viral RNA through Watson-Crick base pairs, form a unique three-dimen-
sional structure, and perform catalytic function by cleaving the viral RNA.
After the RNA cleavage, the DNA/RNAzymes can, in principle, diffuse
away, bind to another viral RNA, and perform another catalytic cycle.
Metal ions may play essential roles in at least two steps, the folding and
formation of active structure and the viral RNA cleavage steps. Adapted
from reference [21].
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examples of DNA/RNAzymes in nature through isolation and
characterization of DNA/RNAzymes in different cellular
environments. This process can take a long time. However, the
development of combinatorial biology techniques such as
systematic evolution of ligands by exponential enrichment
(SELEX) of aptamers or in vitro selection of DNA/RNA-
zymes can accelerate this process dramatically.[40±44] In the in
vitro selection method (Figure 3), a small population of DNA/
RNAzymes with the desired properties is selected and


Figure 3. An example of in vitro selection of DNAzymes with RNA
endonuclease activity. The initial selection pool (top left) contains a
random sequence domain of 40 nucleotides (shown as a bar) flanked by two
conserved primer-binding regions (shown as single lines). After one
polymerase chain reaction (PCR) to amplify the DNA pool, a second PCR
is performed in which one of the PCR primers contains a biotin moiety (B)
at the 5�-end, and a ribonucleic adenosine (rA) embedded in the 5�-
conserved sequence region. The rA is intended to be the cleavage site due
to the relative lability of the RNA bond toward hydrolytic cleavage. The
DNA pool is then immobilized on an avidin column through the biotin
moiety on the 5� of the DNA. Since single-stranded DNA molecules are
most likely to form complex three-dimensional structure necessary for
DNAzyme function, the double-stranded DNA molecules are denatured
by NaOH, and the DNA strand without biotin can be washed away from
the column. Addition of metal ions to the column containing the remaining
single-stranded DNA under defined conditions (time, pH, temperature)
and subsequent elution from the column allows selection of DNAzymes
that undergo cleavage at the internal RNA bond in the presence of the
metal ion of choice. The selected DNAzymes can be amplified through
PCR, and used to seed the following round of selection. The activity of the
selected enzymes can be improved by gradually using more stringent
conditions (such as shorter incubation times or lower temperatures) in each
subsequent round of selection. The metal-binding affinity of the enzymes
may also be improved by gradually decreasing the concentration of the
metal ion. The selection continues until the generation at which improve-
ment of activity stops. The DNAzymes can then be cloned and sequenced.
Adapted from reference [6].


amplified from a pool of up to 1015 DNA/RNAmolecules with
random sequences. The selected enzymes are then subjected
to further rounds of mutation, amplification, and selection,
often with more stringent selection conditions. Unlike random
mutagenesis or evolution of proteins, in vitro selection of
DNA/RNAzymes can integrate mutation and amplification,
which are both genotype-related, with selection, which is
phenotype-related. This integration is advantageous because
it assures that the same molecule that performs desired
functions can be selected, amplified, and de-coded without
intermediate molecules. It also makes the methodology
simple and cost-effective.


It has now been demonstrated that both SELEX of
aptamers and in vitro selection of DNA/RNAzymes can lead


to new DNA/RNA that are specific for a target metal ion. For
example, new ZnII-binding RNA aptamers have been ob-
tained.[45±47] In vitro selected variants of the group I intron[48]


and the RNase P ribozyme[49] have shown greatly improved
activity with CaII, which is not an active metal ion cofactor for
the native ribozyme. The MgII concentration required for
optimal hammerhead ribozyme activity has been lowered by
using in vitro selection to improve the enzyme performance
under physiological conditions.[50, 51] Similarly, DNA/RNA-
zymes that are highly specific for PbII,[1, 52] CuII,[7, 14] and
ZnII[13, 53] have been obtained.


Metal-Binding Selectivity Issue


While in vitro selection makes it possible to search for new
DNA/RNAzymes that are specific for selected metal ions, the
selections sometimes result in DNA/RNA molecules which
are active not only in the presence of the metal ion of choice,
but also in other metal ions. In a few cases, the activity in the
presence of the desired metal ion is lower than the activity in
certain other metal ions under comparable conditions. For
example, the ZnII-binding aptamers bind several other
divalent metal ions, such as NiII and CoII, equally well.[45±47]


Although the in vitro selected variants of the group I intron[48]


and RNase P[49] have gained CaII-dependent activity, their
MgII-dependent activity remains high. Furthermore, even
though the ™10 ± 23∫ DNAzyme was selected from a solution
containing MgII, it displays higher activity with MnII.[10, 19, 54]


Finally, the same ™8 ± 17∫ motif was obtained by three
different in vitro selection processes involving 10m� MgII,[10]


0.5 m� MgII/50 m� histidine,[11] or 100 �� ZnII,[13] with metal-
dependent activity in the order of ZnII�CaII�MgII under
similar conditions.[10±13, 55] Further assays of this enzyme
indicate highly PbII-dependent activity with kobs� 6.5 min�1


at pH 6.0.[29] The apparent Kd values for PbII, ZnII, and MgII


are 13.5�� (at pH 6.0), 0.97m� (at pH 6.0), and 10.5m� (at
pH 7.0), respectively.[29] This lack of specificity from the
selection process is problematic if the selected DNA/RNA
molecules are to be used either as model systems for
elucidation of structural and functional features of metal-
specific DNA/RNA or as metal-ion sensors.


To improve the metal ion specificity during the in vitro
selection process, a negative selection strategy was imple-
mented whereby the nucleic acid pool was subjected to a
solution containing competing metal ions. As a result, those
nucleic acids that were active in those metal ions were
discarded. To demonstrate the effectiveness of the negative
selection strategy, two parallel in vitro selections of CoII-
dependent DNAzymes were carried out (Figure 4).[56] When
no negative selection was used in the selection process, the
resulting catalytic DNA molecules were more active in ZnII


and PbII than in CoII. On the other hand, when the negative
selection steps were inserted between the normal positive
selection steps, the resulting catalytic DNA molecules were
much more active in CoII than in other metal ions including
ZnII and PbII. No detectable cleavage activity was observed
with several other metal ions investigated including CaII, MgII,
and CdII, and cleavage activity in the presence of MnII was
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minimal. These results suggest strongly that in vitro selection
can be used to obtain highly specific transition metal ion-
dependent DNA/RNAzymes, which hold great promise as
versatile and efficient endonucleases as well as sensitive and
selective metal-ion sensors.


Advantages of Transition-Metal-Ion-Dependent
DNAzymes


Most RNAzymes isolated from nature utilize alkaline-earth
metal ions such as MgII and CaII and, in some cases, MnII.[35±38]


One exception is the hammerhead ribozyme, which is also
active in the presence of the transition-metal ions CoII, ZnII,
and CdII, although spermine is required for ZnII-catalyzed
reactions.[39] Therefore, most efforts have been devoted to the
study of MgII- and CaII-dependent DNA/RNAzymes. How-
ever, transition-metal-dependent DNAzymes are equally
attractive as alkaline-earth-metal-dependent DNAzymes for
study and application for several reasons. First, the different
transition-metal ions with a wide range of properties can help
broaden the functional repertoire of DNAzymes, just like
they can for protein enzymes. Second, given the same
reaction, such as phosphodiester transfer or cleavage, tran-
sition- or pseudo-transition-metal ions, such as CoII or ZnII,
may be able to catalyze the reaction more efficiently thanMgII


or CaII, because CoII or ZnII are better Lewis acids and their
metal-bound water possesses a lower pKa, both of which may
be important for the reaction. Indeed, several transition/
lanthanide-metal complexes have been shown to be quite


effective in DNA/RNA cleav-
age.[57±63] This argument is also
supported by the existence of
many ZnII-dependent hydrolyt-
ic protein enzymes such as carb-
oxypeptidase, phosphotries-
terase, and alkaline phospha-
tase.[31±34] Third, a clear under-
standing of the metal-binding
site and its structural changes
during catalysis is necessary for
designing better nucleic acid
enzymes. Transition-metal ions
have much richer spectroscopic
features than alkaline-earth-
metal ions, making the study
of coordination spheres and
reaction mechanisms of metal-
binding sites in DNAzymes
much more fruitful. This ad-
vantage has been nicely dem-
onstrated in the study of MnII


derivatives of hammerhead ri-
bozymes and related model sys-
tems.[64±68] To provide structural
information in solution, metal
ions such as a high-affinity met-
al inhibitor TbIII[69] or highly
thiophillic HgII in combination


with a phosphorothioate at the cleavage site, had to be used in
the past.[70] Finally, the search for and understanding of
different transition-metal-ion-dependent DNAzymes make it
possible to design better metal biosensors and to use a
DNAzyme array for simultaneous detection of metal ions.


Transition-Metal-Dependent DNAzymes as
Efficient Endonucleases


Recent results have shown that both RNAzymes and DNA-
zymes can utilize transition-metal ions and that the resulting
enzyme may be more efficient than MgII- and CaII-dependent
enzymes.[1±3, 7, 13, 14, 18, 53, 71] For example, a group of highly
efficient transition-metal-dependent RNA-cleaving DNA-
zymes has been obtained through in vitro selection.[13] It was
found that this commonly selected motif (called the 8 ± 17
motif, see Figure 1b)[10±13, 55] can efficiently and specifically
cleave both RNA and DNA/RNA chimeric substrates. It can
cleave any unpaired ribonucleotide followed by a G-Twobble
pair. The pH profile and reaction products of the DNAzyme
are similar to those reported for the hammerhead ribo-
zyme.[72] This DNAzyme has higher activity in the presence of
transition-metal ions than in the presence of alkaline-earth-
metal ions. At saturating concentrations of ZnII, the cleavage
rate is 1.35 min�1 at pH 6.0 and is estimated to be �50 min�1


at pH 7.5, at which most assays of MgII-dependent DNA/
RNAzymes are carried out.


The use of transition-metal ions to expand the functional
repertoire of DNAzymes has also been demonstrated. In


Figure 4. a) Strategies in improving metal-ion selectivity during in vitro selection. b) DNAzyme sequences from
an in vitro selection of CoII-dependent DNAzymes. Clone 18, selected without the negative selection strategy,
prefers ZnII and PbII over CoII. However, Clone 11, selected after using the negative selection strategy, prefers
CoII over ZnII and PbII. Adapted from reference [56].
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contrast to RNA cleavage, DNA cleavage is much more
difficult due to the inherent stability of DNA to hydrolysis.
Therefore, no DNA/RNAzymes have been shown to carry out
efficient DNA cleavage in the presence of alkaline-earth-
metal ions such as MgII. However, through in vitro selection,
Carmi and Breaker have been able to obtain CuII-dependent
DNAzymes that can cleave DNA efficiently.[7, 71, 73] The
DNAzyme was further minimized to 46-mer DNAzyme with
conserved sequences defined (Figure 1c). This DNAzyme has
a bell-shaped metal-binding curve; the enzyme activity
increases with increasing concentration of CuII until it reaches
10 ��, then decreases with increasing concentration of CuII


ions beyond 10 �� until the enzymes are completely inhibited
in excess of 100 �� of CuII.[73] Interestingly, similar CuII-
dependent activity was also observed in a DNAzyme with
DNA ligase activity.[14] An even further extension of DNA-
zyme structural and function diversity was demonstrated by a
successful in vitro selection of DNAzymes that catalyze the
insertion of CuII or ZnII into mesopoerphyrin IX.[18]


DNAzymes as Highly Sensitive and Selective Metal-
Ion Sensors


The combination of transition-metal ions with DNA/RNA-
zymes has resulted in not only new DNA/RNAzymes with
high catalytic efficiency and expanded functional diversity,
but also in a new class of highly sensitive and selective metal-
ion biosensors, as demonstrated recently.[29] This work is based
on the observation that, since DNA/RNAzymes are capable
of binding metal ions of choice with high affinity and
specificity[1, 7, 13, 14, 53] through in vitro selection, the resulting
enzymatic products can be used to monitor the identity and
quantity of the specific metal ion involved in the reaction. The
biosensor developed consists of a DNAzyme capable of base-
pairing to a DNA substrate that contains a single ribonucleo-
tide residue (Figure 5a).[29] When a fluorophore such as
TAMRA is attached to the 5�-end of the substrate, the
fluorescence signal at 580 nm is quenched by a fluorescence
quencher, such as Dabcyl, at the nearby 3�-end of the
DNAzyme (Figure 5b). In the presence of a metal ion, such
as PbII, the fluorescence emission of TAMRA increases by


Figure 5. DNAzymes as a new class of metal ion biosensors. a) Concept and design of metal ion biosensors, using lead sensors as an example; adapted from
C&EN News, 2000 (Oct. 30), 78(44), 9 ± 10; b) the sequences and proposed secondary structure of the lead sensor (top), and examples of fluorescence tag
(TAMRA) and quencher (Dabcyl); c) Steady-state fluorescence spectra of the substrate (Rh-17DS) alone (I), after annealing to the deoxyribozyme (17E-
Dy) (II), and 15 min after adding 500 n� Pb(OAc)2 (III); d) The fluorescence response rate (vfluo) of sensor in the presence of 500 n� of different divalent
metal ions in 50 m�HEPES (pH 7.5). The inset shows the variation of initial rate vfluo with the concentration of PbII (�) or CoII (�). c) and d) are adapted from
reference [29].
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400%, due to the cleavage of the substrate followed by
product release (Figure 5c). This DNAzyme sensor is highly
sensitive for PbII, with a quantifiable detection range from
10 n� to 4 �� (Figure 5d, inset). Even in the presence of equal
concentrations of other metal ions (such as MgII, CaII, MnII,
CoII, NiII, ZnII, CdII, and CuII) and under simulated physio-
logical conditions, this biosensor displays remarkable sensi-
tivity and selectivity (Figure 5d). The principles demonstrated
in this work can be used to obtain DNAzyme sensors for other
metal ions, cations or analytes.


The work described above complements those biosensors
based on DNA/RNA aptamers and aptazymes (or allosteric
DNA/RNAzymes),[74±79] , with shared similarities and differ-
ences. DNA/RNA aptamer sensors are based on the high
affinity of the sensors with target analytes through molecular
recognition. Like antibodies, DNA/RNA aptamers can be
selected to bind a variety of targets with high affinity and can
be used as sensors for these analytes. Aptazyme or allosteric
DNA/RNAzyme biosensors, on the other hand, contain both
an aptamer and an enzyme unit with known activity, such as
the hammerhead ribozyme. Structural changes associated
with aptamer binding to the analytes are utilized as a way to
trigger catalytic activity of the known enzymes.[80] In the
aptazyme system, analytes to be sensed are usually not direct
participants of enzymatic reactions, but rather exert their
influence through allosteric structural changes. For example, a
hammerhead ribozyme has been engineered into an aptazyme
for CoII through a combination of a CoII aptamer and a
hammerhead ribozyme that depends on MgII for activity.[80]


Like aptamer and aptazyme biosensors, DNA/RNAzyme-
based sensors utilize the ability of DNA/RNA to bind and
recognize metal ions. However, the target analyte DNA/
RNAzyme-based sensor is a direct participant of the enzyme
reaction and plays an essential role in the enzymatic activity.


Advantages of DNAzymes in Pharmaceutical and
Biotechnological Applications


Several features make DNAzymes an excellent choice for
pharmaceutical and biotechnological applications. The first
and perhaps biggest advantage of choosing DNAzymes is that
they can be subjected to in vitro selection. When compared to
other combinatorial methods based on organic chelators or
peptides, in vitro selection can sample a larger pool of
different molecules (up to 100 trillion), amplify the desired
sequences by the polymerase chain reaction (PCR), and
introduce mutations to improve performance by mutagenic
PCR. For pharmaceutical applications, in vitro selection
allows high flexibility in choosing target viral RNA sequences
to cleave.[10, 23] For biotechnological application, in vitro
selection makes it possible to fine-tune metal-binding affinity
and selectivity of DNAzymes, through successive implemen-
tation of a negative selection strategy.[56] This approach can
overcome our limited knowledge about the metal-binding
affinity and selectivity of different organic- or biomolecules.
A detailed study of the resulting metal-specific DNAzymes
may provide insight into rational design of other metal
sensors. Second, the in vitro selection can be carried out in


short time and with limited cost (1 ± 2 days and a few dollars
per round of selection). Third, the synthesis of DNA is easier,
and therefore less costly than the synthesis of RNA. Under
physiological conditions, DNA is nearly 1,000-fold more
stable to hydrolysis than proteins and nearly 100,000-fold
more stable than RNA.[4] As seen from a recent crystal
structure,[81] DNAzymes usually form a compact globular
shape and are therefore not easily recognized by endo- or
exonucleases; hence they are likely more resistant to nuclease
attack than single or even double-stranded DNA/RNA.[82]


When folded, the compact globular DNAzymes are also
unlikely to bind biomolecules in the cells other than the
single- or double-stranded DNA/RNA. Indeed, a properly
designed ™10 ± 23∫ DNAzyme was shown to remain intact
even after 48 hours of exposure to serum, and to be effective
in targeting Egr-1 mRNA, resulting in inhibition of vascular
smooth muscle proliferation and regrowth after injury.[28]


Fourth, unlike proteins, most DNAzymes can be denatured
and renatured many times without losing binding ability or
activity. They can be used and stored under rather harsh
conditions. Fifth, DNA is adaptable to fiber optic and
microarray technology,[83, 84] which is important for on-site or
remote sensing of multiple metal ions simultaneously. Finally,
as demonstrated recently,[29] there are three additional
advantages of DNAzyme fluorescent sensor systems. The
metal sensing is achieved by both metal-binding and catalytic
activity, allowing signal amplification through catalytic turn-
over. The fluorophores can be placed remotely from the
binding and cleavage sites so that binding and sensing do not
interfere with each other and can be optimized independently.
The effective placement of the fluorophores can be accom-
plished with little knowledge of the three dimensional
structure of the system.


Summary


DNAzymes are a new member of the enzyme family that
holds great promise both as endonucleases for pharmaceutical
applications and as metal-ion sensors for biotechnological
applications. These abilities can be significantly enhanced
when DNAzymes use transition-metal ions as cofactors for
their enzymatic activities. Recent results demonstrated that in
vitro selection of DNAzymes from a library of DNA is
capable of obtaining new DNAzymes with high endonuclease
activity as well as metal-ion selectivity. The close relationship
between metal ions and DNAzymes has been nicely illus-
trated; metal ions can help DNAzymes to increase catalytic
activity and broaden functional diversity, while at the same
time the enzymatic activity, particularly the products, can be
used to signal the presence and quantity of metal ions that
catalyze the enzymatic reactions. Applications of these
DNAzymes as effective anti-viral agents and as selective
metal-ion sensors have been demonstrated.


Outlook I ± from metalloproteins to metallo-DNA/RNA-
zymes, a new paradigm in chemistry and biology?: Through
many years of research, different classes of metal-specific
proteins, such as heme, copper or zinc proteins, are now
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known, including a comprehensive understanding of their
sequence, structural, and functional features specific to each
class of metalloproteins (Figure 6).[31±34] Similar information
about metal-specific DNA/RNAzymes is virtually unknown.
However, important progress has been made recently on the


biochemical and spectroscopic studies of metal-binding sites
in MgII/CaII-dependent DNA/RNAzymes.[35±38] Furthermore,
the implementation of in vitro selection and SELEX methods
now allows us to obtain different DNA/RNAzymes with high
specificity and affinity for a metal ion of choice and thus lays a
foundation for a detailed and systematic study of metal-
binding sites in DNA/RNAzymes. For example, the metal
selectivity issue is not unique to DNA/RNAzymes. Heavy or
thiophillic metal ions such as HgII can replace CuII in copper ±
thiolate proteins.[85] It is well known that CoII and ZnII have
similar charges and ionic radii. CoII can replace ZnII in zinc
proteins without any loss of activity.[86, 87] One may wonder if
there is any difference between CoII- and ZnII-binding in
proteins or DNA/RNA. Now using in vitro selection that
incorporates a negative selection strategy, two classes of
DNAzymes have been obtained, with one with a preference
for CoII over ZnII and the other for ZnII over CoII (Figure 4b).
Interestingly, they share similar sequence homology and yet
posses subtle differences. Further biochemical and spectro-
scopic study of these and other DNA/RNAzymes will enrich
our knowledge of metal-binding sites in DNA/RNAzymes so
that similar level of understanding as in protein enzymes can
be achieved.


Outlook II–in vitro selection of DNAzymes: a general and
versatile method for obtaining metal-ion sensors?: The design
of metal-ion sensors has long been a focus of research
endeavors because it can provide portable, on-site, real-time
detection and quantification of both beneficial and toxic
metal ions in applications such as household and environ-
mental monitoring (for drinking or lake water and soil),
developmental biology, or clinical toxicology. For example,


the use of CaII sensors in cells has revolutionized the study of
cell physiology.[88] While remarkable progress has been made
in developing metal sensors,[88±90] designing and synthesizing
sensitive and selective metal-ion sensors remains a significant
challenge. Since the knowledge of the design of metal-ion-


specific sensors is limited,
searching for sensors in a com-
binatorial way is particularly
attractive. The concept and ad-
vantages of combinatorial
searches for metal-ion sensors
have been demonstrated re-
cently by several groups.[29, 91, 92]


Among these methods, in vitro
selection of DNA/RNA from a
library of 1014 ± 1015 random
DNA/RNA sequences offers
considerable possibilities.[40±44]


A unique feature of in vitro
selection of DNA/RNA (when
compared with combinatorial
selection of organic ligands or
peptides) is its ability to sample
a larger pool of sequences,
amplifying the desired sequen-
ces by the PCR, and introduc-
ing mutations by mutagenic


PCR to improve performance. The recent reports of the first
DNAzyme biosensor for lead[29] and the ability to improve
metal selectivity of the DNAzymes[56] are encouraging.
Further employment and improvement of this method will
allow us to find highly sensitive and selective sensors for not
only any metal ions of choice, but also any oxidation state of a
selected metal ion.
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Second-Generation Mimics of Ganglioside GM1 Oligosaccharide: A Three-
Dimensional View of Their Interactions with Bacterial Enterotoxins by NMR
and Computational Methods


Anna Bernardi,*[a] Donatella Potenza,[a] Anna Maria Capelli,[b] Alicia GarcÌa-Herrero,[c]
F. Javier Canƒada,[c] and Jesu¬ s Jime¬nez-Barbero*[c]


Abstract: As a step to delineate a
strategy of ligand design for cholera
toxin (CT), NMR studies were per-
formed on several mimics of the GM1
ganglioside oligosaccharide. The confor-
mation of these analogues was investi-
gated first in solution and then upon
binding to cholera toxin by transferred
nuclear Overhauser effect (TR-NOE)
measurements. It was demonstrated that
CT selects a conformation similar to the
global minima of the free saccharides
from the ensemble of presented confor-
mations. No evidence of major confor-
mational distortions was obtained, but


one or two of the available conformers
of the hydroxyacid side chain appear to
be selected in the bound state. The
NMR data were interpreted with the
aid of computer models, generated and
analyzed by using a combination of
different approaches (MacroModels×
MC/EM and MC/SD, Autodock, and
GRID). Analysis of the NMR data


supported by computational studies al-
lowed us to interpret the experimental
observations and to derive workable
models of the ligand:toxin complexes.
These models suggest that the higher
affinity of the (R)-lactic acid derivative 3
may stem from lipophilic interactions
with a hydrophobic area in the toxin
binding site located in the vicinity of the
sialic acid side chain binding region of
the CT:GM1 complex, and formed by
the side chain of Ile-58 and Lys-34. Thus,
the models obtained have allowed us to
make useful design suggestions for the
improvement of ligand affinity.


Keywords: carbohydrates ¥
carbohydrate ± protein interactions
¥ cholera toxin ¥ glycomimetics ¥
NMR spectroscopy


Introduction


The inhibition of protein ± carbohydrate interaction provides
a powerful strategy for the treatment of a variety of diseases.
The development of small-molecule mimics of oligosacchar-
ides capable of inhibiting sugar-binding proteins (lectins) is
attracting a great deal of attention as a way to develop drugs


with good stability and synthetic availability.[1] Specific bind-
ing between bacterial enterotoxins and oligosaccharide re-
ceptors on the host cell membrane is a paradigm for protein ±
sugar interaction. A particularly well-studied system is the
recognition pair composed of ganglioside GM1 and the two
bacterial enterotoxins, cholera toxin (CT) and the heat-labile
toxin of E. coli (LT), which use the GM1 headgroup
pentasaccharide (o-GM1) as their molecular target to attack
and penetrate the host cells. Recently, we described the
pseudo-oligosaccharide 1,[2, 3] a functional and structural
mimic of o-GM1 in which the reducing end of the pentasac-
charide has been replaced by a conformationally restricted
cyclohexanediol (CHD) (Scheme 1).


More recently, we have reported the series of second-
generation mimics 2 ± 4,[4] in which the sialic acid (NeuAc)
moiety of 1 is also replaced with simpler �-hydroxyacids.
Replacement of the NeuAc residue with simplified chemical
entities was devised to increase the synthetic accessibility of
the artificial receptors, while preserving the acid function of
NeuAc, which was shown to be essential for GM1 binding to
CT.[5, 6] Indeed, the X-ray structure of the CT:o-GM1 com-
plex[5] reveals that the oligosaccharide binds with a two-
fingered grip by using a relatively deeper galactose-binding
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pocket and a shallower carboxylate-binding region on the
toxin surface. The pseudo-GM1 mimic 1 (psGM1), which
preserves the solution conformation of o-GM1,[3] is probably
bound in the same orientation. Conformational analysis of 2 ±
4 (vide infra) reveals that although the (R)-lactic acid
derivative 3 and glycolic acid derivative 2 are more flexible
than 1, these should be able to simultaneously fit the
galactose- and the carboxy-binding sites of CT by using low-
energy conformations. The three ligands were synthesized and
their interaction with the cholera toxin B5 pentamer (CTB)
was studied by using the intrinsic fluorescence of the Trp-88
residue in the toxin binding site.[7] The dissociation constants
determined by nonlinear regression analysis were found to be
667 �� for 2, 190 �� for 3, and 1.1 m� for 4.[4] Thus, the (R)-
lactic acid derivative 3 displayed the strongest affinity for
CTB. For comparison, CTB has a KD of about 40 m� and
81 m� for galactose and lactose,[7] respectively, and asia-
loGM1 (GM1 without sialic acid) had no detectable binding
to CT at concentrations that were 320 times higher than the
IC50 of GM1.[6] Thus, the carboxy group of 3 and to a lesser
extent of 2, appears to have a sizeable effect on the affinity of
the artificial receptors for CT.


Since ligand binding of cholera toxin appears to primarily
engage the nonreducing Gal moiety,[5] it is an intriguing quest
to comparatively delineate the bound-state topologies of the
studied ligands. Information about the conformation of


complexed ligands can be de-
rived from transferred nuclear
Overhauser effect (TR-NOE)
studies[8] provided that the ex-
change between the complexed
and uncomplexed states is suf-
ficiently fast.[9, 10] Application of
this methodology allows one to
study how the ligand fits into a
protein binding site in solution.
Overall, it is fair to say that the
conditions required to monitor
TR-NOEs have so far appeared
to be frequently satisfied by
sugar receptors.[11]


Herein we report a detailed
computational and NMR study
of o-GM1 mimics 2 ± 4 and of
their complexes with bacterial
enterotoxins CT and LT. By
building on conformational
studies with these free ligands
in solution, we will be able to
determine whether a low-ener-
gy conformer is selected and
which one, or whether the bind-
ing process entails a linkage
distortion. We unequivocally
demonstrate that only syn con-
formations[12] around the glyco-
sidic linkages of these ana-
logues are recognized by CT,
and that the toxin selects a


preferred orientation of the lactic/glycolic side chain, prob-
ably through the establishment of key hydrogen bonds with
the water molecule at crystallographic site 3[5] and with the
backbone NH of the aminoacid 13 of the toxin (Arg-13 in LT,
Hys-13 in CT). The model strongly suggests that the lipophilic
interaction of the (R)-lactic acid side chain of 3 with a
hydrophobic patch in the toxin binding pocket may be the
origin of the highest affinity of this ligand in the series studied
here.


Definitions : Residues of the pseudo-sugars 2 ± 4 are defined as
indicated in Scheme 1. The CHD residue is numbered as
depicted in Scheme 1 to facilitate comparison with the
branching galactose unit of GM1.


Glycosidic angles are defined as follows: Gal�1-3GalNAc:
��GalH1-GalC1-O1-GalNAcC3, ��GalC1-O1-GalNAc-
C3-GalNAcH3; for Gal�1-4CHD: ��GalH1-GalC1-O1-
CHDC4, ��GalC1-O1-CHDC4-CHDH4; hydroxyacid-
CHD: ��C(�O)-C�-O-CHDC3, ��C�-O-CHDC3-
CHDH3, ��C(�O)-C�-CHDC3-CHDH3.


Results


The free state: NMR studies : The relationship between NOEs
and proton ± proton distances is well established[13] and can be
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Scheme 1. Mimics of ganglioside GM1 oligosaccharide. Gal: galactose; GalNAc: N-acetyl galactosamine; CHD:
cyclohexanediol.
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worked out, at least semiquantitatively, when a relaxation
matrix analysis is considered. The NOE intensities reflect the
conformer populations, and therefore information on the
population distributions in free solution can be obtained by
focusing on these key NOEs.[14] The assignment of the 1H and
13C NMR resonances of the three molecules was performed by
using standard two-dimensional experiments, COSY, TOCSY,
and HSQC (see Supporting Information). Then, selective
one-dimensional NOESY and two-dimensional T-ROESY
experiments were performed on 2 ± 4 to provide experimental
distances and to derive the average conformation or con-
formational equilibria present in solution. Oligosaccharide
conformations are defined by the corresponding torsion
angles around the glycosidic linkages and by the torsions
around the hydroxyacid side chains. In principle and as is
usually found in oligosaccharides, there are exclusive NOEs
that unequivocally characterize the three preferred regions of
the potential energy surfaces of beta-linked disaccharides:
syn�-syn�, syn�-anti�, and anti�-syn� (Figure 1).[15, 16] The


Figure 1. Schematic view of the three major orientations around the
glycosidic linkages of the disaccharide and pseudo-disaccharide fragments
of glycomimetics 2 ± 4. The Gal�(1� 3)GalNAc linkage (top), the
GalNAc�(1� 4)CHD linkage (bottom), and from left to right, the syn�-
syn�, anti�-syn�, and syn�-anti� conformers, respectively.


analysis of the vicinal proton ± proton coupling constants for
the six-membered rings indicated that the Gal and GalNAc
chairs are in the 4C1 conformation, while the CHD also adopts
a chair conformation with the bulky tert-butoxycarbonyl
groups in equatorial orientations. Vicinal J5,6 couplings for
the hydroxymethyl groups were also extracted. The coupling
values were 7 ± 8 Hz for both the Gal and GalNAc entities in
all the compounds, in agreement with a gt:tg equilibrium of
the � torsion angle, as is usually the case for galactose
moieties.[17]


The orientation around the Gal�(1� 3)GalNAc linkage
should be defined by the NOEs between H1 Gal and the
protons on the aglyconic GalNAc moiety, especially H3, H4,
and H2. In fact, the Gal-H1/GalNAc-H3 cross peak is always
very strong (for the three compounds), indeed even stronger
than the corresponding Gal-H1/Gal-H3 and Gal-H1/Gal-H5
intraresidue cross peaks (Figure 2). A very weak Gal-H1/
GalNAc-H4 and an even weaker Gal-H1/GalNAc-H2 cross
peak are also detected, although the latter is just above the
noise level and not seen in Figure 2. According to relaxation
matrix calculations, the Gal-H1/GalNAc-H3 distance should


Figure 2. Key region of the 500 MHz 1HNMRNOESY spectrum recorded
for a) 2 and b) 4. Relevant interresidue cross peaks are indicated.


be 2.4� 0.1 ä, while Gal-H1/GalNAc-H4 is 3.5� 0.2 ä. The
Gal-H1/GalNAc-H2 is longer than 3.6 ä. Therefore, these
distances can be correlated for all three compounds with one
major orientation around the Gal�(1� 3)GalNAc �/� tor-
sion angles. This region corresponds to the global minimum
syn conformation, which is characterized by �,� of around
55�,0�.


A similar situation occurs for the GalNAc�(1� 4)CHD
moiety, with the same NOE pattern. In fact, only the very
strong interresidue GalNAc-H1/CHD-H4 cross peak is ob-
served. The corresponding GalNAc-H1/CHD-H5ax, Gal-
NAc-H1/CHD-H5eq, and GalNAc-H1/CHD-H3 are below
the noise level. The observed cross peak corresponds to a
GalNAc-H1/CHD-H4 distance of 2.4� 0.1 ä, while those
between GalNAc-H1 and CHD-H5ax, CHD-H5eq, and
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CHD-H3 are probably longer
than 3.5 ä. Again, the average
conformation in solution for
this linkage corresponds to the
global minimum syn conformer
characterized by �,�� 30�,30�.
The existence of conformers in
the anti-� or anti-� regions with
populations above 5% can be
neglected, since otherwise their
exclusive NOEs would have
been observed. Regarding the
orientation of the acetamide
moiety, in all the three cases
the cross peak of the methyl
group with the corresponding
GalNAc-H2 has a weak inten-
sity, while no cross peaks to
either GalNAc-H1 or GalNAc-
H3 are observed. Therefore, the
major orientation in solution is
that with the methyl group
pointing out of the pyranose
ring, with an anti-like relation-
ship to C-2.


Additional torsional degrees of freedom are available for
these molecules, which correspond to the hydroxyacid side
chains. The two rotatable bonds here are not restricted by
anomeric or exo-anomeric effects, and may assume a broader
range of orientations. In principle, three idealized staggered
orientations may be defined (Figure 3), although rotations
around the O�C bond may also produce quasi-eclipsed
orientations. The major orientation around the lactic acid-
containing derivatives can be defined by focusing on the
NOEs from the CH (HL) and CH3 groups of this moiety to
H-3, H-4, H-2eq, H-2ax of CHD, and to H-1 and the
acetamide methyl group of GalNAc (Table 1). Thus, the
NOE patterns for the side chain substituents of the acid are
best examined in terms of the three staggered orientations of
Figure 3 and correlated to the improper dihedral angle
�C(OOH)-C�-C3-H3.


For the R isomer 3, the NOE intensity of the HL/CHD-H4
cross peak is higher than that of the HL/CHD-H2eq cross


peak and is similar to that for the vicinal HL/CHD-H3. The
HL/GalNAc-H1 displays a peak of medium-weak intensity,
and no HL/CHD-H2ax peak is detected. The corresponding
distances are 2.5� 0.1 (to CHD-H4 and to CHD-H3), 2.8�
0.2 (CHD-H2eq), 3.0� 0.2 (GalNAc-H1), and more than
3.5 ä (HL/CHD-H2ax), respectively (Table 1). In turn, the
CH3 methyl of the (R)-lactic side chain only displays weak
cross peaks to its vicinal CHD-H3 (3.1� 0.2 ä) and to
GalNAc-H1 (3.1� 0.3 ä). No cross peaks are observed
between the methyl group and CHD-H2eq or CHD-H4.


These results are in agreement with a major ���60�
conformer (with an anti-type relationship between the methyl
group and the CHD-H3, Figure 3), although the �� 180�
rotamer (displaying the carboxyl group anti to CHD-H3) must
also be contributing to the conformational equilibrium to
account for the HL/CHD-H2eq distance. A nonidealized
staggered conformation of the former type may also satisfac-
torily explain the observed NOE pattern.


Table 1. Experimental and calculated distances for the hydroxyacid fragment of free 2 ± 4.


Ligand Contact Exp. distance Calcd Distance [ä] Calcd distance [ä]
[ä] (AMBER*, MC/EM)[a] (Kolb, MC/SD)[b]


2 CH2/CHD-H4 2.6 ± 2.8 3.0[c] 3.2[c]


CH2/CHD-H3 2.4 ± 2.6 2.6[c] 2.6[c]


CH2/CHD-H2eq 2.6 ± 3.0 3.6[c] 3.0[c]


CH2/GalNAc-H1 2.7 ± 3.3 3.1[c] 3.0[c]


CH2/GalNAc-Me 2.9 ± 3.1 5.0 4.3


3 HL/CHD-H4 2.4 ± 2.6 2.6 2.6
HL/CHD-H3 2.4 ± 2.6 2.6 2.4
HL/CHD-H2eq 2.6 ± 3.0 3.5 3.6
HL/GalNAc-H1 2.8 ± 3.2 2.7 2.9
MeL/GalNAc-H1 2.8 ± 3.4 3.4 2.9
MeL/CHD-H3 2.9 ± 3.3 3.9 3.8
MeL/CHD-H4 � 3.5 4.0 4.2
MeL/CHD-H2eq � 3.5 4.4 4.2


4 HL/CHD-H4 2.4 ± 2.6 3.8 3.8
HL/CHD-H3 2.4 ± 2.6 2.4 2.4
HL/CHD-H2eq 2.8 ± 3.2 3.1 2.5
HL/GalNAc-H1 2.9 ± 3.5 4.1 4.2
MeL/GalNAc-H1 � 3.5 4.0 4.0
MeL/CHD-H3 2.5 ± 2.9 4.3 4.0
MeL/CHD-H4 2.9 ± 3.5 5.0 5.0
MeL/CHD-H2eq � 3.5 4.7 4.0


[a] Distances are calculated as � r�6� �1/6, in which � r�6� is the Boltzmann average of the r�6
i of the individual


conformations within 12 kJmol�1 of the global minimum. [b] Calculated from � r�6� monitored during the
simulation (MDDI option of Batchmin). [c] Average over the two protons (CH2 is isochronous).


Figure 3. Schematic view of the three idealized staggered orientations of the hydroxyacid chains with respect to the CHD moiety. Deviations from the
idealized 60� orientations may take place. The improper dihedral angle �C(OOH) ±C� ±C3 ±H3 defines the orientation of the carboxy group relative to the
cyclohexyl ring.
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For the S analogue 4, the NOE intensity of the vicinal HL/
CHD-H3 cross peak is also similar to that of the HL/CHD-H4
connectivity. Very weak cross peaks are observed for the HL/
GalNAc-H1 and HL/CHD-H2eq connectivities, and no HL/
CHD-H2ax peak is detected. The intensities correspond to
interproton distances of 2.5� 0.1 (to CHD-H3 and to CHD-
H4), 3.0� 0.2 (CHD-H2eq), and 3.1� 0.3 ä (GalNAc-H1). In
addition, the CH3 methyl of the (S)-lactic side chain has a
medium intensity cross peak to its vicinal CHD-H3 proton
(2.7� 0.2 ä), which is slightly weaker than that to its geminal
HL (Figure 2b). A weak cross peak to CHD-H2eq is also
present (3.1� 0.3 ä). No cross peak to GalNAc-H1 is
observed.


This NOE pattern agrees with a major �� 180� conforma-
tion (anti-type relationship between the COOH group and the
CHD-H3, Figure 3), although the ���60� rotamer (display-
ing the methyl group anti to CHD-H3) also probably
contributes to the conformational equilibrium. Alternatively,
a nonidealized staggered ���180� conformation with closer
proximity between HL and CHD-H4 may also satisfactorily
explain the observed NOEs.


In the glycolic compound 2, the two CH2 protons are
isochronous. Thus, no distinction may be made between the
individual pro-S and pro-R protons. Their NOE cross peaks
with H-3 and H-4 of the CHD moiety display similar
intensities, which are in turn somewhat higher than that with
CHD-H2 eq. The corresponding interproton distances are
2.5� 0.1 (CHD-H3), 2.7� 0.1 (CHD-H4), and 2.8� 0.2 ä
(CHD-H2eq), respectively. Weak cross peaks between the
CH2 and GalNAc-H1 and between the CH2 and methyl
acetamide GalNAc should correspond to average distances of
3.0� 0.3 ä. The CH2/CHD-H2ax should again be longer than
3.5 ä (Figure 2a).


A conformational equilibrium between ���180� and ��
�60� (Figure 3) can satisfactorily describe the observed NOEs.
Again and alternatively, a nonidealized staggered orientation
of the COOH anti to CHD-H3 conformation with closer
proximity between one of the CH2 protons and the CHD-H4
may also satisfactorily explain the observed NOE pattern.


Conformational analysis of free ligands 2 ± 4 : The conforma-
tion of the free ligands was extensively investigated by using
MacroModel (MMOD). Two sets of parameters were em-
ployed in the MC/EM searches for the hydroxyacid fragment:
the original AMBER* parameters, and those explicitly
developed for hydroxyacids by Kolb and Ernst.[18] The latter
were also used in the MC/SD simulations of the free ligands in
GB/SA water solution. The protocols employed had been
previously validated for o-GM1 and other ganglioside head-
groups by comparison with NMR data.[19] The calculations
revealed that the Gal-GalNAc-CHD fragment of all three
molecules populated the syn conformation for both glycosidic
linkages in agreement with the experimental data discussed
above. Minima were located at �,�� 50�,0� for the Gal ±
GalNAc linkage and 25�,30� for the GalNAc ±CHD linkage.
Some flexibility around this area (but not outside) was shown
in the dynamic simulations (�,�� 50�� 20�,0�� 30� for Gal-
GalNAc and 40�� 30�,25�� 25� for GalNAc-CHD) The
predicted interglycosidic distances are very short (2.2 ±


2.4 ä) for the Gal-H1/GalNAc-H3 and GalNAc-H1/CHD-
H4 pair, whereas much longer distances were calculated for
Gal-H1/GalNAc-H2 (4.1 ± 4.2 ä), Gal-H1/GalNAc-H4 (3.6 ±
3.9 ä). These predictions are similar to what was calculated
for other gangliosides and for psGM1,[3, 19] and are confirmed
by the NMR experiments on 2 ± 4, which are consistent with a
syn population �95% for all three molecules.


The computational description of the hydroxyacid side
chain is only qualitatively correct, as judged by comparison
with the NOE data. The calculated and experimental
distances for this fragment are reported in Table 1. All
calculations, and particularly those using Kolb×s parameters,
predict a limited flexibility for the side chain, and a large
preference for the methyl group or one of the glycolic acid
hydrogens to be antiperiplanar relative to the CHD-C3 (�
gauche conformations in Figure 3). Although NMR results
indicate that these rotamers do indeed appear to be popu-
lated, the NOE results for all molecules have a set of
comparable NOESY cross peaks from the hydroxyacid HL
proton to CHD-H3 and CHD-H4, accompanied by weaker
interactions with CHD-H2eq. This is consistent with a higher
flexibility for the hydroxyacid fragment than calculated.
Moreover, the NMR results for the glycolic acid derivative 2
and the (S)-lactic acid derivative 4 are consistent with a major
� anti conformer, which is not found at low energy by the
calculations (see Table 4). A better agreement is achieved for
the R derivative 3, which is calculated to be a mixture of ��
�60� and �� 180� conformations, that is, the same two
conformations supported by experiment. As a result, the
calculated HL/CHD-H4 distance for 3 is comparable to the
NMR value (Table 1), and the calculated HL/CHD-H2eq
distance is somewhat longer than supported by experiment
(Table 1). In general, comparison with the experimental
results (see Table 4) reveals that in reality the �� 180�
conformation is more heavily populated than expected by
either force field calculations. Since the performance of the
Kolb×s force field is superior to AMBER*×s for the R
derivative 3, which is the best binder of the series, the Kolb×s
parameters were used for all subsequent calculations.


The bound state: NMR studies : The addition of the cholera
toxin CTB pentamer to a D2O solution of 2 ± 4 induced
broadening of resonance signals of the glycomimetic protons,
especially those belonging to the Gal moiety (Figure 4). Those
for the GalNAc units were also broadened, although to a
lesser extent, with the exception of GalNAc-H4, which also
displayed important broadening. This change in a signal
parameter is a clear indication of binding and therefore
enabled further study.


First, saturation transfer difference (STD) experiments
were performed. In STD experiments[20, 21] the host protein is
irradiated, and the saturation transfer to the ligand gives rise
to signal enhancements that are stronger for the protons in
closest proximity with the protein. Thus, STD experiments
can be used to identify the epitope of the glycomimetics.
Typical results are illustrated by the STD spectrum of the
CT:2 complex (Figure 5). Indeed, the strongest glycomimetic
signals that appeared upon irradiation of the protein envelope
corresponded to the Gal protons along with H2, H4, and the
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acetamide methyl group of GalNAc. Small intensities corre-
sponding to GalNAc-H3 and the glycolic CH2 side chain were
also evident. The other protons of GalNAc and the cyclo-
hexane moiety were less evident, which indicated that the key
mimetic/toxin contacts take place through the nonreducing
Gal unit. Contacts with the GalNAc moiety in the vicinity of
the attachment point of the Gal residue and on the sialic acid
surrogate (hydroxyacid) also take place.


Next, one-dimensional and two-dimensional TR-NOESY
experiments (Figure 6) were performed to deduce the bound
conformation of 2 ± 4. Different mixing times and protein/
ligand molar ratios were systematically tested towards this


end. This experiment provides
an adequate tool to determine
the conformation of the bound
ligand for those ligands that
exchange rapidly with the free
state. In complexes of large
molecules, cross-relaxation rates
of the bound compound are
opposite in sign to those of the
free ligand, and generate neg-
ative NOEs. Indeed, TR-NO-
ESY experiments (Figures 6a
and 6b) produced strong and
negative NOEs, as expected for
ligand binding. These signals
are the basis for assignment of
the conformational properties
of the bound state. In all cases,
the strongest interglycosidic
peaks in the spectra can be
attributed to the recognition of
syn-�,� conformers for both
glycosidic linkages. For the
GalNAc�(1�4)CHD and Gal�-
(1� 3)GalNAc glycosidic link-
ages of the three compounds,
the same pattern of inter and
intraresidue NOEs was ob-
served, with strong GalNAc-
H1/CHD-H4 and Gal-H1/Gal-
NAc-H3 cross peaks, indicating
bound-state distances around
2.3 ± 2.5 ä. A very weak Gal-
H/GalNAc-H4 cross peak, cor-
responding to a 3.6 ä interpro-
ton distance is also observed.
No other interresidue contacts
are observable. T-ROESY ex-
periments allowed us to ex-
clude spin-diffusion effects for
the key cross peaks. Fittingly,
the abovementioned cross
peaks had a different sign rela-
tive to the diagonal peaks, thus
excluding the possibility of pro-
tein-relayed or spin-diffusion-
mediated correlations. The use


of a full matrix relaxation approach, including exchange
between the free and bound forms, is instrumental to estimate
the expected NOEs for the binding of other possible anti-�
and anti-� families. Thus, TR-NOE calculations for individual
anti and syn conformers were performed and compared to the
experimental data. No evidence for the recognition of the anti
conformations could be found for the Gal ±GalNAc and
GalNAc ±CHD linkages. Indeed, the very short Gal-H1/
GalNAc-H2 (2.3 ä) and Gal-H2/GalNAc-H3 (2.3 ä) distan-
ces for the corresponding anti-� and anti-� conformations
would give rise to detectable TR-NOE cross peaks (above 1%
intensity of the diagonal peak), if populated above 5 ± 10%.


Figure 4. Bottom: 1H NMR spectrum of compound 2. Top: 1H NMR spectrum of 2 upon addition of CTB (molar
ratio 25:1). The major linewidth variations are observed for the Gal protons, followed by the GalNAc signals.
Minor differences are observed for the protons belonging to the CHD moiety. Some background signals of the
toxin are also observed.


Figure 5. Bottom: 1H NMR spectrum of compound 2 upon addition of CTB (molar ratio 25:1). Top: STD
spectrum (off-resonance saturation minus on-resonance saturation at the protein aromatic region) for compound
2 upon addition of CTB (molar ratio 25:1). The Gal protons and some GalNAc protons (with minor intensities)
are observed. No signals are observed for the protons belonging to the CHDmoiety, while the hydroxyacid CH2 is
also evident.
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An analogous reasoning may
be used to elucidate the con-
formation of the GalNAc ±
CHD linkage. No NOEs from
GalNAc-H1 to H5 or H3 of the
cyclohexyl moiety are observa-
ble (see, for instance Fig-
ure 6b). Thus, the full matrix
relaxation calculations allow us
to conclude that the presence of
the anti-� and anti-� families
above a 5 ± 10% of population
density can definitely be ex-
cluded. As observed in the free
state, in all cases the cross peak
intensities of the acetamide
methyl group and the Gal-
NAc-H2 are weak, indicating
an anti-like relationship be-
tween the GalNAc-C2 and the
acetamide CH3.


Thus, no difference is ob-
served between the free-state
and bound-state conformations
of the Gal-GalNAc and Gal-
NAc-CHD fragments: also in
the CT binding pocket, 2 ± 4
populate the so-called syn con-
formation (�,� 55�,0�) of both
glycosidic linkages.


In contrast, clear differences
in cross peak intensities of
bound and free state were ob-
served for the NOEs involving
the hydroxyacid side chain pro-
tons (HL, or CH2 for 2, and
CH3). The largest variations
occur for 2 and 3. In the (R)-
lactic (3) and glycolic (2) com-
pounds, the intensity of the HL
(or CH2 for 2) cross peak with
CHD-H4 is much weaker than
that between the HL (or CH2


for 2) with CHD-H2eq, which
is, opposite to the observations
in the free state (Figures 6a ± c,
Table 2). This intensity change,
which corresponds to a torsional variation of the side chains,
now places the HL of the (R)-lactic chains at about 2.6� 0.3 ä
average distance from the H2eq of the CHD moiety. The
average distance is somewhat smaller for the glycolic deriv-
ative: 2.5� 0.2 ä. In the R derivative 3 (Figure 6b), the cross
peak of the HL group with CHD-H3 has a medium intensity,
corresponding to a distance of 2.6� 0.3 ä (free state: 2.8�
0.2 ä; 2.6� 0.2 ä for the glycolic derivative; free: 2.8�
0.2 ä), while that with CHD-H4 is very weak in both cases
(3.4� 0.3 ä; free 3 : 2.5� 0.1 ä, free 2 : 2.7� 0.1 ä). Medium-
weak and weak HL/CHD-H2ax cross peaks were also
observed for 2 and 3, respectively (2.9 ± 3.3 ä; not seen in


free state). Additionally, for the (R)-lactic analogue 3, the
cross peak of the CH3 group with CHD-H3 has a medium-
strong intensity, corresponding to a distance of 2.6� 0.3 ä
(free: 3.1� 0.2 ä), while those with CHD-H2eq (ca. 3.3 ä;
free: �3.5 ä) and CHD-H4 (ca. 3.1 ä; free: �3.5 ä) are
weak. No connectivities between GalNAc-H1 and either the
HL (free: 3.0� 0.2 ä) or CH3 (free: 3.1� 0.3 ä) groups of the
(R)-lactic moiety (CH2 of the glycolic derivative; free: 3.0�
0.3 ä) are observed, and therefore the corresponding inter-
proton distances are larger than 3.4 ä.


Therefore, for the R derivative 3 in the bound state, the ��
180� conformation (with an anti-like relationship of the


Figure 6. a) 500 MHz 1H NMR NOESY spectrum of the 2 :cholera toxin complex (molar ratio of 35:1, mixing
time 200 ms). Relevant interresidue cross peaks are indicated. Additionally, open circles represent cross peaks
that were present in the free state and that no longer appear for the bound state (i.e., glycolic CH2/CHD-H4),
indicating a conformational selection process. b) 500 MHz 1H NMR NOESY spectrum of the 3 :cholera toxin
complex (molar ratio of 35:1, mixing time 200 ms). Relevant interresidue cross peaks are indicated. Additionally,
open circles represent cross peaks that were present in the free state and that no longer appear for the bound state
(i.e., HL/CHD-H4), indicating a conformational selection process.







Second-Generation Mimics of Ganglioside GM1 4597±4612


Chem. Eur. J. 2002, 8, No. 20 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0820-4605 $ 20.00+.50/0 4605


COOH and CHD-C3, Figure 3) appears to be preferred. The
presence of the CH3/CHD-H2eq and HL/CHD-H2ax cross
peaks may also indicate a minor contribution of the ���60�
conformer. Hence, the �� 180� conformer, which was present
as a minor isomer in the free state of 3, appears to be selected
for binding to CT (see Table 4).


For the glycolic derivative 2, the NOE pattern agrees with a
major �� 180� conformer (displaying the COOH group anti
to C3 of the CHD moiety; see Figure 3), although, also in this
case, the increase in the HL/CHD-H2 interaction may signal
the presence of a ���60� conformation.


In contrast, only minor dif-
ferences in NOE patterns are
observed between free and
bound states for the S analogue
4. In the bound state, the HL/
CHD-H3, HL/CHD-H4, and
HL/CHD-H2eq cross peaks
have similar intensities, with
distances corresponding to
2.6� 0.3 ä (free: 2.5� 0.1 ä),
2.7� 0.3 ä (free: 2.5� 0.1 ä),
and 3.0� 0.3 ä (free: 3.0�
0.2 ä), respectively. In turn,
the GalNAc-H1/HL distance is
higher than 3.3 ä (free: 3.2�
0.3 ä). No connectivities be-
tween GalNAc-H1, CHD-
H2ax, or CHD-H4 with the
CH3 group of the (S)-lactic
lateral chain are observed,
while the CH3/CHD-H3 and
CH3/CHD-H2eq connectivities
present cross peaks correspond-
ing to distances of approxi-
mately 2.8 ä (free: 2.7� 0.2 ä)
and 3.1 ä (free: �3.5 ä). Thus,
little change is observed rela-
tive to the free state (see Ta-
ble 4). These data are in agree-
ment with the appreciable
contribution of the two confor-
mations �� 180� (major) and
���60� (minor) to the com-
plex description.


Thus, the NMR data suggest
that in all cases a major �� 180�
conformer is bound to the toxin
(see Table 4). The conforma-
tion of the S derivative 4 re-
mains essentially unchanged on
going from solution to the CT
complex. In contrast, CT selects
a minor solution conformation
(�� 180�) of the R derivative 3.
A conformational change is
also suggested for the glyco
derivative 2, although in this
case the major �� 180� con-


former appears to be conserved both in solution and in the
complex.


Computational model of the complexes : Docking of 2 ± 4 in
the LT binding site was attempted by using the MacroModel-
based MC/EM protocol that we had validated for o-GM1.
However, due to the relatively low affinity of these ligands,
they tend to wander out of the binding cavity during the MC
steps, so that the Gal-binding site is very poorly fitted. We
have already observed this feature working with the lactose-
LT complex.[22] Lactose also binds in the LT galactose-binding


Figure 6. (cont). c) 500 MHz 1H NMR one-dimensional DPFGE-NOESY spectrum of the 2 :cholera toxin
complex (molar ratio of 35:1, mixing time 200 ms). Relevant interresidue cross peaks are indicated after selective
inversion of the methylene group (CH2) of the hydroxyacid chain. A strong peak to CHD-H2eq is seen, while only
a very weak peak to CHD-H4 is observable in the spectrum, indicating a case of conformational selection.
d) 500 MHz 1H NMR one-dimensional DPFGE-NOESY spectrum of the 4 :cholera toxin complex (molar ratio of
35:1, mixing time 200 ms). Relevant interresidue cross peaks are indicated after selective inversion of the CHD-
H5eq and CHD-H2eq (top), and CHD-H4 (center).
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site with low affinity (in the m� range),[7, 23] and the MC/EM
calculations yielded many unrealistic structures. Since the
NMR results clearly show that the galactose-binding site is
indeed occupied by the Gal ring of 2 ± 4, MacroModel
calculations (MC/EM and MC/SD) can be run by excluding
this part of the molecule from the explicit Monte Carlo
degrees of freedom. Such MacroModel calculations were in
fact performed (see Supporting Information); however, to get
a more comprehensive view of the possible binding modes, the
initial docking studies of 2 ± 4 were performed by using
Autodock. Autodock has recently been validated for use with
LT complexes by Verlinde et al.[24] who have worked out a
viable protocol that is capable of predicting the correct
binding mode of carbohydrate derivatives within 1 ä from
experiment. Our calculations were performed by using
essentially the same protocol, and retaining the two crystallo-
graphic water molecules at sites 2 and 3. Autodock results are
obtained as docking solutions from multiple Monte Carlo
runs. The solutions are clus-
tered by using geometrical
RMS deviation (1.5 ä), and
each cluster is represented by
its lowest-energy member and
ranked according to the energy
of the latter. Within Autodock,
the energy of the complex is
obtained by adding the internal
steric energy of the ligand to
the interaction energy that the
ligand makes with the protein
residues. Therefore, Autodock
energies represent a score that
is not directly related to a


binding constant. Within
3 kcalmol�1, four clusters are
found for 2, three for 3, and
only two for 4 corresponding to
different poses of the ligands
within the protein cleft (Ta-
ble 3).


As expected on the basis of
Verlinde×s report,[24] Autodock
performs remarkably well in
the identification of the Gal-
binding site, which is recog-
nized and reproduced correctly
in all low-energy clusters. In all
cases, the galactose ring of 2 ± 4
interacts strongly with the pro-
tein, in accordance with the
NMR results, and is located in
the area above the Trp-88 side
chain, which is the known bind-
ing site for all the complexes
formed by the two bacterial
enterotoxins with Gal-contain-
ing ligands (Figure SI1 ± SI3 in
Supporting Information). Addi-
tionally, Autodock also selects


the syn conformer of the Gal�(1� 3)GalNAc�(1� 4)CHD
pseudo-trisaccharide fragment (see Table 3). Again, this
feature is amply supported by the TR-NOE observations
discussed above. The clusters differ mainly by the conforma-
tion of the hydroxyacid side chain, and/or by the overall
orientation of the ligand within the protein (its pose), which is
most dramatically reflected in the orientation of the carboxy
group. The Autodock low-energy clusters are described in
detail in the Supporting Information. Interproton distances
for the hydroxyacid fragment calculated from Autodock
results are collected in Table 2 together with NOE values. In
general, Autodock tends to support nonidealized quasie-
clipsed � values (Table 3), which are reflected in unrealisti-
cally short HL/CHD-H3 distances.


A more refined model was sought by using the Autodock
results as starting points for MacroModel×s MC/SD calcula-
tions.[25] MC/SD mixes a molecular dynamics simulation with
Monte Carlo internal coordinate movements, and thus allows


Table 2. Experimental and calculated distances for the hydroxyacid fragment of bound 2 ± 4.


Ligand Contact Exp. distance Calcd distance [ä] Calcd distance [ä]
[ä] Autodock[a] MacroModel (MC/SD)[b]


2 CH2/CHD-H4 � 3.4 3.9,[c] 3.6,[c] 4.2,[c] 4.2[c] 3.4[c]


CH2/CHD-H3 2.4 ± 2.8 2.55,[c] 2.5,[c] 2.5,[c] 2.5[c] 2.5[c]


CH2/CHD-H2eq 2.3 ± 2.7 3.4,[c] 3.7,[c] 2.7,[c] 2.7[c] 3.2[c]


CH2/GalNAc-H1 � 3.4 4.75,[c] 3.4,[c] 6.2,[c] 3.6[c] 4.0[c]


3 HL/CHD-H4 � 3.4 3.9, 3.6, 3.5 4.2
HL/CHD-H3 2.4 ± 3.0 1.9, 1.9, 1.9 2.5
HL/CHD-H2eq 2.3 ± 2.9 2.9, 3.3, 3.4 2.2
HL/GalNAc-H1 � 3.4 4.7, 4.6, 3.7 4.2
MeL/GalNAc-H1 � 3.4 3.8,[d] 3.4,[d] 3.2[d] 3.8[d]


MeL/CHD-H2eq 3.1 ± 3.5 5.0,[d] 5.2,[d] 5.1[d] 3.4 [d]


MeL/CHD-H3 2.4 ± 3.0 3.5,[d] 3.9,[d] 4.2[d] 3.9[d]


MeL/CHD-H4 3.0 ± 3.4 3.7,[d] 3.3,[d] 4.2,[d] 4.7[d]


4 HL/CHD-H4 2.4 ± 3.0 3.2, 3.3 2.5,[e] 2.6,[f] 4.1[g]


HL/CHD-H3 2.3 ± 2.9 1.9, 1.9 2.5,[e] 2.4,[f] 2.3[g]


HL/CHD-H2eq 2.7 ± 3.3 3.5, 3.4 4.2,[e] 3.0,[f] 2.6[g]


HL/GalNAc-H1 � 3.4 4.5, 3.7 2.7,[e] 2.8,[f] 4.4[g]


MeL/GalNAc-H1 n.c.[h] 6.0,[d] 4.5[d] 4.9,[d,e] 4.5,[f] 3.8[g]


MeL/CHD-H2eq 2.9 ± 3.3 3.6, 3.8 3.4,[d,e] 3.6,[f] 4.0[g]


MeL/CHD-H3 2.7 ± 3.0 3.8, 3.9 2.7,[e] 3.1,[f] 4.4[g]


MeL/CHD-H4 � 3.4 5.3, 5.3 4.5,[e] 4.7,[d] 5.1[g]


[a] Distances from lowest energy members of clusters in Table 3. [b] Calculated from � r�6� monitored during
1 ns MC/SD simulations (MDDI option of Batchmin). [c] Average over the two isochronous protons. [d] Average
over the three methyl protons. [e] Simulation 1: 1 ns simulation starting from lowest Autodock score.
[f] Simulation 2: 1 ns simulation starting from NMR-suggested conformer. [g] Simulation 3: as simulation 2,
with lower parabolic constrain for water molecule at site 2 (see text). [h] n.c.� no connectivity observed.


Table 3. LT complexes of 2 ± 4. Docking results (Autodock).


Ligand No. of
clusters[a]


Rank of
clusters[b]


Members
in cluster


Lowest energy
in cluster
[kcalmol�1][c]


Ligand conformation
A[d] B[e] C[f]


2 24 1 38 � 61.18 38,� 36 26,� 8 � 108,� 6 (�97)
2 24 � 59.57 24,5 25,36 � 118,� 19 (�119)
3 7 � 58.44 32,� 1 � 20,� 44 � 160,34 (�116)
4 17 � 58.16 19,� 36 24,� 14 � 158,34 (�113)


3 30 1 6 � 65.55 47,� 28 44,4 137,11 (131)
2 28 � 64.69 30,� 37 27,� 2 139,� 5 (117)
3 19 � 64.32 57,� 19 33,37 102,8 (95)


4 24 1 25 � 67.61 45,� 38 33,� 13 � 124,� 5 (�112)
2 48 � 66.62 51,� 17 43,26 � 115,� 7 (�105)


[a] Clustering of a total of 128 runs. [b] Clusters within 3 kcalmol�1 of lowest Autodock score. [c] Autodock
scores. [d] Gal-GalNAc �,�. [e] GalNAc-CHD �,�. [f] Hydroxyacid-CHD �,� (�).
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one to explore conformational space more effectively than by
using dynamics alone. For the study of the LT:ligand
complexes, the protocol discussed at the beginning of this
section was used, that is, the hydroxyacid side chain bonds
were used as Monte Carlo variables, while the pseudo-
trisaccharide fragment was not explicitly varied in the Monte
Carlo steps. Furthermore, the ligand was allowed to rotate and
translate in the protein binding site, so as to optimize its pose.


A 1 ns MC/SD simulation of the LT:2 complex (glycolic
acid derivative) was run starting from the lowest score
Autodock pose, which features a �,���108�,� 6� (��
�97�) hydroxyacid ±CHD junction (see Table 3). The closest
MMOD minimum is located at �,���160�,� 30� (��
�178�), and this conformation is maintained for the first
30 ps of the simulation (Figure 7). After this time, a transition


Figure 7. MC/SD simulation (1 ns) of the LT:2 complex. The glycolic acid
side chain � torsion is plotted against the number of the saved frame.
Frames were saved every 2 ps during the simulation.


occurs to a �,�� 90�,50� (�� 154�) conformer of the glycolic
acid side chain in which the carboxy group hydrogen bonds to
the backbone NH of Arg-13. This is the same orientation
reached in the Autodock clusters 3 and 4, although the ligand
conformation is different (see Table 3). After approximately
120 ps, a new transition occurs back to the starting conformer,
which is conserved for the rest of the simulation. This
behavior qualitatively agrees with the available NMR obser-
vations, which are consistent with the prevalence of the ��
180� conformer. The calculated interproton distances (Ta-
ble 2, MMOD column) are improved relative to the Autodock
results, but HL/CHD-H2eq is still too long.


When the same simulation was run for the LT:3 complex
((R)-lactic derivative, Figure 8), no stable transitions were
observed in the side chain � value, but frequent fluctuations
occurred between two conformations at �� 70� and ��
115�� 8�, with occasional spikes at �� 170�. Somewhat larger
variations are observed for the � torsion (Figure 8b). How-
ever, �� 150�� 20� for more than 95% of the saved frames,
and the carboxy group remains firmly oriented towards the
Arg-13 backbone NH to which it is hydrogen bonded for the
whole simulation. The model emerging from the MC/SD
simulation (see Figure 10) is in agreement with the TR-NOE
results that exhibit a strong interaction between the lactic acid
side chain proton HL and CHD-H2eq (Table 2). Thus, two
low-energy conformations of the (R)-lactic derivative 3
(�,�� 90�,80� and 120�,10�) that both feature a distorted �


anti-type conformation (Table 4) appear to be selected from


the available free state pool. Compared to the free state
calculations that yielded a 90:10 ���40�/���150� ratio,
MMOD appears to reproduce the conformational selection
that occurs during the binding event (Table 4). The ���60�
conformation is never attained during the simulation; the HL/
CHD-H2eq distance is in fact slightly too short and the Me/
CHD-H2eq distance is too long relative to experimentally
measured values.


According to the NMR studies, the ���60� conformation
should be more represented in the LT:4 complex, and thus it
should be more easily found by the calculations. However,
Autodock calculations do not find the ���60� conformer as
a low-score conformer. Macromodel×s MC/SD simulation
starting from the lowest Autodock score pose (�,��
�124�,� 5� ; ���112�, see Table 3) reaches the �� 180�
conformation (�� 180� ; �� 180�) upon MMOD minimiza-
tion and stays there (Figure 9a, Table 2 simulation 1) for the
duration of the simulation (1 ns). If the starting conformation
is switched to the ���60� conformer (Me antiperiplanar to
CHD-C3, ���60�, Figure 9b and simulation 2 in Table 2), a
transition to the �� 180� conformer is observed after around
360 ps. This is in striking contrast with the Macromodel results
for the free state that yielded only one low-energy conformer
at ���60�. However, the side chain flexibility of the
computational model for the bound state appears to be
critically dependent on the computational treatment of the
crystallographic water molecule at site 2. Hydrogen bonding
interaction between this water molecule and the ligand
carboxylate group stabilizes the ���60� conformation of 4
in the calculations of the bound state. If this water molecule is
left more free to adjust its position during the simulation by


Figure 8. MC/SD simulation (1 ns) of the LT:3 complex. a) The (R)-lactic
acid side chain � torsion is plotted against the number of the saved frame.
b) The (R)-lactic acid side chain � torsion is plotted against the number of
the saved frame. Frames were saved every 2 ps during the simulation.
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lowering the parabolic restraint on its oxygen atom (i.e.,
moving it from shell 2 to shell 1 in the MacroModel sub-
structure calculation), the ���60� conformation appears to
be stable for the entire simulation time (Figure 9c and
simulation 3 in Table 2). The best agreement with the NOE
data is obtained in simulation 2, which consists of around 30%
of the ���60� conformation together with 70% of the ��
180� conformation. Once more this warns against interpreta-
tion of NOE results in carbohydrate and glycomimetic
complexes based on a single conformation, and demonstrates
that with these flexible molecules reproduction of dynamic
data can actually be rather tricky.


In conclusion, the computations clearly agreed with the
experimental observation that a common �� 180� conforma-
tion is adopted by all three mimics in the bound state. Some
residual conformational freedom of the hydroxyacid side
chain seems to be supported by the NMR results, and the
calculations suggest that it may be correlated to critical
interactions between the carboxylate group and the water
molecule at crystallographic site 2. The common ligand pose
in the toxin binding site, very similar to the orientation of the
natural ligand o-GM1, is represented for the LT:3 complex in
Figure 10.


Discussion and Conclusion


The structure of the CT:o-GM1 complex was established by
X-ray crystallography.[5] The data show that the terminal Gal
moiety of GM1 inserts rather deeply into CT binding cleft and
makes hydrophobic contacts to the Trp-88 side chain, while
establishing a tight hydrogen bonding network around its �-
face. The other important contact between toxin and substrate
is made by the NeuAc carboxy group, which hydrogen bonds
to Trp-88 through a highly conserved crystallographic water
molecule (W3, at site 3). A second X-ray water molecule (W2,
at site 2) is found near the sialic acid side chain, and mediates


Table 4. Favored idealized conformations of hydroxyacid side chain in 2 ± 4 based on NMR data.


Compound Free state � [�] Bound state � [�] KD
[a]


NMR MMOD NMR Autodock MMOD [��]
(Kolb, MC/EM)[b] (MC/SD)


2 180 (major) � 50 (ca. 90%) 180 (major) � 97, �119, 180� 40 700
� 60 (minor) � 40 (ca. 10%) � 60 (minor) � 116, �113


3 � 60 (major) � 40 (ca. 90%) 180 (major) 131, 117, 95 150� 20 190
180 (minor) � 150 (ca. 10%) � 60 (minor)


4 180 (major) � 50 180 (major) � 112, �105 180� 30 (70%)[c] 1000
� 60 (minor) � 60 (minor) � 60� 30 (30%)[c]


[a] From ref. [4]. [b] Boltzmann distribution within 3 kcalmol�1 from global minimum. [c] Best agreement with experiment.


Figure 9. MC/SD simulations (1 ns) of the LT:4 complex. The (S)-lactic
acid side chain � torsion is plotted against the number of the saved frame.
Frames were saved every 2 ps during the simulation. a) Simulation 1 was
run starting from the lowest score Autodock pose (�� 180). b) Simulation 2
was run starting from the ���60 conformation. c) Simulation 3 as
simulation 2, lowering the parabolic restraint on crystallographic water at
site two.
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Figure 10. LT:3 complex as calculated byMacroModel. a) Detailed view of
the binding site. The ligand 3 is in green, the protein residues involved in
the interaction are in grey. b) The ligand 3 is in green, and the protein
surface is blue. The hydrophobic patch identified by the DRY probe of
GRID near 158 and K34 is in gray.


hydrogen bonding from Gal-OH6 and NeuAc-OH7 to Gly-
33. We previously demonstrated that conserving this water
molecule is essential to computationally reproduce the
experimental CT:o-GM1 structure.[22] W2 is also highly
conserved in the X-ray structure of CT, LT, and many of
their sugar complexes. However, Verlinde and co-workers
have shown that this molecule can be displaced by some Gal-
based LT-binders.[23] GRID calculations, also reported by
Verlinde[24] and confirmed by us (see Experimental section),
indicate that W2 sits near a relatively high-energy minimum
for the water probe. In the CT:o-GM1 X-ray structure, the
conformation of the bound ligand is the same in all five
independent CT sites: the Gal�(1� 3)GalNAc�(1� 4)Gal
fragment is in the syn,syn conformation. The sialic acid has a
�,���169�,� 31� conformation, which corresponds to ��
166�. This conformation is the same as that determined by
NMR studies of GM1[26] and psGM1 1,[3] and reproduced by
the MacroModel calculations.[3, 19] Indeed, the conformational
stability of the Gal�(1� 3)GalNAc�(1� 4)Gal trisaccharide


and its GalNAc�(1� 4)Gal fragment appears to be conserved
in all known ganglioside structures (GM1, GM2, asia-
loGM1).[19] In contrast, the sialic acid in the NeuAc�(2� 3)
Gal fragment can assume two orientations at ���60� or ��
180�. The two conformations are almost equally represented if
the Gal-O4 is not substituted (as in GM4[19, 27] and GM3,[19, 28]


or in sialyl Lewis-X[29]); however, the �� 180� conformation is
stabilized in the Gal-O4-branched gangliosides GM1, GM2,
and psGM1 1.[3, 19, 26, 30]


The CT galactose-binding site is probably exploited by 2 ± 4,
as suggested by both the large decrease in Trp-88 fluorescence
emission observed upon binding to CT,[4] and by the STD
experiments described above, which implicate a close prox-
imity between CT and the Gal fragment of the ligands. It is
evident from the analysis of the CT:o-GM1 X-ray structure
that optimal toxin binding can be achieved if the proper
relative orientation of the terminal Gal and the ligand carboxy
group is attained. Previous work on psGM1 1[3] has revealed
that the Gal�(1� 3)GalNAc�(1� 4)CHD fragment shares
the same conformation and conformational stability of the
parent Gal trisaccharide; thus, in the derived mimics the
conformation of the carboxylate-bearing chain should define
the toxin affinity. Indeed, the NMR work presented here
clearly shows that similar (syn) conformations around the Gal
and GalNAc glycosidic bonds of mimetics 2 ± 4 are present in
the free state and are recognized by cholera toxin. The
analysis of the hydroxyacid side chain emerging from the
NMR data can be summarized on the basis of the idealized
improper dihedral angle � (Figure 3) as shown in Table 4.


Based on the above models and on the NMR data, the
different affinity of the three ligands cannot be interpreted in
a straightforward manner. However, it is very intriguing to
compare their behavior with that of ganglioside GM1, which
was used for the initial design of these molecules. Based on
the structure of the CT:o-GM1 complex, our expectation was
that complex formation would occur by using the �� 180�
conformation of the hydroxyacid chain. Indeed, the computa-
tional models and the TR-NOE data of the bound state are
consistent with nonidealized �� 180� conformations for all
three compounds (2 : �� 180�� 40� ; 3 : �� 150�� 20� ; 4 : ��
180�� 40�). The presence of minor ���60� conformers is
also suggested by NMR analysis. MC/SD calculations of the
(S)-lactic acid derivative 4 strongly suggest that this con-
formation may involve interaction of the side chain carboxy
group with crystallographic water W2, and may be simulated
by MacroModel, depending on the computational treatment
of crystallographic water molecules.


Thus, the NMR study reveals that the strongest binder of
the series, the (R)-lactic derivative 3, binds mostly in its minor
free state conformation (�� 180�), whereas the (S)-lactic
derivative 4 (which is approximately fivefold less potent than
3) and the glyco derivative 2 (which is around threefold less
potent) both use their free state global minimum. Hence, the
observed differences in binding affinity cannot be attributed
to preorganization, which should favor 2 and 4 over 3, but
must originate from some other factor(s). Given the similar
conformation adopted by natural and unnatural ligands, and
considering the C-2 configuration of NeuAc, comparison with
GM1 also indicates that the side chain methyl group of 4
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points in the same direction as the sialic acid C-3 (CH2); thus,
its lower affinity should not arise from steric hindrance or bad
contacts with the protein. Although merely speculative, the
higher affinity of the R derivative 3 could be attributed to the
establishment of lipophilic interactions between the toxin
cleft and the methyl group of 3, which points in the direction
occupied by the NeuAc side chain in the CT:o-GM1 structure
(Figure 10b). Indeed, from the GRID analysis of the CT:o-
GM1 complex described in the Experimental section, a deep
minimum for the DRY probe was found near the tail of the
sialic acid glycerol fragment, which is close to I58 and K34
(Figure 10b). These two residues appear to form a lipophilic
patch in the toxin, which has also been exploited for the
design of artificial ligands.[31] This information strongly
suggests that the affinity of the pseudo-GM1-based binders
may be improved by filling this cavity with appropriate
hydrophobic fragments linked to the (R)-lactic acid o-GM1-
mimic. Work is in progress toward this end in our laboratories.


Similar (syn) conformations of the glycosidic bonds in the
Gal�(1� 3)GalNAc�(1� 4)CHD pseudo-trisaccharide of
o-GM1 mimics 2 ± 4 are recognized by cholera toxin. More-
over, the protein selects one or two side chain conformations
for the hydroxyacids (lactic, glycolic) used as NeuAc ana-
logues; the preferred conformation is that in which the
COOH group is anti to the C3 of the CHD moiety (�� 180�).
Since these chains present several low-energy conformations
in water solution, the reported observations represent an
instructive case of conformer selection by a lectin binding site.
For cholera toxin, the binding site architecture allows the
global energy minima around the glycosidic linkages of
mimetics 2 ± 4 to be accommodated with minor variations of
the torsion angles. From a general point of view, and in
relation to other results for different protein-bound oligosac-
charides, it becomes clear that the selection of a conformer
from an equilibrium mixture appears to prevail relative to
distorting angles of free solution conformers. This conclusion
is not trivial and is underscored by noting that for carbohy-
drates it is not infrequent that even minor conformers are able
to function as ligands. As an example, the anti-� and anti-�
(gauche ± gauche) conformations of C-lactose are selected by
ricin-B[32] and E. coli �-galactosidase,[33] respectively. When
two conformations are possible in the central syn valley, they
can be differentially selected with obvious implications for
design of target-selective drugs. It is notable that even in these
cases with no or only minor differences in energetic content,
the documented NMR-based approach is valuable to define
the topology of the bound ligand and to underscore entropic
factors reducing affinity.


Experimental Section


Ligands : The synthesis of compounds 2 ± 4 has been reported in a previous
communication;[4] their characterization is reported in the Supporting
Information of this paper.


NMR experiments : NMR spectra were recorded at 25 ± 30 �C in D2O, on
Varian Unity 500 MHz and Bruker AVANCE 500 MHz spectrometers. For
the experiments with the free ligands, the corresponding compound (2 ±
5 mg) was dissolved in D2O, and the solution was degassed by flushing with
argon. COSY, TOCSY (80 ms, mixing time), and ge-HSQC experiments


were performed by using standard sequences at temperatures between 298
and 310 K. For selective one-dimensional NOESY, the double pulse field
gradient echo sequence proposed by Shaka[34] was used with mixing times
of 200, 400, and 600 ms. Two-dimensional T-ROESY experiments[35] were
also performed with mixing times of 300 and 500 ms. The strength of the
180 pulses during the spin lock period was attenuated four times with
respect to that of the 90 hard pulses (between 7.2 and 7.5 �s). To deduce the
interproton distances, relaxation matrix calculations were performed by
using software written in-house, which is available upon request from the
authors.[36]


For the bound ligands, STD[37] and TR-NOE experiments[38] were
performed. The cholera toxin CTB pentamer was purchased from List
Biological Laboratories Inc. The commercial sample was ultrafiltered and
subjected to two cycles of freeze-drying with D2O to remove traces of H2O
before transferring it in solution to the NMR tube to give a final
concentration of approximately 0.1 ± 0.2 m�. TR-NOESY experiments
were performed with mixing times of 100, 200, and 300 ms, for molar ratios
between 15:1 and 50:1 of glycoside/lectin. Selective one-dimensional TR-
NOESY experiments were also performed by using the same double pulse
field gradient echo with mixing times of 300 ms. No purging spin lock
period was employed to remove the background protein signals. First, in all
cases, line broadening of the sugar protons was monitored after the
addition of the ligand. STD experiments were carried out by using the
method proposed by Meyer[20] and Peters.[21] No saturation of the residual
HDO signal was employed and, again, no spin lock pulse was employed to
remove the background protein signals. In our hands, the use of a spin lock
period induced artifacts in the difference spectrum.


The theoretical analysis of the TR-NOEs of the sugar protons was
performed according to the protocol employed by London, using a
relaxation matrix with exchange as described.[39] Different exchange-rate
constants (k), defined as pf�k�K�1 (in which pf is the fraction of the free
ligand), and leakage relaxation times were employed to obtain the optimal
match between experimental and theoretical results of the intraresidue
H-1/H-3 and H-1/H-5 cross peaks of the Gal and GalNAc moieties for the
given protein/ligand ratio. Normalized intensity values were used since they
allow correction for spin-relaxation effects. The overall correlation time �c
for the free state was always set to 0.15 ns, and the �c for the bound state was
estimated as 15 ns according to the molecular weight (Mr) of the lectin
(�c� 10�12Mr). To fit the experimental TR-NOE intensities, exchange-rate
constants between 100 and 1000 s�1, and external relaxation times �* for the
bound state of 0.5, 1, and 2 s were tested. Optimal agreement was achieved
when using k� 150 s�1 and �*� 1 s. Only the protons of the ligand were
included in the calculations, due to the lack of precision in unambiguously
detecting the position of the protein protons.


T-ROESY experiments were also carried out to exclude spin-diffusion
effects.[40, 41] A continuous wave spin lock pulse was used during the 250 ms
mixing time. Key NOEs were proven to be direct cross peaks, since they
had different signs relative to diagonal peaks. In some cases, they allowed
the detection of intra-Gal and intra-GalNAc H1/H4 and H1/H6 cross peaks
resulting from spin diffusion.


Computational methods. Conformational search and dynamics of isolated
2 ± 4 : The calculations were performed by using the MacroModel/Batch-
min[42] package (version 5.5) and the AMBER* force field. Kolb×s
parameters were used for the hydroxyacid moiety.[18] Bulk water solvation
was simulated by usingMacroModel×s generalized Born GB/SA continuum
solvent model.[43] This model treats the solvent as an analytical continuum
starting near the van der Waals surface of the solute, and uses a dielectric
constant of 78 for the bulk water and 1 for the molecule.


The conformational searches were carried out by using 20000 steps of the
usage-directed MC/EM procedure following previously established proto-
cols.[22, 19] Extended nonbonded cut-off distances (a van der Waals cut-off of
8.0 ä and an electrostatic cut-off of 20.0 ä) were used. The interatomic
distances reported in Table 1 are � r�6� �1/6, in which � r�6� is the
Boltzmann average of the r�6


i of the individual conformations within
3 kcalmol�1 of the global minimum.


For the MC/SD[25] dynamic simulations, van der Waals and electrostatic
cut-offs of 25 ä, together with a hydrogen bond cut-off of 15 ä were used.
This extension of the standard MacroModel/Batchmin values (8, 20, and
4 ä, respectively) slowed the calculation down, but allowed for a smoother
convergence, avoiding the strong increments of the energy that can arise
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from significant conformational changes. The dynamic simulations were
run by using the AMBER* all-atom force field. The same degrees of
freedom of the MC/EM searches were used in the MC/SD runs. All
simulations were performed at 300 K, with a dynamic time-step of 1.5 fs
and a bath constant � of 0.2 ps. Typically, two runs of 3 ns each were
performed, starting from two conformations of the substrates, selected
from the MC/EM outputs, which differed at the hydroxyacid linkage. The
Monte Carlo acceptance ratio was about 4%; each accepted MC step was
followed by an SD step. Structures were sampled every 6 ps and saved for
later evaluation. Convergence was checked by monitoring both energetic
and geometrical parameters. In general, when the simulations were
stopped, the interproton distances and the conformer populations deter-
mined by each run differed by no more than 0.1 ä and 5 ± 6%, respectively.
The interatomic distances reported in Table 1 were evaluated from � r�6�


monitored during the simulation (option MDDI of Batchmin).


Conformational search (MC/EM) of the LT:3 complex : The conforma-
tional searches were carried out by using the usage-directed MC/EM
procedure, with slight variations of the protocol used in the study of the
LT:psGM1 complex.[3] In brief, the starting structure was obtained by
graphical modification of the LT:1 complex, followed by substructure
energy minimization. Five explicit torsional variables were included: the
C5 ±C6 bonds of Gal and GalNAc, and the three bonds of the hydroxyacid
moiety. Explicit MC variable did not include the Gal ±GalNAc and Gal ±
DCCHD anomeric linkages. Due to the relatively low binding constant, the
ligand tends to wander out of the toxin site when these variables are
included.[22] However, the ligand was allowed to rotate (max. 180�) and
translate (max. 1 ä) within the binding site (MOLS command of
Batchmin); 11000 MC/EM steps were performed. Bulk water solvation
was simulated by using the GB/SA model. Five crystallographic water
molecules were retained, as previously described.[3, 22] All calculations were
carried out on a B2 (B�B(�1)) dimer. Only the ligand and a shell of
residues surrounding the binding site of LT were subjected to energy
minimization. All the residues within 5 ä of the sugars were included in the
shell. The ligand and all polar binding site hydroxy and amino hydrogens
were unconstrained during energy minimization. All other atoms that
belonged to the substructure being minimized were constrained to their
crystallographic coordinates by parabolic restraining potentials that
increased with the distance from the sugar substrate. The following force
constants were used: 100 kJä�2 for the atoms within 0 ± 3 ä of any atom of
the ligand; 200 kJä�2 for the atoms within 3 ± 4 ä; 400 kJä�2 for the atoms
within 4 ± 5 ä. The periphery of the restrained structure was checked with
the EdgeD command of MacroModel, and isolated atoms were included to
avoid incomplete functional groups. All other atoms were ignored. The
results are described in the Supporting Information.


MC/SD dynamics of the LT:ligand complexes: The simulations were
carried out by using the same substructure and explicit MC variables
described above, and starting from the lowest energy conformation from
theMC/EM search (for the (R)-lactic derivative 3) or from the lowest score
Autodock pose. Extended nonbonded cut-offs were employed (van der -
Waals and electrostatic 25 ä, hydrogen bond 15 ä). The simulations were
performed for 1 ns, at 300, with a dynamic time-step of 1.5 fs and a bath
constant � of 0.2 ps. The Monte Carlo acceptance ratio was about 36%;
each acceptedMC step was followed by a SD step. Structures were sampled
every 2 ps and saved for later evaluation. The interatomic distances
reported in the Table 2 were evaluated from � r�6� monitored during the
simulation (option MDDI of Batchmin).


Docking studies. Protein subset construction : The crystal complex of CT-B5


pentamer bound to o-GM1 (2chb.pdb)[5] and E. coli LT with lactose
(1ltt.)[44] were superimposed by using their C� atoms within InsightII.[45] 1ltt
protein residues and the crystal water molecules lying within 15 ä from
each atom of GM1 (2chb) were collected to generate the o-GM1:LT
complex. Polar hydrogens of the protein residues were added with the polH
routine (AUTODOCK 2.43[46]) and their orientation was optimized within
Macromodel 5.0[42] by energy minimization (AMBER force field) followed
by 1000 steps of Monte Carlo/energy minimization using BatchMin. While
charges fitted to the electrostatic potentials were generated for the ligands
(MNDO hamiltonian, ESP keyword, MOPAC6), those of the protein
residues were assigned with q.kollua routine provided with AUTO-
DOCK 2.43.


Docking studies : Docking studies of 2 ± 4 within the protein subset were
performed with AUTODOCK 2.43.[46] Crystal water molecules 2 and 3


were retained as they appear to be conserved throughout the whole set of
crystal complexes available for these proteins. Affinity grid files were
generated using a grid 22.5� 22.5� 22.5 ä3 wide for (R)-lactic acid and
21� 21.5� 15.5 for glycolic and (S)-lactic derivatives at 0.375 ä resolution.
Twenty torsions were allowed to vary during the simulation using the Gal
residue as the root fragment. The parameters for AUTODOCK Monte
Carlo/simulated annealing protocol were the same for all docking
simulations. The maximum number of allowed runs (128) was set. Each
run consisted of 110 cycles of simulated annealing steps during which the
temperature was gently relaxed from 310 K in the first cycle using a
temperature reduction factor of 0.95 cycle�1. The maximum number of
accepted and rejected trials per cycle was set to 30000. Then, the
128 solutions obtained were clustered according to RMS deviations lower
than 1.5 ä. Each cluster was ranked by the lowest energy representative of
each cluster, which was selected as representative of the cluster.


GRID analysis : The GRID[47] (version 17) program was used to character-
ize the protein active site properties. This investigation allowed us to spot
the most favorable regions for hydrophilic/hydrophobic interactions that
can be exploited in the design of novel GM1-receptor mimics. OH2
(water), OH (phenol OH), O1 (alkyl hydroxyl oxygen), COO� (carboxylic
acid), C3 (methyl), and (DRY) hydrophobic probes were placed at the
nodes of a grid 69� 91� 85ä3 wide (0.5 ä spacing) laid over the binding
site of lactose/GM1 binding site (533715 points). Both the crystal water
molecules and the ligand were removed. Minima were found by application
of MINIM program followed by annealing with FILMAP routine. Grid
maps were visualized within InsightII-(Accelrys). Deep minima for the
OH2 probe were found in close proximity to the crystal water sites 1, 3, and
5 as well as to the hydroxyl groups of the Gal fragment. A minimum was
also found near water site 2 at a higher energy level. While minima of O1
map are close to the conserved crystal water sites as well as to the hydroxyl
groups of the sugars, those of COO�probe lie in the vicinity of the carboxyl
group of GM1 sialic acid. While a wide hydrophobic region was spotted
with C3 probe near Gal and crystal water molecules, DRY minima are
located essentially where the Gal sits, which confirms that the sugar ring
makes hydrophobic interactions with the indole of the W88 residue. In
addition, a deep minimum was found near the tail of the sialic acid glycerol
fragment, which is close to I58 and K34.
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Cyclotriveratrylene (CTV) as a New Chiral Triacid Scaffold Capable of
Inducing Triple Helix Formation of Collagen Peptides Containing either a
Native Sequence or Pro-Hyp-Gly Repeats


Erik T. Rump,[a, b, c] Dirk T. S. Rijkers,[b] Hans W. Hilbers,[b] Philip G. de Groot,[a] and
Rob M. J. Liskamp*[b]


Abstract: A new triacid scaffold is de-
scribed based on the cone-shaped cyclo-
triveratrylene (CTV) molecule that fa-
cilitates the triple helical folding of
peptides containing either a unique
blood platelet binding collagen se-
quence or collagen peptides composed
of Pro-Hyp-Gly repeats. The latter were
synthesized by segment condensation
using Fmoc-Pro-Hyp-Gly-OH. Peptides
were coupled to this CTV scaffold and
also coupled to the Kemp×s triacid
(KTA) scaffold. After assembly of pep-
tide H-Gly-[Pro-Hyp-Gly]2-Phe-Hyp-Gly-
Glu(OAll)-Arg-Gly-Val-Glu(OAll)-Gly-
[Pro-Hyp-Gly]2-NH2 (13) by an orthog-
onal synthesis strategy to both triacid
scaffolds, followed by deprotection of
the allyl groups, the molecular con-
structs spontaneously folded into a triple
helical structure. In contrast, the non-


assembled peptides did not. The melting
temperature (Tm) of (�/� ) CTV[CH2C-
(O)N(H)Gly-[Pro-Hyp-Gly]2-Phe-Hyp-
Gly-Glu-Arg-Gly-Val-Glu-Gly-[Pro-Hyp-
Gly]2-NH2]3 (14) is 19 �C, whereas
KTA[Gly-Gly-[Pro-Hyp-Gly]2-Phe-Hyp-
Gly-Glu-Arg-Gly-Val-Glu-Gly-[Pro-Hyp-
Gly]2-NH2]3 (15) has a Tm of 20 �C. Thus,
it was shown for the first time that
scaffolds were also effective in stabiliz-
ing the triple helix of native collagen
sequences. The different stabilizing
properties of the two CTV enantiomers
could be measured after coupling of
racemic CTV triacid to the collagen


peptide, and subsequent chromato-
graphic separation of the diastereomers.
After assembly of the two chiral CTV
scaffolds to the model peptide H-Gly-
Gly-(Pro-Hyp-Gly)5-NH2 (24), the (�)-
enantiomer of CTV 28b was found to
serve as a better triple helix-inducing
scaffold than the (�)-enantiomer 28a. In
addition to an effect of the chirality of
the CTV scaffold, a certain degree of
flexibility between the CTV cone and
the folded peptide was also shown to be
of importance. Restricting the flexibility
from two to one glycine residues result-
ed in a significant difference between
the two collagen mimics 20a and 20b,
whereas the difference was only slight
when two glycine residues were present
between the CTV scaffold and the pep-
tide sequence in collagen mimics 30a
and 30b.


Keywords: circular dichroism ¥
helical structures ¥ protein folding
¥ protein models ¥ solid-phase
synthesis


Introduction


Synthetic collagen structures that mimic the structure and
conformation of native collagens are of special interest for
studying cell-matrix interactions. The triple helical conforma-
tion of collagen molecules is of crucial importance since it is
thought to be essential for recognition by its ligand.[1] A
synthetic collagen mimic that meets this structural feature can
therefore serve as a valuable tool to identify the exact binding
sites that interact with their receptors. This has been shown for
collagen molecules that include recognition sites for for
example integrins and metalloproteinases.[2, 3] The exact
nature of collagen ± protein interactions are now beginning
to be elucidated, as was recently shown by the first high-
resolution crystal structure of a synthetic collagen peptide
interacting with an integrin fragment.[4]


The collagen triple helix is composed of three separate
peptide chains, which are staggered by one residue and
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intertwine to form a right-handed triple helix.[5] The primary
structure of these peptides is characterized by trimeric
repeating units X-Y-G, where X and Y can be any amino
acid. One trimer, Pro-Hyp-Gly (Hyp� hydroxyproline) or
POG is found most prominently in native collagen, and
peptides composed solely of these trimers give rise to the most
stable triple helices.
In order to increase the thermal stability of synthetic


collagen mimics,[6] different branching protocols with the aim
to connect all three peptides of the collagen molecule have
been applied. Branching can be achieved by the use of
synthetic scaffold molecules. This has been shown for either
collagen peptides with Pro-Hyp-Gly repeats or native colla-
gen sequences with a much lower content of imino acids.[6±8]


Goodman et al. used the Kemp×s triacid (KTA, 1) as a
template to assemble peptide ± peptoid structures.[9] This
triacid scaffold is currently the most stabilizing collagen triple
helix template, since it was shown to induce triple helical
folding of the very short nona-peptide H-(GPO)3-NH2.
However this scaffold was only used to study triple helices
of model peptides.
In this study we describe a new chiral triacid scaffold, based


upon a cone-shaped cyclotriveratrylene (CTV, 3) structure.
Both the model and native collagen sequences were attached
to this scaffold. The latter were synthesized using an
orthogonal protecting group strategy. This new scaffold was
compared to the Kemp×s triacid scaffold. Analysis of the
collagen mimics was performed by CD spectroscopy. The
influence of the spacer length between the scaffold molecule
and the collagen peptide as well as the effect of the two
enantiomers of the CTVunit upon the triple helix stability was
also assessed.


Results


Collagen peptides containing short naturally occurring or
native sequences do not fold into triple helices at low
temperatures. Triple helix formation can be induced by a
high content of the imino acids hydroxyproline (O) and
proline, and by increasing the length of the composing
peptides. Stabilization of the triple helix can be achieved by
assembly of the three composing peptides to a scaffold
molecule. To study the assembly of a native collagen sequence
with two Pro-Hyp-Gly (POG) repeats at both termini, a new
triacid scaffold based upon a CTVunit that is compound 4was
synthesized (Scheme 1). The Kemp×s triacid (KTA[Gly-OH]3)
scaffold 2 was chosen for comparison. The CD spectra and the
stabilizing characteristics of these two triacid scaffold struc-
tures were compared.
Previous work by the group of Goodman[7] already showed


the stabilizing properties of the KTA[Gly-OH]3 template 2
for collagen structures composed solely of Gly-Pro-Hyp
trimers or alkyl- and aryl peptoid-containing peptides. So
far, assembly on KTA 1 of collagen peptides containing native
sequences has not been reported. In our approach, the
collagen peptides were assembled on KTA or CTV scaffolds
2 and 4 (Scheme 1) in solution, and therefore protection of the
functional groups in the amino acids side chains was required.
The collagen peptide, containing the native collagen se-
quence, was synthesized using Fmoc chemistry on the solid
phase using a Rink amide linker. The stabilizing POG
sequences were conveniently introduced by segment conden-
sation using Fmoc-POG-OH. This tripeptide was synthesized
starting from Boc-Pro-OH (5) and H-Hyp-OMe. The imino
acids were coupled with BOP resulting in the dipeptide Boc-
Pro-Hyp-OMe[10] 6 (Scheme 2). After saponification of the
methyl ester and coupling of H-Gly-OMe, Boc-Pro-Hyp-Gly-


OMe (8) was obtained. Re-
moval of the Boc group and
ester hydrolysis was achieved
by acidic treatment, followed
by introduction of the Fmoc
protection group to give
Fmoc-POG-OH (9) in 31%
overall yield over five steps.
As described by Ottl et al.,[11]


there is no need for protec-
tion of the hydroxy function
in hydroxyproline, and the
use of this tripeptide building
block significantly improved
the purity and yield of colla-
gen peptides containing POG
repeats.
The new CTV triacid scaf-


fold 4[12] was prepared start-
ing from the CTV triol 3
(Scheme 1) by coupling with
�-bromo ethylacetate, fol-
lowed by saponification of
the CTV triester with Bu4-
NOH.[16] The reference tem-
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Scheme 1. Synthesis of (� /-)-CTV triacid scaffold and KTA(Gly-OH)3 scaffold.
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plate structure, KTA(Gly-OH)3 (2), was synthesized from
KTA 1 by a procedure described by Feng et al.[7]


The synthesis of H-Gly-[Pro-Hyp-Gly]2-Phe-Hyp-Gly-
Glu(OAll)-Arg-Gly-Val-Glu(OAll)-Gly-[Pro-Hyp-Gly]2-
NH2 (13) is depicted in Scheme 3. Subsequently, the peptide
was coupled at its N-terminus to both scaffolds 2 and 4 using
BOP as a coupling reagent. The CTV triacid scaffold 4 was
coupled as its Bu4N salt, which is soluble in DMF.[16] After
coupling, the allyl protection groups were removed by treat-
ment with [Pd(PPh3)4]. The close proximity of the three


peptide chains seemed to have no effect on this deprotection
step. Final purification of the product by gel filtration and RP-
HPLC yielded the two desired assembled collagen peptides 14
and 15 (Scheme 3, Table 1). The correct composition of the
collagen structures was verified byMS. As a reference peptide
for triple helical folding, the acetylated peptide 16 (Scheme 3,
Table 1) was prepared. This was synthesized starting from the
allyl-protected peptide 13. The allyl protection groups were
removed, and subsequently the N-terminus was acetylated
using AcOSu.[13]


CD analysis of the collagen peptide assembled to either the
CTV-triacid scaffold 4, or KTA(Gly-OH)3 (2), showed that
both scaffolds are capable of assisting in the folding of the
peptides into a triple helix. Moreover, assembly using the
scaffolds increased the stability of the helix significantly
compared with the non-assembled peptide. As is depicted in
Figure 1, the CD spectrum exhibited a positive band at 223 nm
and a large negative band at 200 nm for the KTA-assembled
compound 15, and 224 nm and 200 nm for the CTV-assembled
compound 14, respectively. A high ratio of these two bands
(ratio positive over negative ™Rpn∫ values) and a cooperative
melting transition curve is indicative for the proper triple
helical conformation.[6] Rpn values are 0.15 for the KTA-
assembled compound 15 and 0.14 for the CTV assembled
compound 14, measured in 10m� HOAc. In H2O, the values
are 0.15 and 0.15, respectively.
Melting curves were determined by monitoring the ellip-


ticity at the maximal wavelength (positive peak) as a function
of the temperature. Calculation of the first derivative of the
melting curve leads to the melting temperature (Tm). The Tm
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Scheme 3. Synthesis of the collagen peptides containing the �2�1 integrin recognition sequence GFOGERGVE.
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for the CTV-assembled peptide is 19.3 �C and 20.3 �C for the
KTA-assembled compound, both measured in 10m� HOAc
(Figure 1). The melting temperatures in H2O are 23.0 and
21.4 �C, respectively. In contrast, the acetylated single chain
peptide did not adopt a triple helical conformation at 5 �C,
since no thermal transition could be measured; this indicates
that the presence of other amino acids–as are present in this
native sequence–than those of the POG repeats (see below)
hamper the formation of triple helices.
During the HPLC purification of CTV[CH2C(O)N(H)Gly-


[Pro-Hyp-Gly]2-Phe-Hyp-Gly-Glu-Arg-Gly-Val-Glu-Gly-


[Pro-Hyp-Gly]2-NH2]3 (14) two
peaks with equal mass eluting
very close to each other could
be separated. CD analysis at
5 �C of both compounds re-
vealed that only one of the
products had the expected tri-
ple helical conformation,
whereas the other product did
not. The CD spectrum of this
latter product resembled the
CD spectrum of the acetylated
single chain peptide, and no
temperature-dependent transi-
tion could be measured (Fig-
ure 2). Since the CTV triacid
scaffold that we used was a
racemic mixture of (�) and
(�)-CTV, we most likely sepa-
rated the diastereomeric colla-
gen mimics originating from the


two CTV enantiomers. Apparently, there is a difference in
assisting the correct folding of the collagen peptide into a
triple helix between the two CTV enantiomers. The orienta-
tion of the side chains of the CTV core is for one enantiomer
presumably more favorable for adopting the right-handed
triple helix conformation.
To further explore the different stabilizing properties of the


two CTV enantiomers, as well as the difference in stabilizing
properties between the CTV triacid and KTA(Gly-OH)3
scaffolds, we synthesized collagen model peptides H-Gly-
(Pro-Hyp-Gly)5-NH2 (19) and H-Gly-Gly-(Pro-Hyp-Gly)5-


Table 1. Electrospray (ES) and MALDI-TOF mass spectrometry, and CD data of peptides.[a]


Compounds Calcd mass (m/z) MS results Tm [�C] Rpn


13 H-G-(POG)2FOGE(All)RGVE(All)G(POG)2-NH2 1084.5 [M�2H]2� 1084.5 n.d. n.d.
14a (� or � )CTV-[G-(POG)2FOGERGVEG(POG)2-NH2]3 1698.3 [M�4H]4� 1698.4 � 5 n.d.
14b other diastereomer 1358.8 [M�5H]5� 1358.7 19; 23[b] 0.14
15 KTA-[GG-(POG)2FOGERGVEG(POG)2-NH2]3 1328.2 [M�5H]5� 1328.1 20; 21[b] 0.15
16 Ac-G-(POG)2FOGERGVEG(POG)2-NH2 1065.5 [M�2H]2� 1065.9 � 5 n.d.
19 H-G-(POG)5-NH2 1410.7 [M�H]� 1411.0 n.d. n.d.
22 Ac-G-(POG)5-NH2 1453.7 [M�H]� 1453.7 9.6 0.12
24 H-GG-(POG)5-NH2 1467.7 [M�H]� 1467.1 n.d. n.d.
26 Ac-GG-(POG)5-NH2 1510.7 [M�H]� 1510.8 9.2 0.11
20a (� or � )CTV-[G-(POG)5-NH2]3 1586.7 [M�3H]3� 1587.0 37 0.10
20b other diastereomer 1607.7 [M�3Na]3� 1607.7 50 0.10
25a (� or � )CTV-[GG-(POG)5-NH2]3 1233.0 [M�4H]4� 1233.0 55 0.12
25b other diastereomer 1248.8 [M�3Na�H]4� 1248.8 58 0.12
30a (�) CTV-[GG-(POG)5-NH2]3 1248.8 [M�3Na�H]4� 1249.3 55 0.12
30b (�) CTV-[GG-(POG)5-NH2]3 1243.5 [M�2Na�2H]4� 1243.5 58 0.11
21 KTA-[GG-(POG)5-NH2]3 1151.8 [M�4H]4� 1152.5 62 0.14


[a] Melting temperatures (Tm) were determined in 10 m� AcOH at a concentration of 0.5 mgmL�1. Rpn: Ratio of
the positive value (at 223 or 224 nm, see text) over the negative value (at �200 nm). [b] Same measurements in
H2O instead of AcOH. n.d. : not determined.


Figure 1. A) CD spectrum of KTA[GG(POG)2FOGERGVEG(POG)2-NH2]3 (15), at a concentration of 0.5 mgmL�1 in 10 m� HOAc at 5 �C. B) CD
spectrum of CTV[G(POG)2FOGERGVEG(POG)2-NH2]3 (14), at a concentration of 0.5 mgmL�1 in 10 m� HOAc at 5 �C. C) Melting temperature
measurement of KTA[GG(POG)2FOGERGVEG(POG)2-NH2]3 (15). D) Melting temperature measurement of CTV[G(POG)2FOGERGVEG(POG)2-
NH2]3 (14).
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NH2 (24) (Scheme 4, Table 1). The model peptides were
successfully coupled in solution to racemic CTV triacid using
BOP to give 20ab and 25ab, respectively. KTA(Gly-OH)3 was
coupled to the model peptide H-Gly-(Pro-Hyp-Gly)5-NH2 to
give 21. The influence of the spacer length (Gly and Gly-Gly)
between the CTV triacid scaffold and the peptide was studied.
A certain degree of flexibility of the spacer is needed to allow
for one residue staggering of the three peptide chains, which is
necessary for a triple helical formation. After synthesis of
CTV[Gly-(Pro-Hyp-Gly)5-NH2]3, starting from racemic CTV
triacid, both diastereomers could be separated by RP-HPLC.
A comparison of the CD data of the most stable CTV[Gly-
Gly(Pro-Hyp-Gly)5-NH2]3 molecule and the KTA-assembled


equivalent (KTA[Gly-Gly-(Pro-Hyp-Gly)5-NH2]3), revealed
that, alike the native collagen peptide attached to these
scaffolds, the thermal stability of both compounds measured
in water is almost equal (i.e., Tm� 58 and 62 �C, respectively).
The other, slightly less stable CTV[Gly-Gly(Pro-Hyp-Gly)5-
NH2]3 structure 25a or 25b, did also show a temperature-
dependent transition, which was somewhat lower (Tm�
55 �C). A shortening of the spacer to only one glycine residue,
caused a marked decrease in the thermal stability of the CTV-
assembled peptides. The Tm of the most stable CTV[Gly(Pro-
Hyp-Gly)5-NH2]3 decreased to 50 �C, (Table 1) whereas the Tm
of the other diastereomer dropped to 37 �C (Table 1). All
these thermal transitions were fully reversible upon cooling to
4 �C.
To determine the absolute configuration of the CTV


enantiomer, present in the two CTV diastereomers, it was
decided to couple the diastereomers separately to the model
peptide. The required CTV enantiomers were obtained by
resolution of the racemic CTV triol 3, which was achieved by
chromatographic separation of the camphanic acid triesters of
CTV 27 as described by Canceill et al.[14, 15] The optically
active CTV triols 28a and 28b were converted into the
corresponding triacid scaffolds 29a and 29b, respectively, as
depicted in Scheme 5.
After coupling of the chiral CTV templates to H-Gly-Gly-


(Pro-Hyp-Gly)5-NH2 leading to 30a and 30b (Figures 3 and
Figure 4), respectively, and concomitant CD analysis, the
melting temperatures were determined. As expected, the Tm
values did match perfectly the Tm values of the compounds
that were purified from the mixture of diastereomers. Based
upon these data we could assign (�)-CTV as the best triple
helix stabilizing CTV triacid scaffold leading to collagen
mimic 30b, with a Tm of 58 �C (Table 1). The (�)-CTV
assembled peptide in collagen mimic 30a showed a Tm of
55 �C (Table 1). The orientation of the side chains of (�)-CTV
seem to accomodate the right-handed folding of the super-
helix the best. The orientation of the side chains of (�)-CTV
might be less favorable, and at least two glycine residues were


Figure 2. CD spectrum of (�)CTV[G(POG)2FOGERGVEG(POG)2-
NH2]3, at a concentration of 0.5 mgmL�1 in 10m� HOAc at 5 �C (top).
CD spectrum of Ac-(POG)2FOGERGVEG(POG)2-NH2, at a concentra-
tion of 0.5 mgmL�1 in 10m� HOAc at 5 �C (bottom).
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Scheme 4. Synthesis of the collagen peptides containing the model peptides Gn(POG)5.
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needed to allow the three as-
sembled peptides to fold into a
right-handed triple helix.


Discussion


A synthetic collagen mimic can
serve as a valuable tool to study
the interaction of collagens
with other proteins in more
detail at the molecular level.
Therefore, a synthetic protocol
to synthesize small and stable
native collagen structures was
developed. Using one new and
one known scaffold molecule,
small native collagen sequences
were induced to fold into a


triple helical conformation. This was accomplished by assem-
bly of three collagen peptides on triacid scaffold structures
and extension of the native sequence with POG repeats. The
peptides were prepared on the solid phase by an orthogonal
synthesis strategy. Cleavage from the resin left the carboxylic
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Figure 4. Molecular models constructed using MacroModel[29] of
(�)-CTV[Gly-Gly-(Pro-Hyp-Gly)5-NH2]3 (30a, left), (�)-CTV[Gly-Gly-
(Pro-Hyp-Gly)5-NH2]3 (30b, right) clearly showing the triple helix struc-
ture.
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acid moieties of the amino acid side chains protected. This
enabled coupling of the amino-terminus to the triacid
scaffolds.
The necessity for stabilization of collagen peptides con-


taining native sequences is mostly due to the destabilizing
effect of non-imino acids on the collagen triple helix. As was
illustrated by studies of the group of Brodsky,[17] replacement
of two imino acids in a POGmultimer by two non-imino acids
residues, commonly found in the native collagen molecule,
resulted in a dramatic destabilization of the triple helix.
The idea of an organized assembly of three peptide chains


to increase the stability of the collagen triple helix has been
described by several groups. A strong reduction of entropy
loss involved in triple helix formation is thought to be the
driving force for the increased triple helical stability. Assem-
bly has been achieved using a template structure such as the
Kemp×s triacid, the tripodal amine TREN or di-amino
acids.[7, 18±21] Tanaka et al.[20] constructed a collagen molecule
by crosslinking both the C- and N-terminus by a Lys-Lys
dimer template. Alternatively, the three peptides can be
assembled by disulfide bridges, which also allowed assembly
of heterotrimeric constructs.[22] Directed self-assembly, with-
out covalent linkages between the peptides, has been achieved
by peptide amphiphiles.[23]


A comparison of the various stabilizing strategies is
difficult, since no consensus sequences were used. In this
study we showed the stabilizing properties of a new triacid
scaffold, compared with the known Kemp×s triacid, using two
different kinds of collagen peptides. One peptide we used
contains the �2�1 integrin recognition sequence GFO-
GERGVE (residues 502 ± 510 of human type I collagen
�1(I) chain[24]). The other peptides were composed of POG
repeating units. The high imino acid content in these peptides
resulted in a different handedness (seven-fold symmetry) of
the helix compared with the natural collagen molecule (ten-
fold symmetry).[25] Both scaffolds significantly increased the
Tm of the triple helical structures, compared with non-
assembled peptides (Table 1). The KTA(G-OH)3 was already
used for studying the structure and stability of collagen and
collagen-like triple helices.[7] The CTV triacid scaffold, which
has C3 symmetry, has not been used before to induce collagen
structures. Our data demonstrated that the CTV triacid can
indeed stabilize the triple helical folding of a collagen peptide.
This was shown by CD melting curves of the triple helical
structure of either an assembled peptide containing a native
collagen motif, or an assembled collagen model peptide. Due
to the different eluting properties of the two CTV diaster-
eomers after coupling to the peptides, we were able to study
the effect of each of both diastereomers.
Our data showed that (�)-CTV was less potent than (�)-


CTV in assisting the correct folding of the collagen peptides.
In case of the native collagen motif, no folding into a triple
helical structure could be measured for (�)-CTV. However,
due to the high thermal stability of the triple helix of the
model peptide H-Gn(POG)5-NH2 (n� 1,2), a triple helical
structure of (�)-CTV could be measured (Table 1). The
remarkable difference in stability of the CTV triacid diaster-
eomers coupled to either H-G(POG)5-NH2 or H-GG(POG)5-
NH2 illustrated the necessity for a certain degree of flexibility


to allow the correct folding. The different stabilizing proper-
ties of the two CTV diastereomers may be explained by the
orientation of the side chains of the CTV cone, which
probably point in the opposite direction. A certain flexibility
is therefore likely necessary for both one amino acid residue
staggering and right-handed folding of the triple helix. This
was also shown by comparing the stability of the two CTV
triacid scaffolds coupled to H-G(POG)5-NH2. In case of (�)-
CTV coupled to H-G(POG)5-NH2, the melting temperature
was 37 �C compared with 50 �C for the other CTV diaster-
eomer (Table 1). If the flexibility was limited to one glycine,
the first residues of the peptide will probably have to function
as the spacer to compensate for the less ideal orientation of
the side chains. Since the difference in Tm for the two
CTV[G(POG)5-NH2]3 diastereomers is significantly larger
than for both CTV[GG(POG)5-NH2]3 diastereomers, the two
glycines can probably also compensate partly for the less ideal
orientation of the side chains of (�)-CTV in order to induce
the right-handed superhelix formation. The large difference in
Tm for the two CTV-collagen derived (CTV[G(POG)5-NH2]3)
peptides also correlates with the large difference in thermal
stability found for CTV[G(POG)2FOGERGVEG(POG)2-
NH2]3.
The two peptides used in this study differ also in their triple


helical twist. High resolution crystal structures of collagen
peptides show that peptides composed of repetitive POG
triplets generate a seven-fold (75) symmetry, whereas the
native collagen peptides, possessing imino-acid-poor regions,
generate a ten-fold (107) symmetry.[25, 28] This sequence
dependent helical twisting may thus also effect our conclu-
sions, since we compare the triple helical folding of both a
native sequence and an imino-acid-rich peptide Gn(POG)5.
However, since we only observe a small difference in thermal
stability between the KTA(G-OH)3 template and the (�)-
CTV triacid scaffold, it is not expected that the helical twisting
effects the stability data.
Comparison of the structures of the two triacid scaffolds


showed that the CTV template is much larger. The distance
between the three CTV-cone side chains is approximately 8 ±
10 ä. For KTA the distance between these three function-
alities is much shorter and more close to the interchain
distances of the three peptides in the triple helix (�3 ä). This
could explain that for the CTV triacid as a scaffold, the full
length of the G2 spacer was necessary for a proper folding of
the whole peptide into a triple helix.
The moderate to low yields of the collagen mimics were


mostly due to difficult RP-HPLC purifications. HPLC puri-
fication of collagen structures can be difficult, as was also
shown by others. RP-HPLC of such structures can result in
peak broadening resulting from aggregation or conforma-
tional effects.[26] Especially collagen structures composed of
POG repeats are prone to partial denaturation by the HPLC
system.[27] It was shown that conformations may differ at
different HPLC conditions. In our case, the collagen struc-
tures containing the native sequences could be purified
somewhat easier by RP-HPLC than the collagen structures
composed of only POG repeats. The latter structures gave
broad peaks. In addition, purification of collagen mimics
which were synthesized from the racemic CTV triacid scaffold
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was even more difficult, due to the different retention times of
the two CTV diastereomers.


Conclusion


We have introduced a new chiral scaffold that induces the
folding of collagen peptides into a triple helical structure.
Although both enantiomers are capable of folding collagen
peptides into a triple helix, CD data shows that the (�)-CTV
enantiomer is a better triple helix-stabilizing scaffold than
(�)-CTV. In addition to POG repeats, the CTV scaffold was
also effective in stabilizing the triple helix of native collagen
sequences, comparable to the ability of KTA. The latter was
demonstrated for the first time in this paper. Thus, the CTV
scaffold seems a valuable addition to the presently available
limited number of rigid scaffolds, which can be used for the
organization of large peptide sequences as is described here as
well as smaller peptides.[30]


Experimental Section


Synthesis of Fmoc-POG-OH (9)


Boc-Pro-Hyp-OMe (6): HCl ¥H-Hyp-OMe (3.9 g; 26.9 mmol, 1.05 equiv)
was dissolved in dry DMF (90 mL), and the solution was cooled to 0 �C.
Subsequently Et3N (11.6 mL; 83.3 mmol), Boc-Pro-OH (5.5 g; 25.6 mmol)
and BOP (11.3 g; 25.6 mmol) were added. After 4 h, the cooling bath was
removed, and the mixture was stirred for 2 d at RT. Next, the mixture was
concentrated in vacuo, and the residue was dissolved in EtOAc, and was
washed once (successive washing with aqueous solutions resulted in severe
loss of product, due to the aqueous solubility of this compound) with 5%
KHSO4, 5% NaHCO3 and brine. The product was purified by column
chromatography (EtOAc) to give Boc-Pro-Hyp-OMe as a colorless oil
(6.0 g, 68%). [�]D��109.5 (c� 1, MeOH) [lit. :[10] �112.6 (c� 0.8,
MeOH); Rf� 0.15 (EtOAc); 1H NMR (CDCl3, 300 MHz): �� 1.40, 1.43
(2� s, 9H, Boc), 1.79 ± 2.58 (m, 6H, Pro-�, Pro-�, Hyp-�), 3.35 ± 3.82, 4.00,
4.04, 4.20 ± 4.71 (m, 7H, Pro-�, Pro-�, Hyp-�, Hyp-�, Hyp-�), 3.72 (s, 3H,
OMe); 13C NMR (CDCl3, 75 MHz): �� 24.00, 28.29, 29.03, 37.30, 46.81,
52.01, 54.53, 57.33, 57.39, 70.11, 79.84, 154.62, 171.28, 172.79.


Boc-Pro-Hyp-OH (7): Boc-Pro-Hyp-OMe (6.0 g; 18.3 mmol) was dis-
solved in dioxane/MeOH/4� NaOH (14:5:1 v/v/v) and the mixture was
stirred for 16 hours at RT. The mixture was concentrated in vacuo and the
residue was dissolved in H2O. The aqueous solution was acidified to pH 2
with 2� KHSO4, followed by successive extractions with EtOAc. After
removal of the solvents in vacuo, Boc-Pro-Hyp-OHwas obtained as a white
foam (4.6 g, 80%). [�]D��66.2 (c� 1, CHCl3); Rf� 0.10 (CH2Cl2/MeOH
9:1); 1H NMR (CDCl3, 300 MHz): �� 1.39, 1.43 (2� s, 9H, Boc), 1.76 ± 2.40
(m, 6H, Pro-�, Pro-�, Hyp-�), 3.34 ± 3.91 (m, 4H, Pro-�, Hyp-�), 4.36 ± 4.72
(m, 3H, Pro-�, Hyp-�, Hyp-�); 13C NMR (CDCl3, 75 MHz): �� 24.08,
28.36, 29.11, 36.82, 46.99, 54.75, 57.61, 58.16, 70.1, 80.51, 154.98, 172.47,
173.81; ES-MS: m/z : calcd for C15H24N2O6�Na� : 350.2; found: 351.1.
Boc-Pro-Hyp-Gly-OMe (8): Boc-Pro-Hyp-OH (4.6 g; 14.0 mmol), HCl ¥
H-Gly-OMe (2.0 g; 15.9 mmol) and HOBt ¥H2O (2.3 g; 15.0 mmol) were
dissolved in DMF (50 mL). Subsequently, DIPEA (2.7 mL) was added, and
the mixture was cooled on ice. EDCI (3.0 g; 15.6 mmol) was then added,
and after cooling for another 4 h the solution was stirred at room
temperature overnight. The solvents were then removed in vacuo, and
the residue was suspended in CH2Cl2 (350 mL) and filtered. The CH2Cl2
solution was washed twice with 5% NaHCO3 (10 mL). The organic layer
was dried over anhydrous Na2SO4. After removal of the solvent in vacuo,
the residue was purified by column chromatography (CH2Cl2/MeOH,
gradient from 2% to 5% MeOH) to give Boc-Pro-Hyp-Gly-OMe as a
white foam (5.1 g, 90%). Rf� 0.22 (CH2Cl2/MeOH 9:1 v/v); 1H NMR
(CDCl3, 300 MHz): �� 1.40, 1.44 (2� s, 9H, Boc), 1.76 ± 2.54 (m, 6H, Pro-
�, Pro-�, Hyp-�), 3.36 ± 4.80 (m, 9H, Gly-�, Pro-�, Hyp-�, Pro-�, Hyp-�,
Hyp-�), 3.69, 3.70 (2� s, 3H, OMe), 7.76, 8.50 (2�m, 1H, Gly-NH);


13C NMR (CDCl3, 75 MHz): �� 24.01, 28.20, 29.15, 36.22, 40.91, 46.79,
54.69, 51.86, 57.94, 58.35, 70.19, 79.84, 154.80, 170.15, 172.01, 172.39; ES-
MS: m/z : calcd for C18H29N3O7�Na� : 421.2; found: 422.4.
Fmoc-Pro-Hyp-Gly-OH (9): Boc-Pro-Hyp-Gly-OMe (5.1 g; 10.1 mmol)
was dissolved in 1� HCl (100 mL), and the mixture was stirred for 3 d.
Subsequently, the mixture was concentrated in vacuo, and the residue was
dissolved in CH3CN/H2O (80 mL, 1:1 v/v). The pH was adjusted to pH 9 ±
9.5 using TEA. A solution of of Fmoc-OSu (4.3 g; 12.7 mmol) in CH3CN
(75 mL) was then added in one portion. Stirring was continued for 1 h, and
the pH of the solution was maintained at pH 8.5 ± 9. Subsequently 2� HCl
was added until pH 7.5, and the solvents were removed in vacuo. The
residue was dissolved in 2% NaHCO3 and was washed three times with
EtOAc. The aqueous phase was acidified to pH 3 with 2� HCl, and the
mixture was stored overnight at 4 �C, after which a white precipitate was
formed. The precipitate was dried, and crystallized from hot CH3CN to give
Fmoc-Pro-Hyp-Gly-OH (4.03 g, 63%). M.p. 179 ± 182 �C (lit. :[11] 177 ±
181 �C); Rf� 0.19 (CHCl3/MeOH/AcOH 40:10:1 v/v/v); RP-HPLC (C18,
300 ä, gradient of 10 ± 60% B in 50 min): tR� 29 min; ES-MS: m/z : calcd
for C27H29N3O7�H� : 508.54; found: 508.55, 530.35 [M�Na]� .
Synthesis and analysis of linear peptides : All peptides were synthesized as
C-terminal amides by solid phase peptide synthesis on an ABI 433A
peptide synthesizer using Argogel Rink-amide resin and the Fastmoc
0.25 mmol protocol. All amino acids were obtained from Alexis or
Novabiochem and are of the �-configuration. Removal of the Fmoc group
was monitored at 301 nm. Sequences of Pro-Hyp-Gly were introduced by
segment condensation using 2 equiv of Fmoc-Pro-Hyp-Gly-OH. Cleavage
of the peptide from the resin was carried out with TFA/TIS/H2O (92.5:2.5:5
v/v/v). To obtain the acetylated compounds, the cleaved peptide was
treated with 1.5 equiv of AcOSu in DMF/DIPEA. Removal of the allyl
protection group was performed in solution by treatment for 72 h with
[Pd(PPh3)4] and DMF/AcOH/NMM (50:10:1 v/v/v) under Ar atmos-
phere,[12] followed by applying the reaction mixture to a PD10 (sephadex
G25) gel filtration column. All peptides were purified by preparative RP-
HPLC (C18, 300 ä), using a gradient from A (0.1% TFA in H2O) to 80%
B (0.085% TFA in 95% CH3CN/H2O). Analysis was performed by ES or
MALDI-TOF MS.


Purification and analysis of assembled peptides : After coupling of the
peptides to the triacid scaffolds, the reaction mixture was dissolved in H2O/
CH3CN (4:1 v/v) and was dialyzed (membrane cutoff 3500) against H2O
(3� 2 L). Allyl protection groups of the assembled peptides were removed
by treatment for 72 h with [Pd(PPh3P)4] as described above. Final
purification was performed by preparative RP-HPLC (C18, 300 ä), using
a gradient from A (0.1% TFA in H2O) to 60% B (0.085% TFA in 95%
CH3CN/H2O). Analysis was performed by ES or MALDI-TOF MS.


CD spectroscopy : Spectra were recorded on a OLIS spectropolarimeter
using a 0.01 mm pathlength quartz cuvette. The cuvette was placed in a
thermally controlable holder. Samples were dissolved in H2O or in 10 m�
AcOH at a concentration of 0.5 mgmL�1 and were stored at 4 �C at least
24 h prior to recording the measurements. Spectra were obtained by
averaging 10 scans. Melting temperatures were obtained by data collection
of the positive maximum at 220 ± 225 nm at a heating rate of 0.25 �Cmin�1


and 15 min equilibration at the temperature of data collection.


(�)-2,7,12-Trimethoxy-3,8,13-[tris(acetoxyethyl)oxy]-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononene : The synthesis of the cyclotriveratrylene triol
(racemic mixture) and the optical resolution of this triol has been described
by Canceill et al.[13, 14] The thus obtained (�)-triol (125 mg; 0.31 mmol) was
dissolved in dry CH3CN (30 mL), and the mixture was cooled to 4 �C.
Subsequently Cs2CO3 (600 mg; 1.84 mmol) was added, and after stirring for
5 min bromoacetic ethyl ester (120 �L) was added. The mixture was
allowed to warm to room temperature, and was stirred for 2 d. The solvent
was removed without heating (to avoid racemisation of CTV) in vacuo, and
the residue was dissolved in EtOAc and 1� HCl. The EtOAc layer was
washed with brine and dried over anhydrous Na2SO4. After removal of the
solvent in vacuo, again without heating, the residue was purified by column
chromatography (CH2Cl2/Et2O, gradient from 5 to 10% Et2O) to give the
desired compound (93 mg, 46%). [�]D��11� (c� 1, CHCl3); 1H NMR
(CDCl3, 200 MHz): �� 1.23 (t, 9H), 3.52 (d, 3H), 3.88 (s, 9H, OCH3), 4.19
(m,6H), 4.59 (d, 6H), 4.71 (d, 3H), 6.87 (d, 6H, arom H); 13C NMR
(CDCl3, 75 MHz): �� 14.08, 36.33, 55.98, 61.08, 67.56, 113.74, 118.00,
131.42, 134.03, 145.94, 148.70, 169.40.
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(�)-2,7,12-Trimethoxy-3,8,13-[tris(acetoxyethyl)oxy]-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononene : The procedure was as described for the (�)-
enantiomer. Yield: 70 mg (50%). [�]D��8� (c� 1, CHCl3); 1H NMR
(CDCl3, 200 MHz): �� 1.23 (t, 9H), 3.52 (d, 3H), 3.88 (s, 9H, OCH3), 4.19
(m, 6H), 4.59 (d, 6H), 4.70 (d, 3H), 6.87 (d, 6H, ar H); 13C NMR (CDCl3,
75 MHz): �� 14.08, 36.33, 55.98, 61.08, 67.56, 113.74, 118.00, 131.42, 134.03,
145.94, 148.70, 169.40.


CTV[G(POG)2FOGERGVEG(POG)2-NH2]3 : The lineair peptide
H-G(POG)2FOGE(OAll)RGVE(OAll)G(POG)2-NH2]3 (25 mg, 12 �mol),
which was prepared as desribed above, and the NBu4 salt of CTV triacid[16]


(2.33 mg; 4 �mol) were dissolved in DMF (0.75 mL). Subsequently Et3N
(7.5 �L) was added, and the mixture was cooled to 4 �C. After 5 min, BOP
(9 mg; 20.4 �mol) in DMF (100 �L) was added, and the mixture was stirred
at RT. After 48 h the mixture was concentrated in vacuo and the residue
was dissolved in H2O/CH3CN (5 mL). After HPLC purification, the
separate diastereomers (2 mg each) were obtained. ES-MS: m/z : calcd for
C303H426N78O102� 5H� : 1358.8; found: 1358.7 (diastereomer 1) and m/z :
calcd for C303H426N78O102� 4H� : 1698.3; found: 1698.4 (diastereomer 2).


All other assembled peptides were synthesized as described above and are
listed in Table 1
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Metallochain Cluster Complexes and Metallomacrocyclic Triangles Based on
Coordination Bonds between Palladium or Platinum and
Diphosphinoacetylene Ligands


Thomas Baumgartner,[a,b] Keith Huynh,[a] Silvia Schleidt,[a]
Alan J. Lough,[a] and Ian Manners*[a]


Abstract: To explore the potential of
the coordination chemistry of Pd and Pt
halides with phosphinoacetylene ligands
for the generation of novel, highly
metallated organometallic coordination
polymers, investigations on model com-
pounds [MX2(PPh2C�CPh)2] that exhib-
it trans-configured Pd centers and cis-
configured Pt centers have been per-
formed. The molecular structure of the
trans-Pd complexes 2 (M�Pd, X�Br)
and 5 (M�Pd, X� I) appeared suitable
for the generation of linear materials,
whereas the cis-Pt complex 6 (M�Pt,
X� I) suggested the prospective forma-


tion of ring systems. The presence of
acetylene moieties allowed for further
increase of metal concentration by clus-
ter formation with [Co2(CO)8]. Two
novel bimetal cluster complexes 7 and
8 were obtained from 5 and 6, respec-
tively, and these exhibit a bridging
iodine ligand as an interesting structural
motif leading to heterocyclic systems


with M-I-Co-C-P skeletons (M�Pd or
Pt). A similar approach with [Fe2(CO)9]
led to the formation of several products,
including an unusual Pd ± Fe cluster-
containing compound 10. The extension
of the coordination strategy to rigid
bis(phosphinoacetylene) ligands gave
rise to strained ring systems. Surprising-
ly, for the cis-configured PtCl2 center, a
rarely observed triangular structure 12
was obtained exclusively. The corre-
sponding PtI2 analog, 13a rearranged
over time to form a ™ring-fused∫ system
13b with an extended BINAP-like li-
gand.


Keywords: cluster compounds ¥
metallocycles ¥ platinum ¥ ring-
opening polymerization ¥ self-
assembly


Introduction


The incorporation of metal atoms into macromolecular
structures and supramolecular assemblies offers considerable
promise for the development of new functional materials with
novel properties.[1±4] For example, the presence of transition
metal centers has been shown to permit redox control of the
size and shape of a macroscopic object[5] and the ™wiring∫ of
enzymes to electrodes,[6] selective binding and sensing,[7] and
the generation of liquid crystallinity[8] and magnetic nano-
particle composites,[9, 10] etch resistance to plasmas,[11, 12] as
well as other desirable physical and chemical character-
istics.[13] The use of covalent bonds to create main-chain
metallopolymers is now relatively well-developed as illus-
trated by the cases of extensively studied systems such as


polyferrocenes and polymetallaynes.[3, 14, 15] Coordinate bonds
provide an attractive, alternative approach to the construction
of metallopolymers. However, only over the past decade have
soluble examples of such materials been convincingly char-
acterized. Most work in this area to date has focused on the
use of bidentate, �-conjugated N-donor ligands as spacer
units.[2, 16]


Despite the ubiquitous nature of phosphine ligation in
transition-metal chemistry, the utility of metal ± P-donor
interactions for the creation of metallopolymers is relatively
unexplored.[17±22] The first examples of polymers based on
bisphosphine linkers were reported by Cowie in 1988[21] and
Wright in 1992.[22] However, the analysis and structural
characterization of the materials were limited owing to their
reduced solubility. In 1993 partially soluble Au-containing
materials I based on rigid bisphosphines were reported by
Puddephatt et al.[17] In this case the presence of bulky side
groups is necessary for appreciable solubility. The polymers
show luminescence in solution and solid state due to
conjugation along the backbone indicating interesting elec-
tronic properties.[18, 19] More recently, James et al. demon-
strated the ring-opening polymerization (ROP) of strained
silver bis(diphenylphosphino)acetylene cage molecules II
(Ag2L3) to give the corresponding coordination polymers
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III.[20] Although the resulting materials were insoluble in
common solvents, characterization by single-crystal X-ray
diffraction was possible.


As part of our research on the development of processable,
highly metallated macromolecular materials we have targeted
novel Pd and Pt bis(phosphinoacetylene) coordination struc-
tures. The formation of cluster complexes with the acetylenic
units present in such materials would provide an additional
possibility for the introduction of metal atoms to high-
molecular-weight coordination polymers. With these ultimate
aims in mind, in this paper we report our initial studies in this
area and describe model compounds for prospective high
polymers, including metallochain model compounds, cluster
species, and unusual Pt containing metallomacrocycles.


Results and Discussion


We have targeted on the preparation of novel Group 10
coordination structures IV that can be considered as ™inverse∫
Hagihara-type polymetallynes, such as V, as they possess
skeletal M�P and P�C�C bonds rather than M�C�C bonds.
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X
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n


M = Pd, Pt
X = Cl, Br, I


n


M = Ni, Pd, Pt, Ru
L  = PR3


We chose Group 10 metal halides for our investigations as
they are known to form strong bonds with phosphine ligands
and the resulting complexes are stable towards the atmos-
phere. As a result of their square-planar coordination
geometry, only two possible isomers, cis and trans, exist.
Centers with the latter geometry are of particular interest for
our purpose as the formation of polymers IV rather than rings
would be expected to be thermodynamically preferred.


Synthesis and characterization of phosphinoacetylene com-
plexes : The coordination chemistry of monophosphinoacety-
lene ligands with Group 10 metals has been previously
explored by Carty et al.[23±26] These investigations showed that
the cis or trans geometry preference for such complexes is
primarily dictated by the nature of the metal or the halide.
Thus, the Pt complexes appear to always possess the cis


configuration, irrespective of the nature of the halide
substituents.[23, 24] In the case of Pd complexes, on the other
hand, the geometry of the complex is determined by the
nature of the halide.[23] Chloro substituents generally afford
cis complexes, whereas iodo substituents afford trans species.
However, in the case of PdBr2 the complex geometry is
influenced by the nature of the phosphine substituents as well;
both complex isomers can be obtained with different
ligands.[23]


We prepared the new complex 2 as well as the previously
reported species 3 and 4, according to the known procedure
by reaction of the phosphinoacetylene 1 with the correspond-
ing tetrahalo metallate {K2PdBr4 or K2MCl4 (M�Pd or Pt)} in
a mixture of H2O/EtOH (1:2).[23] Subsequent transhalogena-
tion of the chloro complexes 3 and 4 with KI in acetone[23a]


afforded the iodinated complexes 5 and 6 in quantitative yield
(Scheme 1). In the 31P NMR spectra of the two new species 2


PPh2C CPh MX2 PPh2C CPh MI2 PPh2C CPh
- KCl


K2MX4  +  2


1


2 2


2: MX2 = PdBr2 (trans)
3: MX2 = PdCl2 (cis)
4: MX2 = PtCl2 (cis)


5: MX2 = PdI2 (trans)
6: MX2 = Ptl2 (cis)


- 2KX


i) ii)
] ][[


Scheme 1. Synthesis of the model compounds 2 ± 6. Reaction conditions:
i) H2O/EtOH (1:2), RT, 24 h; ii) KI, acetone, RT, 30 min.


and 5, and the previously described 6 single resonances (2 :
�� 6.6; 5 : ���14.8; 6 : ���11.8 ppm, J(Pt,P)� 3475 Hz)
were observed, indicating the formation of one isomer only. It
is interesting to note that, although phosphinoacetylene
complexes of Group 10 metals have been known for more
than 30 years, very few have been structurally characterized
by X-ray crystallography. In this context, trans-configured
complexes are completely unexplored, and very few examples
of cis isomers are described in the literature.[24, 26] The
geometry of complexes 2, 5, and 6[27] was therefore verified
by single-crystal X-ray structure analyses. The molecular
structures of 5 and 6 are depicted in Figure 1.


The isostructural Pd complexes 2 and 5 were found to
possess trans geometries, whereas for the Pt complex the
configuration was cis, as anticipated. The structural parame-
ters of the PtI2 complex 6, as presented in Table 1, are
unexceptional and are similar to those of 4.[24] The same


Table 1. Selected bond lengths [ä] and angles [�] for 2, 5, and 6.


2 5 6


M�P 2.3201(7) 2.3266(9) 2.2566(15)
2.2661(15)


M�X 2.4341(3) 2.6055(2) 2.6287(6)
2.6483(6)


P�C� 1.752(3) 1.754(4) 1.759(6)
1.753(6)


C�
�C� 1.202(4) 1.204(5) 1.202(8)


1.196(6)


P-M-P 180.00(2) 180.00(3) 92.73(6)
X-M-X 180.000(17) 180.000(9) 88.25(3)
M-P-C� 114.39(10) 115.86(13) 119.08(19)


109.5(2)
P-C�-C� 168.1(3) 168.0(3) 165.9(5)


173.2(5)
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applies for 2 and 5, whose structural data are comparable to
those of the related complexes [Pd(PPh3)2Br2][28a] and
[Pd(PPh3)2I2].[28b] It should be mentioned that the two
acetylene units in 6 do not have a coplanar arrangement with
respect to the central PtI2P2 plane. As observed for 4,[24] the
two P�C�C units exhibit a cisoid arrangement with a torsion
angle (�) at Pt of 69.4� between them. However, the X-ray
structures, which confirm the trans nature of 2 and 5, reinforce
the notion that the formation of coordination polymers should
be favored for the Pd systems. The Pt complex 6 on the other
hand, indicates that a macrocycle formation may be preferred
in this case. Indeed, cyclic dimers based on cis-configured Pt
or Pd complexes with bis(diphenylphosphino)acetylene li-
gands are well known.[29]


P P
L2M


P P
ML2


Ph2 Ph2


Ph2Ph2


M = Pd, Pt
L = halogen, PR3, bipy


Synthesis and characterization of phosphinoacetylene cluster
complexes


Reaction with [Co2(CO)8]: As noted previously, phosphino-
acetylene complexes are potentially interesting precursors to
highly metallated cluster-containing organometallic materials.


As a cluster component, we investigated the tetrahedral,
redox-active acetylene-dicobaltcarbonyl unit, accessible by
reaction of [Co2(CO)8] with alkynes.[30] Reaction of 5 with two
equivalents of [Co2(CO)8] affords the cluster model com-
pound 7 in good yield (82%; Scheme 2). The reaction was
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Scheme 2. Synthesis of the Co-cluster compounds 7 and 8.


performed in CH2Cl2 at room temperature and was easily
monitored by the evolution of CO. The black cluster
compound 7 gave a single 31P NMR resonance at ��
50.3 ppm, and the downfield shift of the signal relative to 5
suggested the formation a five-membered ring system.[31] The
1H and 13C NMR data were unexceptional and in accordance
with literature data for comparable tetrahedral Co cluster
compounds.[32] We were able to obtain suitable black crystals
of 7 for an X-ray diffraction study at room temperature from a
concentrated solution of 7 in CH2Cl2. The structural data
show the former triple bonds capped by a {Co2(CO)6} unit, as
expected (Figure 2). The bond lengths and angles of the
cluster unit as presented in Table 2 are similar to those of
comparable Co2C2 cluster compounds.[32] The complex geom-
etry is not affected by the cluster formation. The phosphine
ligands as well as the iodine ligands are trans to each other as


Figure 1. Molecular structure of 5 (top) and 6 (bottom) with thermal
ellipsoids at the 50% probability level. H atoms and one CHCl3 solvent
molecule (6) are omitted for clarity.


Table 2. Selected bond lengths [ä] and angles [�] for 7 and 8.


7 8


M�I 2.6197(4) 2.6718(6)
2.6566(6)


M�P 2.3459(15) 2.2599(19)
2.3460(15) 2.2723(19)


Co�I 2.5949(9) 2.5979(11)
2.5944(12)


P�C� 1.770(6) 1.760(8)
1.781(7)


Co1�C1 1.945(6) 1.928(7)
Co3�C8[a] 1.921(7)
C��C� 1.364(8) 1.362(10)


1.361(10)


P-M-P 180.00(7) 96.73(7)
I-M-I 180.00(2) 85.216(18)
M-P1-C1 109.1(2) 107.9(3)
Pt1-P2-C8[a] 110.1(2)
P1-C1-Co1 124.6(3) 128.3(4)
P2-C8-Co3[a] 126.3(4)
C1-Co1-I1 91.22(17) 89.9(2)
C8-Co3-I2[a] 89.7(2)
Co1-I1-M 104.60(2) 103.18(3)
Co3-I2-Pt1[a] 104.16(3)


[a] Only applicable for 8.
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observed for the starting material. However, a very intriguing
feature of the structure of 7 are the iodine atoms bridging the
central Pd atom and one of the Co atoms, thereby replacing
one of the carbonyl ligands. Owing to the bridging mode the
Pd�I bonds are slightly elongated (2.6197(4) ä vs 2.6055(2) ä
in 5). The Co�I bonds amount to 2.5949(9) ä, which is
significantly shorter than in the few other structurally
characterized iodine-substituted cobalt carbonyl compounds
(c.f. 2.642(2);[33] 2.649(1), 2.639(1);[34] 2.630(2)/2.623(3),
2.604(2)/2.610(2) ä[35]). This suggests an electronic interaction
between the central Pd atom and the Co atom through the
bridging iodine, which is potentially interesting for the
electronic properties of the material. To the best of our
knowledge a bridging halide has not previously been observed
in tetrahedral Co ± acetylene clusters.


The only examples for bridging atoms involve S[36] and P[37]


atoms utilized in enantioselective Pauson ±Khand reactions.
It is interesting to note that the bridging iodine atoms in 7 do
not distort the environment of the Pd atom. A near perfect
square-planar geometry is maintained (angles: P-Pd-P/I-Pd-
I� 180.00(2)�). However, the in-
teraction leads to a distortion of
the former acetylene units; both
terminating phenyl groups are ro-
tated approximately 80� each out
of the PdI2P2 plane, compared with
about 31� in the noncluster com-
pound 5. However, due to the
simultaneous rotation they still
exhibit a trans arrangement to
each other, which is also favorable
for a possible polymeric structure.


We also synthesized and char-
acterized the corresponding Pt
analogue. Species 8 is accessible
in a similar reaction by treatment
of 6 with two equivalents of [Co2(-
CO)8]. The 31P NMR resonance of
�� 37.9 ppm (J(Pt,P)� 3695 Hz)


is again shifted downfield from the starting material 6 (��
�11.8 ppm; J(Pt,P)� 3475 Hz), due to the ring-contribution
of the five-membered ring system.[31] The single-crystal X-ray
structure analysis of 8 shows that the cis-configured cluster ±
Pt model compound also contains iodine bridges (Figure 3).
As a consequence, the Pt�I bonds of 2.6566(6) and
2.6718(6) ä are slightly elongated relative to 6 (2.6287(6),
2.6483(6) ä). The Co�I bonds of 2.5979(11) and 2.5944(12) ä
are in the same range as those found in 7. The other structural
features are similar to those observed for 7 (Table 2).
However, the environment at the central Pt atom in 8 is
affected by the binding to the cluster in this case. Thus, the
I-Pt-I angle of 85.22(2)� is slightly smaller than that in 6
(88.25(3)�), whereas the P-Pt-P angle is slightly wider
(96.73(7) vs 92.73(6)� in 6). Due to the bridging iodine an
intriguing structural motif is formed in 7 and 8 : a bimetallic,
spirocyclic system with the Pd or Pt atom as central atoms.
The monocyclic subunits consist of five different atoms (Pd-P-
C-Co-I or Pt-P-C-Co-I) and exhibit an envelope conformation.


Another striking structural feature in 8 is the trans
orientation of the terminating phenyl groups (angle �155�)
as observed for 7 before. The corresponding angle for the
starting material 6 amounts to �70�, that is, a cisoid
orientation of the terminating phenyl groups.


To compare the bridging character of different halides, we
also attempted to synthesize the corresponding chloro- and
bromo-substituted complexes. However, the reaction of 2 or 4
with two equivalents of [Co2(CO)8] afforded a variety of
products. In the case of the Pt precursor 4, one minor product
appeared to be similar to compounds 7 and 8, based on the
presence of a 31P NMR resonance at �� 31.6 ppm (J(Pt,P)�
3255 Hz). However, the appearance of several other reso-
nances in the 31P NMR spectrum without Pt satellites indicate
that decomplexation reactions are likely in the case of the Cl-
and Br-substituted complexes. In the case of related Co-
cluster-bridged phosphinoacetylenes dimeric decomplexation
products were observed that support this assumption.[38]


Reaction with [Fe2(CO)9]: To investigate a possible extension
of our synthetic approach to iron clusters, we attempted to


Figure 2. Molecular structure of 7 with thermal ellipsoids at the 50%
probability level. H atoms and two CH2Cl2 solvent molecules are omitted
for clarity.


Figure 3. Molecular structure of 8 with thermal ellipsoids at the 30% probability level. H atoms are omitted
for clarity.
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react the phosphinoacetylene model complexes with [Fe2-
(CO)9]. However, reaction of 2, 5, or 6 with varying amounts
of [Fe2(CO)9] (2, 4, 8, equiv) in refluxing THF resulted in the
formation of several products in every case. The major
product, the cyclic dimer 9,[39] is observed in almost all
reactions (Scheme 3); this compound apparently arises from
decomplexation of the phosphine ligand from the Pd or Pt
center and subsequent dimerization. This observation mirrors
the increased reactivity of [Fe2(CO)9] towards acetylenes.


However, in the reaction of 5 with four equivalents of
[Fe2(CO)9], we were able to isolate one of the minor products
10 (approx. 20% abundance). The 31P NMR spectrum of 10
has three resonances, one of which is surprisingly shifted to
low field (�� 165.2 ppm), whereas the other two resonances
appear at higher field (�� 37.5 and �0.4 ppm), in the
expected range for cluster-bound phosphinoacetylenes. The
low-field 31P NMR resonance is consistent with a �2-phos-
phido bridge,[40a,b] presumably generated by transition-metal-
promoted cleavage of a P�C�C bond. We were able to obtain
brown single crystals of 10 at �30 �C from CH2Cl2/MeCN
(1:1) that were suitable for an X-ray structure analysis,
confirming the formation of a very unusual cluster compound
(important structural data are given in Table 3). The molec-
ular structure of 10 is depicted in Figure 4. The surprising
structural motifs include a diphenylphosphido unit bridging
an Fe and Pd moiety,[40c] as anticipated from the 31P NMR
data, as well as the novel tetrahedral PdFeC2 cluster unit. It is
interesting to note, that although apparently two molecules of
5 were involved in the generation of 10, only one iodine
substituent and two phosphino-
acetylene units, apart from the
�2-phosphido bridge, are still
present. As a result of the
bridging mode of the remaining
iodine substituent, another in-
teresting structural feature is
the five-membered heterocycle
consisting of a Pd2ICP skeleton,
which is related to the hetero-
cycles in 7 and 8. Of further
interest is the observation that
one of the original phosphino-
acetylene ligands still possesses
an uncomplexed acetylene unit,
although an excess of [Fe2-
(CO)9] was used in the reaction.
In conclusion to this section,
the X-ray structure of 10 under-


lines the increased reactivity of
[Fe2(CO)9] towards acetylenes
and suggests that the Fe-cluster
chemistry is likely to be less
useful than that with Co for our
purpose.


Synthesis and characterization
of Pt-based macrocycles : As
macrocyclic systems represent


interesting models for the corresponding high-molecular-
weight coordination polymers and are of intrinsic interest
themselves,[41, 42] we explored the formation of such species in
the case of Pt. Our investigations focused on the use
of the rigid 1,4-diethynylbenzene-based bisphosphine 11
(Scheme 4), which is significantly longer than the bis(diphen-
ylphosphino)acetylene (dppa) ligand usually used in the
literature.[29] The steric effect associated with the presence
of a phenylene moiety in 11 was expected to help suppress the
formation of cyclic dimers in favor of larger rings. Moreover,
phenylene moieties would, if necessary, allow the facile
introduction of solubilizing substituents to polymers and a
degree of electronic communication between the metal
centers might be possible due to the �-conjugated nature of
the ligand.


Reaction of K2PtCl4 with 11 in CHCl3 for three days at
room temperature selectively afforded the product 12 in
quantitative yield. A single 31P NMR resonance at ��
�8.4 ppm (J(Pt,P)� 3745 Hz) indicated the formation of a
product with cis-Pt centers and equivalent phosphorus atoms.
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Scheme 3. Reaction of 5 with [Fe2(CO)9].


Table 3. Selected bond lengths [ä] and angles [�] for 10.


Pd1�I1 2.6884(8) Pd1�Fe1 2.5165(12) C8-P2-Pd2 110.8(2)
Pd2�I1 2.6783(7) Fe1�C8 1.999(8) P2-Pd2-I1 91.38(5)
Pd2�P2 2.306(2) Fe1�C9 1.884(7) Pd2-Fe2-P3 53.09(6)
P2�C8 1.759(8) C8�C9 1.356(10) Fe2-Pd2-P3 54.06(6)
C8�Pd1 2.100(6) Fe2-P3-Pd2 72.85(6)
Pd2�Fe2 2.6425(12) Pd1-I1-Pd2 98.06(2) Fe1-Pd1-C9 45.95(18)
Pd2�P3 2.211(2) I1-Pd1-C8 95.5(2) Fe1-Pd1-C8 50.3(2)
Fe2�P3 2.239(2) Pd1-C8-P2 122.9(4) C8-Fe1-C9 40.7(3)


Figure 4. Molecular structure of 10 with thermal ellipsoids at the 30% probability level. H atoms, one CH3CN,
and two H2O solvent molecules are omitted for clarity.
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However, the exact structure could not be derived from
experimental data in solution. Suitable colorless single
crystals for an X-ray structure analysis were obtained at room
temperature from a concentrated solution of 12 in CHCl3/
CH2Cl2/MeCN (1:1:1). The molecular structure of 12 is
depicted in Figure 5. The structural data reveal the formation
of the first cyclic trimer of a neutral Pt ± bis(phosphine)
complex and show an interpenetrating arrangement of the
three ligands, linked by cis-configured square-planar PtCl2
fragments perpendicular to the ring plane.


Surprisingly, the rarely observed exclusive[43] formation of a
cyclic trimer seems to be favored here, although the square-
planar complex geometry would allow for less strained,
supramolecular squares.[44] Usually, triangular structures are
only observed in coexistence with corresponding squares.[44]


However, the interesting perpendicular arrangement seems to
allow the Pt center to maintain its square-planar geometry.
The Pt�Cl bond lengths of 2.336(2) or 2.338(2) ä and the
Pt�P bond lengths of 2.242(2) or 2.243(2) ä are statistically
the same and in agreement with the complex cis-
[PtCl2(PPh2C�CPh)2] (4) (2.335(2), 2.350(2), and 2.235(2),
2.237(2) ä, respectively[24]). The same is true for the corre-
sponding angles (average P-Pt-P: �95.5(5)� ; Cl-Pt-Cl:
�88.0(8)� ; vs 94.16(6)� and 88.64(7)�).


As a result of the unusual triangle motif in 12, the torsion
angles at the Pt centers indicate some strain present within the
ring. Thus, the torsion angle � (see discussion of the structure
of 6 above) at Pt2 is significantly smaller (�� 59.0�) than those
at Pt1 (�� 69.0�) and Pt3 (�� 68.7�), which are in agreement
with those in 4 and 6 (�� 69.4�).[24] The apparently slightly
strained nature of the ring system in 12 is potentially
interesting for a ring-opening polymerization process.[44d]


However, the reaction of 12 with KI in acetone proceeded
through halogen exchange without any discernable ring-
opening reactions. Triangle 13a was found to slowly rearrange
at room temperature over time (�weeks) to afford the ™ring-
fused∫ cyclic trimer 13b (Scheme 5). The rearrangement
proceeds through a [2�2�2]-cycloaddition with subsequent
1,3-H shift in a manner similar to that observed previously by
Carty et al. for thermal reactions involving monophosphino-
acetylene systems.[24] It is interesting to note that heating of
the sample is not necessary to achieve the coupling chemistry
required for the formation of 13b. This is in contrast to the
literature, in which rearrangement was only observed ther-
mally (80 �C, refluxing benzene). The slightly strained nature
the cyclic trimer ring may trigger the coupling process at lower
temperatures. However, the rearrangement is only observed
at two of the Pt centers, whereas the third Pt center remains
unaffected. The 31P NMR spectrum of 13b showed three
different resonances at �� 49.7, 36.2, and �9.3 ppm. The low-
field shift of two of the phosphorus centers can be explained
by the missing shielding effect of a neighboring acetylene unit,
whereas for the third, high-field-shifted phosphorus reso-
nance it is still present. The 1H NMR spectrum clearly
indicated the formation of a naphthalene unit with resonances
similar to BINAP (�� 8.13, 6.76, 6.20, 5.87 ppm).


We were able to obtain single crystals that were suitable for
X-ray structure analysis from a concentrated solution of 13b
in CHCl3/CH2Cl2/MeCN (1:1:1) at room temperature. The
molecular structure of 13b (Figure 6) reveals that the fusion
of the four acetylene units with two of the linking phenylene


units generates an extended
BINAP-like ligand structure
with helical chirality. Differen-
ces to BINAP are an additional
phenylene spacer, which links
the two newly formed naphtha-
lene subunits, and the two acety-
lene spacers between the naph-
thalene systems and P2 or P1,
respectively. The bond lengths
at the Pt centers (Pt2 and Pt3)
are unexceptional (see Table 4),
and the slight deviation of the
bond angles from a perfect
square-planar geometry can be
explained by steric effects of
the chelating bis(phosphino)-
phenylene ligands. The struc-
tural motif at the Pt1 center is
comparable to the Pt centers in
13a with a torsion angle of ��
70.6�. The Pt�P bond lengths of


Figure 5. Molecular structure of 12 with thermal ellipsoids at the 30% probability level. H atoms and two CHCl3
solvent molecules are omitted for clarity.
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Scheme 4. Synthesis of 12.
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2.2461(17) and 2.2520(16) ä
are elongated compared to
13a and the corresponding
Pt�P distances at Pt2 and Pt3.
The P1-Pt1-P2 angle of
91.80(6)� is slightly smaller than
in 13a (c.f. average P-Pt-P:
�95.5(5)�). The slight differen-
ces can be attributed to the
strained nature of the ring sys-
tem caused by the BINAP-like
ligand.


However, attempts to ring-
open the triangle 13a in solu-
tion were unsuccessful. Reflux-
ing 13a in toluene for 24 hours
resulted in the formation of
about 50% of the ring-fused
triangle 13b in addition to un-
reacted 13a. This again empha-
sizes the templating effect of
the triangular structure in 13a
to lead to an intramolecular
rearrangement rather than an
intermolecular polymerization
process caused by the proximity
of the acetylene ligands.


Conclusion


Our initial investigations on the
potential for the use of Pd and
Pt complexes for the generation
of novel organometallic coordi-
nation polymers led to the syn-
thesis and structure character-
ization of two new Pd phosphi-
noacetylene complexes 2 and 5
and the verification of the cis-


configured structure of the ligands in the Pt complex 6.
Compounds 5 and 6 were transformed into the novel bimetal
cluster complexes 7 and 8, which exhibit interesting structural
features such as bridging iodine atoms between Co and Pd
leading to heterocycles with M-I-Co-C-P skeletons, and an
anti conformation of the terminal phenyl groups. A similar
reaction with [Fe2(CO)9] emphasized the increased reactivity
of [Fe2(CO)9] towards acetylenes and led to the formation of
several products, including the very unusual Pd ±Fe-cluster-
containing complex 10 with a bridging PPh2 moiety leading to
a cyclic Pd-Fe-P unit. The use of extended, rigid bis(phosphi-
noacetylene) ligands allowed the synthesis of rarely observed
molecular triangles with cis-configured Pt centers. The
triangular structure in the PtI2 complex 13a and the resulting
proximity of the acetylene moieties templated a rearrange-
ment reaction; this led to the formation of the ™fused-ring∫
system 13b with an extended BINAP-like structure at room
temperature. However, attempts the ring-open the triangular
complex 13a in solution were unsuccessful. Due to the
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Scheme 5. Synthesis and reactivity of 13a.


Figure 6. Molecular structure of 13b with thermal ellipsoids at the 30% probability level. H atoms and two
CHCl3 solvent molecules are omitted for clarity.


Table 4. Selected bond lengths [ä] and angles [�] for 12 and 13b.


12 13b


Pt1�P 2.242(2) 2.2461(17)
2.2429(19) 2.2520(16)


Pt2�P 2.231(2) 2.2092(17)
2.245(2) 2.2425(15)


Pt3�P 2.236(2) 2.2183(17)
2.240(2) 2.2380(15)


Pt1�X 2.3362(19) 2.6372(5)
2.338(2) 2.6542(5)


Pt2�X 2.336(2) 2.6557(5)
2.338(2) 2.6584(6)


Pt3�X 2.337(2) 2.6440(5)
2.342(2) 2.6542(6)


P-Pt1-P 95.27(7) 91.80(6)
P-Pt2-P 95.27(7) 87.61(6)
P-Pt3-P 96.48(8) 84.13(6)
X-Pt1-X 88.24(8) 88.078(17)
X-Pt2-X 87.29(8) 90.559(17)
X-Pt3-X 88.62(8) 90.823(19)
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templating nature of the ring system intramolecular formation
of 13b was observed exclusively.


Interestingly, the structures of the cluster model com-
pounds 7 and 8 indicate that ring-opening polymerization of
12 and 13a might be induced by reaction with [Co2(CO)8].
Both model compounds clearly indicate this possibility
through the trans arrangement of the terminating phenyl
rings; this would increase the strain in the corresponding ring
systems dramatically. Moreover, the coordination chemistry
the trans-oriented Pd system should favor the formation of
macromolecules rather than ring systems and this possibility is
also currently under detailed investigation.


Experimental Section


General procedures : Reactions, unless otherwise noted, were carried out in
dry glassware and under inert atmosphere of purified nitrogen by using
Schlenk techniques. Solvents were dried over appropriate drying agents
and then distilled or they were obtained by the Grubbs method.[45]


Phenylethynyl(diphenyl)phosphine (1),[46] [MCl2(PPh2C�CPh)2] (3 : M�
Pd,[23] 4 : M�Pt[24]) and p-Bis(diphenylphosphinoethynyl)benzene (11)[47]


were prepared according to literature procedures. KI and [Fe2(CO)9] were
purchased from Aldrich and used as received. K2PtCl4, K2PdCl4, K2PdBr4,
and [Co2(CO)8] were purchased from Strem and used as received. 1H, 13C,
and 31P NMR spectra were recorded on Varian Gemini300, Mecury300 or
Unity400 MHz spectrometers. Chemical shifts were referenced to solvent
peaks. Mass spectra were obtained with the use of a VG 70 ± 250S mass
spectrometer operating in electron impact (EI) mode. The calculated
isotopic distribution for each ion was in agreement with experimental


values. Elemental analyses were performed by Quantitative Technologies,
Whitehouse, NJ.


X-ray diffraction studies : Crystal data and details of the data collection are
provided in Tables 5 and 6. Diffraction data were collected on a Nonius
Kappa-CCD using graphite-monochromated MoK� radiation (��
0.71073 ä). A combination of 1� � and � (with � offsets) scans were used
collect sufficient data. The data frames were integrated and scaled by using
the Denzo-SMN package. The structures were solved and refined with the
SHELXTL-PC V5.1 software package. Refinement was by full-matrix
least-squares on F 2 using all data (negative intensities included). In all
structures hydrogen atoms bonded to carbon atoms were included in
calculated positions and treated as riding atoms.


CCDC-180449 (7), CCDC-180450 (8), CCDC-180451 (2), CCDC-180452
(5), CCDC-180453 (10), CCDC-180454 (6), CCDC-180455 (12), and
CCDC-180456 (13b), contain the supplementary, crystallographic data
for this paper. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44) 1223-
336-033; or e-mail : deposit@ccdc.cam.ac.uk).


Synthesis of complex 2 : (Inert conditions were not necessary for this
procedure.) Phosphine ligand 1 (1.14 g; 4 mmol), dissolved in ethanol
(2 mL), was added to a solution of K2PdBr4 (1.0 g, 2 mmol) in water (4 mL).
The reaction mixture was stirred for 24 h at room temperature and the
solvent then removed under vacuum. The residue was taken up in CH2Cl2
(10 mL) and filtered through a frit to remove the KCl/KBr. Slow
evaporation of the solvent afforded 2 in a quantitative yield as yellow
crystals (1.67 g, 99%). 31P{1H} NMR (121.5 MHz, CD2Cl2, 20 �C): ��
6.6 ppm; 1H NMR (300 MHz, CD2Cl2, 20 �C): �� 7.85 (brdd, 8H; Ph),
7.51 to 7.40 (m, 14H; Ph), 7.22 (br t, 4H; Ph), 6.97 ppm (brd, 4H; Ph);
13C{1H} NMR: �� 134.1 (d, J(C,P)� 12.9 Hz; Ph), 134.0 (s; Ph), 132.1 (s;
Ph), 131.6 (s; Ph), 130.6 (s; Ph), 128.6 (d, J(C,P)� 13.0 Hz; Ph), 128.5 (d,
J(C,P)� 8.3 Hz; Ph), 120.5 (s; Ph), 110.7 (br; C�C), 95.7 ppm (br; C�C);
MS:m/z (%): 837 (3) [M�], 759 (15) [M��Br], 286 (100) [Ph2PCCPh�], 77


Table 5. Crystal data and structure refinement for 2, 5, and 6.


2 5 6 ¥ CHCl3


formula C40H30Br2P2Pd C40H30I2P2Pd C41H31Cl3I2P2Pt
Mr 838.80 932.78 1140.84
T [K] 150(1) 150(1) 150(1)
crystal system monoclinic monoclinic monoclinic
space group P21/c P21/c P21/n
a [ä] 10.3323(3) 10.3684(3) 11.7902(2)
b [ä] 16.6952(3) 17.0295(4) 14.0487(2)
c [ä] 10.4290(3) 10.4871(3) 24.0427(5)
� [�] 90 90 90
� [�] 109.1280(10) 110.0940(10) 91.770(6)
� [�] 90 90 90
V [ä3] 1699.68(8) 1738.98(8) 3980.46(12)
Z 2 2 4
	calcd [Mgm�3] 1.639 1.781 1.904
� [mm�1] 3.019 2.429 5.387
F(000) 832 904 2168
crystal size [mm3] 0.32� 0.20� 0.20 0.18� 0.16� 0.16 0.35� 0.28� 0.20

 range [�] 3.20 ± 27.50 3.16 ± 27.51 2.79 ± 25.06
index ranges 0�h� 13 0� h� 13 0� h� 14


0�k� 21 0� k� 21 0� k� 16
� 13� l� 12 � 13� l� 12 � 28� l� 28


reflections collected 13720 14243 24150
independent reflections 3897 [R(int)� 0.065] 3974 [R(int)� 0.055] 6966 [R(int)� 0.048]
completeness to 
 [�] 27.50, 99.7% 27.51, 99.6% 25.06, 98.7%
absorption correction multi-scan multi-scan semi-empirical
max./min. transmission 0.5835/0.4450 0.6973/0.6690 0.4121/0.2543
data/restraints/parameters 3897/0/206 3974/0/206 6966/0/443
goodness-of-fit on F 2 1.057 1.033 1.013
final R indices [I� 2�(I)] R1� 0.0360, wR2� 0.0878 R1� 0.0337, wR2� 0.0753 R1� 0.0338, wR2� 0.0857
R indices (all data) R1� 0.0480, wR2� 0.0932 R1� 0.0502, wR2� 0.0827 R1� 0.0445, wR2� 0.0914
extinction coefficient 0.0018(6) 0.0014(3) 0.00072(9)
largest diff. peak/hole [eä�3] 0.928/� 1.030 1.223/� 0.754 1.569/� 1.178
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(90) [Ph�]; elemental analysis calcd (%) for C40H30Br2P2Pd (837.3): C 57.27,
H 3.60; found: C 57.24, H 3.53.


Synthesis of complexes 5 and 6 : The chloro-substituted compounds 3
(1.49 g, 2 mmol) and 4 (1.67 g, 2 mmol) were each dissolved in acetone
(15 mL). KI (0.67 g, 4 mmol) was added, and the reaction mixture stirred
for 30 min at room temperature. The solvent was removed under vacuum,
and the residue taken up in CH2Cl2 (10 mL) and filtered through a frit
subsequently. Slow evaporation of the solvent at room temperature
afforded 5 (1.86 g, 99%) and 6 (2.04 g, 99%) as red/yellow crystals in
quantitative yield.


Complex 5 : 31P{1H} NMR (121.5 MHz, CDCl3, 20 �C): ���14.8 ppm;
1H NMR (300 MHz, CDCl3, 20 �C): �� 7.78 (m, 8H; Ph), 7.61 (m, 4H; Ph),
7.42 ± 7.29 ppm (m, 18H; Ph); 13C{1H} NMR: �� 134.1 (d, J(C,P)� 13.3 Hz;
Ph), 134.0 (s; Ph), 132.8 (s; Ph), 131.4 (s; Ph), 130.8 (s; Ph), 128.9 (d,
J(C,P)� 25.8 Hz; Ph), 128.7 (d, J(C,P)� 11.7 Hz; Ph), 125.9 (s; Ph), 101.5
(br; C�C), 87.1 ppm (br; C�C); MS: m/z (%): 932 (2) [M�], 805 (5) [M��
I], 204 (95) [PhI�], 77 (100) [Ph�]; elemental analysis calcd (%) for
C40H30I2P2Pd (931.9): C 51.50, H 3.24; found: C 51.15, H 3.21.


Complex 6 : 31P{1H} NMR (121.5 MHz, C6D6, 20 �C): ���11.8 ppm
(1J(P,Pt)� 3475 Hz); 1H NMR (300 MHz, C6D6, 20 �C): �� 7.96 (m, 8H;
Ph), 7.10 ± 6.73 ppm (m, 22H; Ph); 13C{1H} NMR: �� 134.2 (d, J(C,P)�
11.4 Hz; Ph), 134.2 (s; Ph), 132.0 (s; Ph), 131.4 (s; Ph), 130.4 (s; Ph), 128.3
(d, J(C,P)� 2.2 Hz; Ph), 128.3 (d, J(C,P)� 6.1 Hz; Ph), 120.6 (s; Ph), 108.9
(br; C�C), 95.7 ppm (br; C�C); MS: m/z (%): 1021 (5) [M�], 894 (55)
[M�� I], 178 (100) [PhCCPh�], 77 (40) [Ph�]; elemental analysis calcd (%)
for C40H30I2P2Pt (1021.5): C 47.03, H 2.96; found: C 47.25, H 2.87.


Synthesis of the Co-cluster model compounds : [Co2(CO)8] (0.75 g,
2.2 mmol) was added at room temperature to a solution of the complex 5
(0.93 g; 1 mmol) or 6 (1.02 g; 1 mmol) in CH2Cl2 (30 mL). The reaction
mixture was stirred for 1 ± 2 h, until no further CO evolution was observed.
The solvent and any unreacted [Co2(CO)8] were then evaporated under
vacuum. The residue was dissolved in CH2Cl2 (15 mL) and filtered through
neutral alumina. The cluster-bound product was obtained from the


concentrated solution at �30�C as black crystals in good yield (7: 1.33 g,
82%; 8 : 1.20 g, 78%).


Complex 7: 31P{1H} NMR (121.5 MHz, C6D6, 20 �C): �� 50.3 ppm; 1HNMR
(300 MHz, CD2Cl2, 20 �C): �� 8.26 (brm, 4H; Ph), 8.03 (brm, 4H; Ph), 7.42
(brm, 6H; Ph), 7.42 ± 6.88 ppm (m, 16H; Ph); 13C{1H} NMR: �� 198.7 (br;
CO), 196.1 (br; CO), 134.1 (br; Ph), 133.0 (br; Ph), 132.8 (s; Ph), 132.2 (s;
Ph), 131.4 (s; Ph), 130.8 (s; Ph), 129.1 (d, J(C,P)� 9.0 Hz; Ph), 128.7 (d,
J(C,P)� 6.6 Hz; Ph), 100.5 (br; C�C), 78.7 ppm (br; C�C); IR (solid,
nujol): � � 2064, 2016, 2007, 1994, 1963 cm�1 (C�O); MS (FAB positive
ionization): m/z (%): 1448 (10) [M�], 1421 (15) [M��CO], 1364 (100)
[M�� 3CO], 1336 (60) [M�� 4CO]; elemental analysis calcd (%) for
C52H34Cl4Co4I2O10P2Pd (1618.5): C 38.59, H 2.12; found: C 38.31, H 2.27.


Complex 8 : 31P{1H} NMR (121.5 MHz, C6D6, 20 �C): �� 37.9 ppm
(J(P,Pt)� 3695 Hz); 1H NMR (300 MHz, C6D6, 20 �C): �� 8.13 (brm,
8H; Ph), 7.17 (br, 10H; Ph), 6.75 (br, 4H; Ph), 6.53 (br, 4H; Ph), 6.32 ppm
(br, 4H; Ph); 13C{1H} NMR: �� 204.1 (br; CO), 200.9 (br; CO), 197.8 (br;
CO), 141.1 (br; Ph), 136.3 (br; Ph), 132.7 (br; Ph), 131.7 (br; Ph), 130.4 (br;
Ph), 130.0 (s; Ph), 128.8 (s; Ph), 127.6 (s; Ph), 106.2 (br; C�C), 96.4 ppm (br;
C�C); IR (solid, nujol): � � 2068, 2027, 2020, 1996, 1989 cm�1 (C�O); MS
(FAB pos ionization): m/z (%): 1482 (5) [M�� 2CO], 1453 (35) [M�


� 3CO], 1398 (25) [M�� 5CO], 1342 (50) [M�� 7CO], 1314 (50) [M�


� 8CO], 1286 (50) [M�� 9CO], 1257 (100) [M�� 10CO]; elemental
analysis calcd (%) for C50H30Co4I2O10P2Pt (1538.2): C 39.06, H 1.97; found:
C 38.86, H 2.19.


Synthesis of Fe-cluster model compounds : Complex 5 (0.93 g, 1 mmol) was
dissolved in THF (25 mL) and [Fe2(CO)9] (1.45 g, 4 mmol), suspended in
THF (25 mL), was added at room temperature. The reaction mixture was
then refluxed for 1 h. After cooling to room temperature, the solution was
analyzed by 31P NMR spectroscopy. The analysis revealed the generation of
about 65% of 9, 20% of 10 and approx. 15% of unidentified products. The
solvent was then evaporated under vacuum, the residue taken up in CH2Cl2
(25 mL) and filtered over neutral alumina. The red solution was evaporated
to dryness again and toluene (10 mL) and MeCN (5 mL) were added.


Table 6. Crystal data and structure refinement for 7, 8, 10, 12, and 13b.


7 ¥ 2CH2Cl2 8 10 ¥ 0.5MeCN ¥ 2H2O 12 ¥ 2CHCl3 13b ¥ 2.5CHCl3


formula C52H34Cl4Co4I2O10P2Pd C50H30Co4I2O10P2Pt C60H45.50Fe2IN0.50O9P3Pd2 C104H74Cl12P6Pt3 C104.50H73.50Cl7.50I6P6Pt3
Mr 1618.45 1537.29 1461.78 2520.12 3127.50
T [K] 150(1) 150(1) 150(1) 150(1) 150(1)
crystal system triclinic monoclinic triclinic monoclinic triclinic
space group P1≈ P21/c P1≈ P21/c P1≈


a [ä] 9.6702(10) 14.7065(10) 9.6077(3) 27.3897(3) 17.9913(2)
b [ä] 11.1270(10) 18.0698(14) 14.4550(5) 19.9725(4) 18.1767(2)
c [ä] 13.4841(14) 20.1236(13) 23.2666(11) 21.6238(6) 1.2848(2)
� [�] 99.413(5) 90 95.8000(10) 90 67.4270(10)
� [�] 90.983(5) 108.446(5) 93.5850(10) 109.228(8) 76.3250(10)
� [�] 105.873(6) 90 107.4460(10) 90 74.8940(10)
V [ä3] 1373.8(2) 5073.0(6) 3052.1(2) 11169.2(4) 6132.23(11)
Z 1 4 2 4 2
	calcd [Mgm�3] 1.956 2.013 1.591 1.499 1.694
� [mm�1] 2.936 5.365 1.683 4.163 5.204
F(000) 784 2928 1446 4904 2940
crystal size [mm3] 0.25� 0.25� 0.23 0.23� 0.16� 0.13 0.30� 0.10� 0.06 0.15� 0.13� 0.06 0.15� 0.13� 0.10

 range [�] 2.59 ± 27.60 2.69 ± 25.03 2.87 ± 26.06 2.57 ± 25.05 2.84 ± 27.57
index ranges 0�h� 12 0� h� 17 0� h� 11 � 32� h� 30 0� h� 23


� 14� k� 13 0� k� 21 � 17� k� 17 � 23� k� 0 � 22�k� 23
� 17� l� 17 � 22� l� 22 � 28� l� 28 0� l� 25 � 26� l� 27


reflections collected 41665 72051 24379 58481 96470
independent reflections 6195 [R(int)� 0.058] 8359 [R(int)� 0.062] 11516 [R(int)� 0.078] 19405 [R(int)� 0.051] 28117 [R(int)� 0.048]
completeness to 
 [�] 27.60, 96.8% 25.03, 93.2% 26.06, 95.5% 25.05, 98.1% 27.57, 99.0%
absorption correction multi-scan multi-scan semi-empirical semi-empirical semi-empirical
max/min transmission 0.5516/0.5273 0.5422/0.3717 0.9058/0.6322 0.7883/0.5740 0.6241/0.5090
data/restraints/parameters 6195/12/359 8359/0/622 11516/2/713 19405/15/1102 28117/36/1158
goodness-of-fit on F 2 1.035 1.082 1.014 1.029 1.031
final R indices [I� 2�(I)] R1� 0.0537, wR2� 0.1139 R1� 0.0445, wR2� 0.0954 R1� 0.0615, wR2� 0.1495 R1� 0.0503, wR2� 0.1169 R1� 0.0475, wR2� 0.1298
R indices (all data) R1� 0.0859, wR2� 0.1276 R1� 0.0648, wR2� 0.1049 R1� 0.1015, wR2� 0.1729 R1� 0.0824, wR2� 0.1266 R1� 0.0655, wR2� 0.1399
extinction coefficient none none 0.0019(4) none 0.00064(6)
largest diff. peak/hole [eä�3] 1.468/� 0.986 1.429/� 1.025 1.245/� 1.192 2.416/� 2.120 6.083/� 2.207
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Brown crystals of 10 were obtained after 6 days at �30 �C in 15% yield
(0.10 g).


Complex 9 : 31P{1H} NMR (121.5 MHz, CD2Cl2, 20 �C): �� 50.8 ppm;
1H NMR (300 MHz, CDCl3, 20 �C): �� 7.90 (brd, J(H,P)� 7.5 Hz, 8H; Ph),
7.75 (m, 4H; Ph), 7.42 ± 7.27 ppm (m, 18H; Ph); 13C{1H} NMR: �� 213.0 (d,
J(C,P)� 19.2 Hz; CO), 134.2 (d, J(C,P)� 57.5 Hz; Ph), 132.4 (s; Ph), 132.0
(d, J(C,P)� 12.3 Hz; Ph), 131.2 (d, J(C,P)� 2.6 Hz; Ph), 130.5 (s; Ph), 128.9
(d, J(C,P)� 11.7 Hz; Ph), 128.7 (s; Ph), 121.0 (s; Ph), 111.7 (d, J(C,P)�
15.8 Hz; C�C), 83.0 ppm (d, J(C,P)� 96.7 Hz; C�C).


Complex 10 : 31P{1H} NMR (121.5 MHz, CDCl3, 20 �C): �� 166.4, 37.1,
�0.5 ppm; 1H NMR (300 MHz, CDCl3, 20 �C): �� 8.16 (d, J(H,P)�
6.8 Hz, 4H; Ph), 8.13 (d, J(H,P)� 7.2 Hz, 2H; Ph), 8.10 (d, J(H,P)�
6.8 Hz, 2H; Ph), 7.65 ± 7.06 (m, 24H; Ph), 6.96 ± 6.84 (m, 8H; Ph); 13C{1H}
NMR: �� 215.1 (br; CO), 207.1 (br; CO), 136.9 (d, J(C,P)� 13.8 Hz; Ph),
134.0 ± 122.3 (m, 40C; Ph), 113.5 (s; Ph), 95.7 (br; C�C), 71.9 ppm (br;
C�C); elemental analysis calcd (%) for C59H40Fe2IO7P3Pd2 (1405.3): C
50.43, H 2.87; found: C 48.87, H 2.95.


Synthesis of 12 : (Inert conditions were not necessary for this procedure.)
Bisphosphine 11 (0.19 g, 0.4 mmol), dissolved in CHCl3 (15 mL) was added
to a suspension of K2PtCl4 (0.17 g, 0.4 mmol) in CHCl3 (20 mL) at room
temperature. The reaction mixture was stirred for 3 d, the solvent removed
under vacuum, and the residue taken up in water (10 mL). The product was
filtered off and evaporated to dryness again, and the residue taken up in
CHCl3/CH2Cl2/MeCN (60 mL; 1:1:1 mixture). Slow evaporation of the
solvent at room temperature afforded 12 as colorless crystals in 54% yield
(0.49 g). 31P{1H} NMR (121.5 MHz, CD2Cl2, 20 �C): �� -8.4 ppm (s,
J(P,Pt)� 3745 Hz); 1H NMR (300 MHz, CD2Cl2, 20 �C): �� 7.61 (dd, J�
12.6, 7.8 Hz, 24H; Ph), 7.58 ± 7.37 (m, 36H; Ph), 6.72 ppm (s, 12H; C6H4);
13C {1H} NMR: �� 134.0 (br; Ph), 132.8 (s; Ph), 131.3 (s; ar-CH), 129.0 (s;
Ph), 128.8 (s; Ph), 122.1 (s; ar-C), 100.2 (br; C�C), 89.4 ppm (br; C�C); MS
(FAB positive ionization): m/z (rel. intensity) 2244(5) [M�-Cl], 1251(100)
[M�-2PtCl2-L]; elemental analysis calcd (%) for C102H72Cl6P6Pt3 (2281.5): C
53.70, H 3.18; found: C 53.33, H 3.24.


Synthesis of 13a : (Inert conditions were not necessary for this procedure.)
The triangle 12 (0.45 g, 0.2 mmol) was dissolved in acetone (20 mL) and KI
(0.20 g, 1.2 mmol) was added at room temperature. The reaction mixture
was stirred for 1 h, the solvent removed under vacuum, and the residue
taken up in CH2Cl2 (15 mL). The product was filtered off and evaporated to
dryness to afford 13a in quantitative yield (0.56 g, 99%) as orange powder.
31P{1H} NMR (121.5 MHz, CD2Cl2, 20 �C): ���11.5 ppm (s, J(P,Pt)�
3502 Hz); 1H NMR (300 MHz, CD2Cl2, 20 �C): �� 7.79 (dd, J� 5.2,
2.8 Hz, 24H; Ph), 7.48 ± 7.31 (m, 36H; Ph), 6.55 (s, 12H; C6H4); 13C {1H}
NMR: �� 134.6 (br; Ph), 132.2 (s; Ph), 131.0 (s; ar-CH), 128.9 (s; Ph), 128.8
(s; Ph), 122.2 (s; ar-C), 106.7 (br; C�C), 85.3 ppm (br; C�C); elemental
analysis calcd (%) for C102H72I6P6Pt3 (2830.2): C 43.29, H 2.56; found: C
42.54, H 2.24.


Synthesis of 13b : (Inert conditions were not necessary for this procedure.)
A solution of 13a (0.40 g; 0.14 mmol) in CHCl3/CH2Cl2/MeCN (30 mL,
1:1:1 mixture) was kept for 3 weeks at room temperature. Subsequent slow
evaporation of the solvent at room temperature afforded 13b as yellow
crystals in 56% yield (0.22 g). 31P{1H} NMR (121.5 MHz, CD2Cl2, 20 �C):
�� 49.7 (s, J(P,Pt)� 3301 Hz), 36.2 (s, J(P,Pt)� 3233 Hz), �9.3 ppm (s,
J(P,Pt)� 3500 Hz); 1H NMR (400 MHz, CD2Cl2, 20 �C): �� 8.13 (d, J�
10.0 Hz, 2H; ar-H), 8.01 (dd, J� 14.1, 7.2 Hz, 4H; ar-H), 7.82 (dd, J� 11.7,
6.3 Hz, 4H; ar-H) 7.87 ± 6.99 (m, 48H; ar-H), 6.76 (d, J� 8.0 Hz, 2H ar-H),
6.53 (br, 4H; ar-H), 6.47 (s, 4H; ar-H), 6.20 (d, J� 8.0 Hz, 2H; ar-H),
5.87 ppm (d, J� 8.5 Hz, 2H; ar-H); 13C {1H} NMR: �� 144.6 ± 128.0 (br;
naphthyl-C), 121.3 (s; ar-C), 117.1 (s; ar-C), 105.4 (br; C�C), 89.3 ppm (br;
C�C). elemental analysis calcd (%) for C102H72I6P6Pt3 ¥ CHCl3 (2949.54): C
41.94, H 2.49; found: C 41.63, H 2.39.
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2,8�-Disubstituted-1,1�-Binaphthyls: A New Pattern in Chiral Ligands
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Abstract: The title binaphthyls 19 and
26, which are the positional isomers of
2-methoxy-2�-(diphenylphosphino)-1,1�-
binaphthyl (MOP, 19) and 2-amino-2�-
hydroxy-1,1�-binaphthyl (NOBIN, 26),
have been synthesized by Suzuki cou-
pling as the key step (10 � 15� 18),
followed by functional group transfor-
mations, involving C�P and C�N bond
formation (18� 19 and 18� 23). Race-


mic intermediate 22 was resolved by co-
crystallization with N-benzylcinchonidi-
nium chloride and the absolute config-
uration determined by X-ray crystallog-
raphy. These novel binaphthyls are con-


figurationally stable and, as such,
potentially usable as chiral ligands in
asymmetric reactions. Michael addition
of the glycine-derived enolate 40 to
methyl acrylate, carried out in the pres-
ence of (R)-(�)-27 as the chiral phase-
transfer catalyst, afforded �-glutamic
acid (S)-(�)-43 of 92% ee (after hydrol-
ysis of the primary product).


Keywords: amination ¥ binaphthyls
¥ chirality ¥ chiral resolution ¥
Suzuki coupling


Introduction


2,2�-Substituted 1,1�-binaphthyls (1)[1] have played a major
role in the development of chiral catalysts for asymmetric
synthesis. Whilst the classical first generation possessed


identical substituents X and Y [e.g., 2,2�-dihydroxy-1,1�-
binaphthyl (BINOL),[2] 2,2�-diamino-1,1�-binaphthyl
(BINAM),[3] and 2,2�-bis(diphenylphosphino)-1,1�-binaphthyl
(BINAP);[4] 1a ± 1c], new development is characterized by
non-identical groups [e.g., 2-amino-2�-hydroxy-1,1�-binaphth-
yl (NOBIN),[5, 6] 2-methoxy-2�-(diphenylphosphino)-1,1�-bi-
naphthyl (MOP),[7] and 2-(N,N-dimethylamino)-2�-(diphenyl-
phosphino)-1,1�-binaphthyl (MAP);[5m, 8] 1d ± 1 f].


X


Y
Y


X


O


N R


1a,  X = Y = OH
1b,  X = Y = NH2
1c,  X = Y = PPh2
1d,  X = OH, Y = NH2
1e,  X = OMe, Y = PPh2
1f,   X = NMe2, Y  = PPh2
1g,  X = Y = H
1h,  X = OH, Y = H
1i,   X = OH, Y = NHCOMe


2a,  X = Y = OH
2b,  X = Y = OXZ
2c,  X = Y = COOH
2d,  X = Y = Me
2e,  X = OMe, Y = PPh2
2f,   X = COOH, Y = H


1 2


1'
2'


1


1' 8'


8


OXZ =


Further locations in the binaphthyl skeleton, available to
accommodate the ligating groups, would be the 8,8�- and 2,8�-
positions.[9] While the former pattern (2) has been synthe-
sized[10] and shown to give high levels of asymmetric induction
in selected cases,[11] the latter series (3 ; Scheme 1) remains
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Scheme 1. Retrosynthetic analysis of 3.


unexplored. Yet another molecular architecture encompasses
a shift of the classical 1,1�-chiral axis into the 2,2�-position.[12]


Although these VAPOL-type ligands (e.g. 2,2�-diphenyl-(3,3�-
biphenanthrene)-4,4�-diol) require further substituents to
prevent rotation about the chiral axis, this complication is
compensated by excellent enantioselectivities attained in
selected asymmetric reactions.[12]


The common feature of 1,1�-binaphthyls is the chiral axis
between C-1 and C-1�, which creates a chiral cavity. However,
when the coordinating atoms are located in the 2,2�-position,
this molecular architecture fails to offer a chiral environment
in the immediate vicinity of the reaction center (1/M), so that
the high degree of enantioselection reported for these ligands
has to be attributed to additional effects. Thus, for instance, in
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the case of BINAP (1c), the binaphthyl moiety serves merely
as a chiral scaffold, which dictates the orientation of the Ph
groups adjacent to the phosphorus atoms.[13] It is this relayed
effect, which then controls the enantioselection of the
catalytic reactions.[13] With these systems, the chiral environ-
ment at the reaction center can be further enhanced by


additional, bulky groups in 3,3�-positions;[1, 14] however, this
increases the synthetic complexity of the ligands. By contrast,
binaphthyl complexes with ligating groups located at 8,8�- or
2,8�-positions (2/M[10, 11] or 3/M) appear to offer a chiral
environment directly created by the binaphthyl skeleton so
that the binaphthyl moiety itself can be expected to exercise
asymmetric control, which may have interesting implications
in the level of asymmetric induction. The 8,8�-system (2/M)
has recently been shown to behave along these lines,[10, 11] but
the practicality of these ligands is somewhat hampered by
their low configurational stability (as compared to the 2,2�-
substituted binaphthyls).[11, 15] Herein, we report on the first
synthesis of 2,8�-disubstituted-1,1�-binaphthyls (3 ; X�OMe,
OH, Y�PPh2, NH2) and demonstrate their configurational
stability.


Results and Discussion


Construction of 2,8�-disubstituted 1,1�-binaphthyls by Suzuki
coupling : The synthesis of the 2,8�-disubstituted 1,1�-binaphth-
yls 3 can be envisaged by the Suzuki[16] or related coupling
(Scheme 1) as the key step to construct the 1,1�-bond. This
approach would require two building blocks, namely a 1,2-
disubstituted naphthalene and its 1,8-disubstituted partner.
The substituents at the 1-position in each block would have to
be suitable for the intended coupling, for example, a halogen
and boron, with the choice of polarity (A or B). Availability of
the starting materials appeared to favor the alternative A,
since the naphthalene derivative with an electron-rich 2-sub-
stituent can be brominated at the 1-position (note that
1-bromo-2-naphthol is commercially available) and the syn-
thesis of the boronic partner can be envisaged through the
chelation-controlled deprotonation of a 1-substituted naph-
thalene in 8-position.


1-Methoxynaphthalene is known to be deprotonated by
nBuLi at 2-position,[17±20] whereas tBuLi prefers the 8-position
(though the conversion seems rather low and the primary
product tends to equilibrate to the more thermodynamically
stable 2-Li isomer).[20, 21] By contrast, 1-(dimethylamino)naph-
thalene (4) is selectively deprotonated at 8-position both with
nBuLi and tBuLi.[21, 22] Therefore, we have first focused on 4 as
a precursor.


Deprotonation of 1-(dimethylamino)naphthalene (4)[22]


occurred at room temperature over a period of three days
(Scheme 2) and was evidenced by a gradual precipitation of
the yellow lithiated species, commencing about 18 ± 24 hours
after the setup of the reaction. The latter, in situ generated
species was treated with (MeO)3B and the resulting borate
was hydrolyzed under the standard acidic conditions (HCl) to
afford the corresponding boronic acid 6 (44%). However, the
attempted Suzuki coupling of 6 with either 1-bromo-2-
naphthol or its methyl ether 9 (vide infra), under a variety
of conditions, was unsuccessful. Only the starting boronic acid
and the dehalogenated 2-naphthol and 2-methoxynaphtha-
lene were isolated after a prolonged reaction time. Appa-
rently, this failure to react is associated with the B ±N
interaction (acid ± base), evidenced by 11B NMR spectroscopy,
which showed the boron signal in 6 at �� 10.56 ppm, that is,


Abstract in Czech: 2,8�-Disubstituovanÿ-1,1�-binaftyly, zejmÿ-
na polohovÿ isomery MOPu (19) a NOBINu (26), byly
syntetizova¬ny s pouzœitÌm Suzukiho reakce jako klÌcœovÿho
kroku (10 � 15�18), po neœmzœ na¬sledovala transformace
funkcœnÌch skupin, zahrnujÌcÌ tvorbu C-P a C-N vazeb (18�
19 a 18� 23). Racemicky¬ meziprodukt 22 byl rozsœteœpen na
enantiomery krystalizacÌ s N-benzylcinchonidinium chloridem
a jeho absolutnÌ konfigurace byla stanovena pomocÌ rentgeno-
strukturnÌ krystalografie. Tyto novÿ binaftyly jsou konfiguracœ-
neœ stabilnÌ a tudÌzœ potencia¬lneœ vyuzœitelnÿ jako chira¬lnÌ ligandy
v asymetricky¬ch reakcÌch. Michaelova adice enola¬tu 40, od-
vozenÿho z glycinu, na methyl metakryla¬t, prova¬deœna¬ v
prœÌtomnosti (R)-(�)-27 jako chira¬lnÌho katalyza¬toru fa¬zovÿho
prœenosu, poskytla �-glutamovou kyselinu (S)-(�)-43 s 92% ee
(po hydroly¬ze prima¬rnÌho produktu).
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Scheme 2. a) nBuLi, Et2O, RT, 3 d; b) (MeO)3B, RT, overnight; c) HCl,
H2O, RT, 2 h, 44% overall ; d) Me3SnCl, RT, overnight, 53%; e) from 9,
Mg, THF, 30 min; f) (iPrO)3B (1.5 equiv), �78 �C, 1 h, then RT, 12 h;
g) HCl, H2O, RT, 30 min, 67% overall; h) from 9, nBuLi, THF,�78 �C, 2 h;
i) (iPrO)3B, �78 �C to RT, 18 h; j) dil. HCl, RT, 30 min.


�8 ppm upfield relative to other boronic acids, such as
PhB(OH)2, whose 11B signal appears at �� 2.36 ppm.[23, 24]


Attempted Stille coupling of 9 with the tin analogue 7,[25]


obtained on quenching of the organolithium derivative 5 with
Me3SnCl, proved equally unsuccessful.


Since strategy A (Scheme 1) failed, we turned to the
partners with swapped polarity (B). To this end, boronic
acid[26] 10 was prepared as the nucleophilic partner from
1-bromo-2-methoxynaphthalene (9) from the corresponding
Grignard reagent[26±28] (Scheme 2) and borate ester.[27] It is
pertinent to note that 10 cannot be prepared directly from
2-methoxynaphthalene (8) through ortho-directed metalla-
tion or from 9 by lithiation, since these routes lead to the
™wrong∫ boronic acid 11.[29]


As an electrophilic partner, 1-amino-8-bromonaphtha-
lene[30] (13) was synthesized from the commercially available
1,8-diamine 12 by the Sandmeyer reaction (Scheme 3).
However, the attempted coupling of 13 with boronic acid
10[27] also failed.


BrBrNH2NH2NHRBr


13,  R = H
14,  R = MeCO


12 15


a - c d, e


Scheme 3. a) NaNO2 (1 equiv), HCl, �5 �C, 2 h, 10 �C, 18 h; b) HBr
(excess), Cu bronze (0.66 equiv), 60 �C; 27%; c) Ac2O, pyridine, 100 �C,
1 h, 80%; d) NaNO2 (2.3 equiv), conc. H2SO4, 0 �C; e) HBr (excess), CuBr
(1.3 equiv), RT; 25%.


Since the presence of an electron-rich substituent in the
peri-position proved detrimental to the Suzuki coupling, we
set out to explore the possibility of using a less Lewis basic
group. To this end, bromoacetamide[31] 14 was prepared by
acetylation of 13 and subjected to the coupling with 10, but,
again, was found to be inert. On the other hand, amide 14 did
couple with the isomeric boronic acid 11 (unlike the amine 13,
which was still inert) to produce 1,2�-binaphthyl 16 (Scheme 4).


OMe


X


11   +   14


16,  X = NHAc
17,  X = Br


11   +   15


a


68%


55%


Scheme 4. a) [Pd(PPh3)4] (5 mol%), DME, H2O, Na2CO3, reflux 18 h.


This last result suggested that, indeed, lowering the Lewis
basicity of the neighboring group improved the reactivity in
the 8-position. However, the reaction also required that steric
hindrance be minimized, as in boronic acid 11, which lacks the
interference of the peri-hydrogen, characteristic of its isomer
10. Apparently, the combined steric hindrance in 10 and 14
(particularly the peri-proton in 10) is prohibitive. Since the
steric architecture of the boronic acid cannot be altered
(boron must be located in 1-position), any alteration can only
be attempted in the electrophilic partner. Therefore, 1,8-
dibromide[32] 15 was prepared from diamine 12 by a double
Sandmeyer-type transformation and subjected to the coupling
with 10. On this occasion, the Suzuki reaction was successful
(Scheme 5), affording the desired 1,1�-binaphthyl 18 (76%),
whose structure was confirmed by X-ray crystallography (vide
infra). However, a fair amount of optimization was required
here; the highest yield (76%) of the desired product was
obtained when the coupling was carried out with [Pd(Ph3P)4]
as the catalyst (3.5 ± 5 mol%) and K2CO3 as a base in a 2:1
DME/H2O mixture at reflux temperature for 24 hours.[33]


B(OH)2


OMe


Br Br


OMe
Br


18


10 15


+


a


Scheme 5. a) [Pd(PPh3)4] (3.5 ± 5.0 mol%), Na2CO3, DME, H2O, reflux,
24 h; 76%.


A control experiment showed that, as expected, dibromide
15 also coupled with the isomeric boronic acid 11 to afford
1,2�-binaphthyl 17 (Scheme 4).


Substituent variation in 2,8�-disubstituted 1,1�-binaphthyls :
We envisaged that the availability of bromide 18 would open
the routes to methoxyphosphine 19, which can be regarded as
the 2,8�-isomer of MOP[7] (Scheme 6), and to amino alcohol
26, an isomer of NOBIN[5, 6] (Scheme 7). Indeed, replacement
of bromine in 18 with the PPh2 group did occur as expected by
using the Ager protocol,[34] affording 19, though in a modest
yield (32%), owing to the competing reduction to 2-meth-
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Scheme 6. a) Ph2PCl, Zn, DMF, (dppe)NiCl2 (5 mol%), 105 �C, 48 h.
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Scheme 7. a) BBr3, CH2Cl2, RT, overnight; b) MeI, K2CO3, Me2CO,
reflux, 24 h, 97%; c) Ph2C�NH, [Pd(dba)2], (2-Ph2P-C6H4)2O, tBuONa,
toluene, 100 �C, 24 h; d) 35% aq HCl, CH2Cl2, RT, overnight; e) AcCl,
C5H5N, CH2Cl2, RT, overnight; f) MeONa (cat.), MeOH, RT, overnight.


oxy-1,1�-binaphthyl (20, 6%)[35] and an insertion reaction
resulting in the formation of 1-methoxyperylene (21,
26%),[36, 37] whose structure was proved by single-crystal
X-ray analysis. Other attempts, such as the lithiation of 18
using tBuLi, followed by addition of Ph2PCl,[8d] the Pd0-
catalyzed coupling of 18 with Ph2P(O)H,[8a, 38] and the Ni0-
catalyzed coupling with Ph2PH[34, 39] were entirely unsuccess-
ful.


In the synthesis of iso-NOBIN (26), Hartwig ±Buchwald
amination[40] was employed as the key step (Scheme 7). Thus,
following the protocol developed by Buchwald for an alter-
native synthesis of NOBIN,[40] methoxy bromide 18 was
converted into imine 23 (97%). Interestingly, the analogous
hydroxy bromide 22, obtained on the BBr3-mediated depro-
tection of 18 (96%), proved inert under the same conditions,
demonstrating the importance of the protecting group.
Hydrolysis of imine 23 afforded methoxy amine 25 (92%),
whose deprotection with BBr3 furnished the desired iso-
NOBIN (26, 95%). Alternatively, oxygen deprotection of 23
resulted in the formation of hydroxy imine 24 (95%),
demonstrating the stability of the imine functionality to Lewis
acids in the absence of water; the structure of 24 was
confirmed by X-ray crystallography (vide infra). Subsequent
hydrolysis of 24 with Br˘nsted acid gave rise to 26 (89%),
identical with the compound obtained from the first route.
The overall yields of these two routes were practically
identical. A two-step N-acetylation[5g] of 26 afforded acet-
amide 27 (94%).


The N,N-dimethylation of NOBIN (1d) by reductive
amination with formaldehyde and NaBH4 has been shown
by us to occur uneventfully and with high yield.[5g,i] Interest-
ingly, under the same conditions, iso-NOBIN (26) afforded a
mixture (Scheme 8) of the expected dimethylamino derivative
29 (33%) and the ipso-product 30 (59%), whose structure was
determined by the NMR spectroscopy with the full assign-
ment of all protons and carbons. The spirocycle 30 apparently
results from an electrophilic attack of the intermediate
immonium ion 28 at C-1�.
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Scheme 8. a) 35% aq CH2O, NaBH4, H2SO4, THF, RT, 15 min.


The electrophilic ipso-attack is not confined to this series.
Thus, tosylate 31 is known to produce the tetrahydropyrane
derivative 32 in alkaline medium rather than the expected
eight-membered crown ether (Scheme 9).[41, 42] Similarly,
MAP (1 f) reacts with the electrophilic PdCl2 to generate
the five-membered P,C-chelate 33 rather than the seven-
membered P,N-complex,[8c,g,h] and analogous results were
reported for reactions of PdII with bisphenanthrol[43] and PtII


with Me2BINOL.[44]
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Scheme 9. Reaction scheme for the formation of compounds 32 and 33.


Substituent variation in 8,3�-disubstituted 1,2�-binaphthyls :
The straightforward synthesis of methoxy acetamide 16 by
Suzuki coupling (Scheme 4) prompted us to establish a
suitable deprotection of both heterosubstituents, aiming at
the synthesis of another isomer of NOBIN. However, in
contrast to the straightforward deprotection of 23, this
molecule proved to be more difficult to deal with. Thus,
although the initial demethylation afforded the expected
hydroxy acetamide 34 in 92% yield (Scheme 10), the sub-
sequent attempt at hydrolysis of the N-acetyl group gave rise
to dibenzoxanthene 36 (50%) as the only isolable product.
Hydrazinolysis[45] of 34 was equally unsuccessful, furnishing
dibenzoacridine 37 (78%). Finally, reaction of 34 with
trichlorosilane produced the desired amino alcohol 35, though
in mere 16% yield.


H
NO


OH
NHCOMe


OH
NH2


Cl3SiH


H3O+


BBr3


N2H4


3736


34 35


16


Scheme 10. a) BBr3, CH2Cl2, 0 �C, 14 h, 92%; b) aq. HCl, EtOH, reflux,
16 h, 50%; c) N2H4, amyl alcohol, reflux, 40 h, 78%; d) Cl3SiH, Et3N,
xylene, 120 �C, 15 h, 16%.


Configurational stability of 2,2�- and 8,8�-disubstituted 1,1�-
binaphthyls 1 and 2 : Scalemic 2,2�-disubstituted 1,1�-binaphth-
yls are known to be configurationally more stable than their
8,8�-disubstituted counterparts. Selected data are summarized
in Tables 1 and 2.


Interestingly, the 8,8�-disubstituted 1,1�-binaphthyls (2) with
the substituents possessing an sp2-hybridized carbon adjacent
to the 8-position (and 8�) (Table 2, entries 1 ± 3) appear to


have the racemization barrier at the level of unsubstituted
1,1�-binaphthyl (Table 1, entry 6). By contrast, sp3-substituents
(Table 2, entries 4 and 6) increase the barrier by
�6 kcalmol�1.[11e]


Configurational stability of 2,8�-disubstituted 1,1�-binaphthyls
18, 25, and 26 and 8,3�-disubstituted 1,2�-binaphthyls 16, 17,
and 35 : Racemic binaphthyl derivatives 16, 17, and 35 were
resolved into enantiomers by means of analytical HPLC on
Daicel Chiralpak AD; the quantities thus obtained were
sufficient for the racemization experiments. Preparative
resolution has been achieved for hydroxy bromide (�)-22
(vide infra),[52, 53] from which enantiopure 18, 25, and 26 were
synthesized (vide infra).


Racemization of the individual derivatives was monitored
at the given temperature (Tables 3 and 4) by chiral HPLC.
The racemization barriers were calculated from the rate
constants by using Eyring equation.[54] The data obtained
indicate that the 2,8�-disubstituted 1,1�-binaphthyls (Table 3)
are sufficiently stable (as demonstrated for 18, 25, and 26) to
be employed as chiral ligands in asymmetric catalysis. Note
that their barriers (�40 kcalmol�1) are comparable with those
reported for BINOL and other 2,2�-disubstituted binaphthyls
(Table 1), which should allow their application in asymmetric
catalysis at temperatures �150 �C.[15] By contrast, 1,2�-bi-


Table 1. Racemization of selected 2,2�-disubstituted 1,1�-binaphthyls (1).


Entry X Y T [�C] Solvent �1/2(rac)


[min]
�G�


rac


[kcalmol�1]
Ref.


1 CO2H CO2H 208 tetralin � 900 � 39.4 [46]
2 OH OH 195 naphthalene 270 37.1 [41, 47]
3 NH2 NH2 220 caprolactam 240 38.7 [47]
4 I I 315 caprolactam 77 45.5 [47]
5 OH H 80 benzene 2600 29.4 [48]
6 H H 40 benzene 102 24.0 [49]


Table 2. Racemization of selected 8,8�-disubstituted 1,1�-binaphthyls (2).


Entry X Y T
[�C]


Solvent �1/2(rac)


[min]
�G�


rac


[kcalmol�1]
Ref.


1 CO2H CO2H 50 DMF 51.5 24.4 [50]
2 CO2Me CO2Me 50 DMF 23 23.8 [50]
3 CO2H CO2Me 50 DMF 18.3 23.7 [51]
4 CH2OH CH2OH 100 DMF 395 29.7 [51]
5 CO2Me CH2OH 100 DMF 14.1 27.3 [51]
6 CH3 CH3 100 DMF 679 30.4 [51]
7 CO2H H 50 DMF 15.4 23.4 [50]
8 H H 50 DMF 14.5 23.4 [50]


Table 3. Racemization of 2,8�-disubstituted 1,1�-binaphthyls 18, 25, and
26.[a]


Entry Com-
pound


T
[�C]


Solvent krac


[10�6 s�1]
�1/2(rac)


[min]
�G�


rac


[kcalmol�1]


1 18 250 Ph2O 59 200 41.3
2 25 225 Ph2O 12 960 40.9
3 26[b] 190 Ph2O � 9.7 � 1200 � 38.1


[a] The accuracy of the measurement of �G�
rac is �0.2 kcalmol�1. [b] Com-


pound 26 undergoes gradual decomposition at high temperature, which
precludes a more accurate measurement.







FULL PAPER P. Kocœovsky¬, Sœ. Vyskocœil, Y. N. Belokon et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0820-4638 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 204638


naphthyls have their barriers around 23 kcalmol�1, as shown
for 16, 17, and 35 (Table 4), which is comparable with 8,8�-
disubstituted-1,1�-binaphthyls with sp2 substituents (Table 2,
entries 1 ± 3) and unsubstituted 1,1�-binaphthyl (Table 1,
entry 6).


Quantum chemistry calculations, carried out for 18 (DFT-
B3LYP with 6-31G** basis set), gave the racemization barrier
of 39.2 kcalmol�1 (expressed as an energy difference between
ground and transition state); the less accurate calculation
(DFT-B3LYP at 6-31G level) gave 40.4 kcalmol�1.[55] In both
cases, the calculations are in an excellent agreement with the
experimental value of �G�


rac (41.3 kcalmol�1; Table 3, en-
try 1).


Crystallographic characterization of racemic binaphthyls 18
and 24 : A single-crystal X-ray analysis showed the bond
lengths and angles in 18 (Figure 1) to be rather standard, with


Figure 1. ORTEP diagram of (�)-18 showing the atom labeling scheme.
Displacement parameters are shown at the 50% probability level.


a notable deformation about the C�Br bond imposed by the
bulky bromine atom that is repulsed by the naphthalene
unit.[56] In both 18 and 24, the two naphthalene units are
almost perpendicular. Interesting characteristics were noted
for imine 24 (Figure 2), in which one of the phenyl rings
adjacent to the imine group is roughly parallel to the ring


Figure 2. ORTEP diagram of (�)-24 showing the atom labeling scheme.
Displacement parameters are shown at the 50% probability level.


carrying the hydroxy group, whereas the other phenyl is
practically perpendicular to the remaining ring of the same
naphthalene unit. The latter orientation suggests a T-type H±
� interaction of the ortho proton of the phenyl group with the
�-system of the distal naphthalene ring.[57, 58]


Enantiomerically pure 2,8�-disubstituted 1,1�-binaphthyls : The
key compound of this novel series to be successfully resolved
on a preparative scale (�10 g) was hydroxy bromide (�)-22.
Its single co-crystallization with N-benzylcinchonidinium
chloride in acetonitrile[52, 53] afforded a crystalline inclusion
complex that contained (�)-22 (99.4% ee), while the mother
liquor was enriched in the (�)-enantiomer (84% ee). The
pure (�)-enantiomer was released by chromatography on
silica gel using dichloromethane as eluent. Although we failed
to purify the enriched (�)-enantiomer directly by crystalliza-
tion of this material, we have found that, after its trans-
formation into (�)-26 (84% ee), this material could be
crystallized from toluene to give racemic crystalline product,
leaving (�)-26 (94% ee) in the solution. Crystallization of the
mother liquor from a dichloromethane-hexane mixture pro-
duced (�)-26 (�99% ee). Even more efficient is the crystal-
lization of the enantiomerically enriched amide (�)-27
(�84% ee) from toluene, which gives an enantiopure product
in a single operation.


The absolute configuration of 22 was established by a
single-crystal X-ray analysis as (S)-(�)-22 (Figure 3).[59]


Methylation of (S)-(�)-22 (�99% ee, MeI, K2CO3, acetone,
reflux) produced (�)-18 (95%), for which the absolute
configuration was confirmed by X-ray crystallography as
(S)-(�)-18 (Figure 4).[60] The remaining members of the series
were then synthesized by using the protocols developed for
their racemic counterparts.[61]


From the absolute configuration of 18 and 22, established
by X-ray crystallography, the whole series of the generically
related 2,8�-disubstituted 1,1�-binaphthyls can be inferred as


Table 4. Racemization of 8,3�-disubstituted 1,2�-binaphthyls 16, 17, and
35.[a]


Entry Compound T
[�C]


Solvent krac


[10�6 s�1]
�1/2(rac)


[min]
�G�


rac


[kcalmol�1]


1 16 22 DME 2.1 5400 24.8
2 17 22 DME 2.4 4800 24.8
3 35 20 DME 66 180 22.7
4 35 30 DME 300 38 22.7
5 35 40 DME 700 17 22.8


[a] The accuracy of the measurement of �G�
rac is �0.1 kcalmol�1.
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Figure 3. ORTEP diagram of (S)-(�)-22 showing the atom labeling
scheme. Displacement parameters are shown at the 50% probability level.


Figure 4. ORTEP diagram of (S)-(�)-18 showing the atom labeling
scheme. Displacement parameters are shown at the 50% probability level.


follows: (S)-(�)-18, (S)-(�)-19, (S)-(�)-22, (S)-(�)-23, (S)-
(�)-24, (S)-(�)-25, (S)-(�)-26, and (S)-(�)-27.


iso-NOBIN-derived acetamide as an asymmetric phase-trans-
fer catalyst : The NiII-complex 39,[62] derived from 38, glycine,
and NiII (Scheme 11), can be alkylated by good electrophiles,
such as PhCH2Br, in the presence of solid NaOH as a base and
NOBIN (1d) as the phase-transfer catalyst, to give, after
hydrolysis, amino acids with very high enantioselectivity (up
to 99% ee).[6k, 63] The crucial role of Na� ion and a strong
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Scheme 11. a) Ni(NO3)2, MeONa, MeOH, reflux 20 min, 91%; b) solid
NaH, catalyst (10 ± 15 mol%), CH2�C(R)CO2Me, CH2Cl2, RT, 2 ± 3 min;
c) 6� HCl, MeOH, reflux for several min.


positive nonlinear effect have also been demonstrated for this
reaction.[6k, 64] As an extension of this methodology, we elected
to briefly study asymmetric Michael addition of 39 to methyl
acrylate and methyl methacrylate CH2�C(R)CO2Me
(Scheme 11 and Table 5). To this end, nonchiral ligand 38,
obtained from o-aminobenzophenone and �-picolinic acid
chloride (Et3N, CH2Cl2, RT, overnight; 85%),[6k] was con-
densed with glycine and to afford complex 39 (91%).[6k] The
Michael addition of 39 to methyl acrylate (solid NaH, catalyst
(10-15 mol%), in CH2Cl2, RT, 2 ± 3 min), furnished the
expected adduct 41 (for yields and enantioselectivities, see


Table 5. Michael addition of glycine complex 39 to methyl acrylate and methyl
methacrylate catalyzed by 1,1�-binaphthyls (Scheme 11).[a]


Entry R Base Catalyst T Time Yield[b] % ee[c]


[mol%] [mol%] [�C] [min] [%] (configuration[d])


1 H NaH (10) (R)-1d (10) 18 3 40 26 (S)
2 H NaH (100) (R)-1 i (10) 18 3 50 55 (S)
3 H NaH (100) (S)-22 (10) 20 2.5 75 13 (S)
4 H NaH (100) (R)-26 (10) 20 3 40 18 (S)
5 H NaH (100) (R)-27 (10) 20 2 60 90 (S)
6[e] H NaH (100) (R)-27 (10) 20 2 65 92 (S)
7[f] H NaH (200) (R)-27 (10) 20 3 70 92 (S)
8 Me NaH (100) (R)-27 (15) 20 9 50 81 (2S,4R)[g]


[a] The reaction was carried out at 1.0 ± 4.0 mmol scale in CH2Cl2 with six
equivalents of methyl acrylate. The crude product was hydrolyzed with 6� HCl
and 43/44 was isolated by ionex chromatography. [b] Isolated yield. [c] Deter-
mined by chiral GLC for the n-propyl ester of N-trifluoroacetyl derivative.
[d] Determined by chiral GLC (by comparison with the known sample). [e] A
fourfold increase in the concentration of the substrate, as compared with entry 4.
[f] The experiment was carried out with (R)-27 recovered from the reaction
mixture (previous batch) in 60% yield. [g] Two diastereoisomers of 44 were
formed: (2S,4R):(2S,4S)� 86:14. The minor diastereoisomer was of 66% ee.
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Table 5), whose hydrolysis produced glutamic acid (S)-43.
While (R)-1d gave only 26% ee (Table 5, entry 1), improve-
ment to 55% ee has been attained with the corresponding
acetamide (R)-1 i[5g] (entry 2). When the iso-NOBIN-derived
acetamide (R)-(�)-27 was employed, substantial increase in
asymmetric induction was observed (90% ee ; entry 5), and
further improvement (to 92% ee) was attained with a four-
fold increase in the concentration of 39 (entry 6). No erosion
of enantioselectivity was observed when 27, regenerated from
a previous batch, was re-employed as catalyst (entry 7). Both
hydroxy bromide (S)-22 and iso-NOBIN (R)-(�)-26 also
proved to catalyze the reaction, but the enantioselectivity was
low (entries 3 and 4), demonstrating the key role played by
the amide group.[65] With methyl methacrylate (R�Me) as
the Michael acceptor, two diastereoisomers of 44 were formed
in a 6:1 ratio; the major product, identified as the (2S,4R)-
stereoisomer, was obtained in 81% ee (entry 8).


The salient feature of the present protocol is that a second
alkylation of the primary product 41 has not been detected
under the reaction conditions. This selectivity can be under-
stood in terms of steric congestion, which the enolization of 41
to 45 would impose: here, by changing the hybridization at C� ,
the new substituent would be brought into the plane of the
chelate, which is apparently prohibited by the bulky phenyl
group of the imine moiety.[66, 67] The less enantioselective
Michael addition to methyl methacrylate can be attributed to
the effect of the additional methyl group that renders the
transition states less different in energy. The formation of the
second chiral center in 42 (C-4) occurs through protonation of
the corresponding enolate intermediate, arising by Michael
addition. This step is notably diastereoselective (6:1), suggest-
ing an effective 1,3-induction, exercised by the C-2 center.


Another notable feature of the Michael addition is the
strong nonlinear effect[68] (Figure 5)–a behavior that is in line
with the similar effect previously observed for the SN2
alkylation of 39 with PhCH2Br.[6k] In the present case, the
catalyst of only 40% ee still exhibits an impressively high
asymmetric induction (75% ee).


Figure 5. Nonlinear effect of (R)-27 as catalyst in the Michael addition of
39 to methyl acrylate.


The present experiments show that this chemistry is not
limited to SN2 reactions with reactive electrophiles, as
reported earlier.[6k] Further extensions can be anticipated,
for example, for Michael additions generating two chiral
centers at the newly-formed C�C bond, aldol condensations,
etc. Moreover, these very fast and mild reactions may be
amenable to the syntheses, for which speed is crucial, such as
those involving 11C and 18F labeling.


Conclusion


In conclusion, we have synthesized a novel class of 1,1�-
binaphthyls with substituents in 2,8�-positions (3), namely, the
methoxy phosphine 19 (iso-MOP) and amino alcohol 26 (iso-
NOBIN), using Suzuki coupling as the key step to construct
the aryl ± aryl bond (10 � 15� 18). This coupling turned out
to be sensitive to the nature of the 8-substituent and the
overall steric congestion in the transition state.


Intermediate 22 was resolved into enantiomers and the
absolute configuration of 18 and 22 was determined by X-ray
crystallography. The new 2,8�-disubstituted binaphthyls 18, 25,
and 26 proved to be as configurationally stable as their 2,2�-
disubstituted counterparts 1 (both experimentally and by
quantum chemistry calculations) and, therefore, suitable for
asymmetric catalysis. By contrast, the 8,3�-disubstituted 1,2�-
binaphthyls 16, 17, and 35 have low racemization barriers,
comparable with that of unsubstituted 1,1�-binaphthyl 1g.


iso-NOBIN 26 and, in particular, its acetamido derivative
27, have been identified as efficient, chiral phase-transfer
catalyst for the Michael addition of the enolate 40, derived
from the NiII complex of glycine-imine, to methyl acrylate,
affording glutamic acid 43 in up to 92% ee.


Experimental Section


General methods : Melting points were determined on a Kofler block and
are uncorrected. The optical rotations were measured in THF with an error
of � � 0.1. The 1H NMR spectra were recorded on 400 MHz instruments
(FT mode) for solutions in CDCl3 at 25 �C with TMS as internal reference.
The 13C NMR spectra were recorded on a 101 MHz instruments (FT mode)
for solutions in CDCl3 at 25 �C. The individual protons and carbon atoms
were assigned by using DEPT, COSY, NOESY, HSQC, and HMBC
techniques. The 31P NMR spectra were recorded at 162 MHz (FT mode) for
solutions in CDCl3 at 25 �C with H3PO4 as external reference. The IR
spectra were measured in dichloromethane or chloroform. The high-
resolution mass spectra were measured on a ZAB2-SEQ double-focusing
spectrometer (70 eV, 8 kV) with direct inlet and the lowest temperature
enabling evaporation; the accuracy was �5 ppm. Yields are given in
milligrams of isolated product, showing one spot on a chromatographic
plate and no impurities detectable in the NMR spectrum. 2,2�-Bis(diphe-
nylphosphino)diphenyl ether (dpePhos) was purchased from Strem. The
syntheses of 38 and 39 were carried out as described earlier.[6k]


1-Dimethylamino-8-naphthaleneboronic acid (6): nBuLi (22 mL of a 2.5M
solution in hexanes) was added to a solution of 1-(N,N-dimethylamino)-
naphthalene (4 : 1.92 mL, 11.6mmol) in anhydrous diethyl ether (5 mL).
The yellow precipitate of the organolithium species 5 was observed after
approximately 18 ± 24 h, and the reaction was complete within 2 ± 3 days.
Aryllithium 5 thus generated was then added by means of a cannula to a
solution of trimethylborate (6.17 mL, 55.0 mmol) in THF (8 mL) cooled to
�78 �C and stirred at room temperature overnight. The reaction mixture
was then poured into 10% aqueous HCl and stirred at room temperature
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for 2 h. The product was extracted with diethyl ether and sequentially
washed with 10% aqueous HCl, water, and brine, and dried over MgSO4.
Flash chromatography on silica gel (30 g) using petroleum ether as eluent
afforded pure, amorphous 6 (1.097 g, 44%). 1H NMR (400 MHz, CDCl3):
�� 2.91 (s, 6H), 7.21 (d, J� 7.3 Hz, 1H), 7.42 (t, J� 7.7 Hz, 2H), 7.53 (t, J�
7.3 Hz, 1H), 7.61 (dd, J� 8.2, 0.9 Hz, 1H), 7.73 (d, J� 8.2 Hz, 1H); 13CNMR
(100 MHz, CDCl3): �� 112.06 (d), 119.99 (s), 121.93 (d), 125.61 (d), 126.02
(d), 126.14 (d), 128.97 (d), 132.55 (s), 134.17 (s), 153.64 (s); 11B NMR
(acetone): �� 10.56 (s).


1-Dimethylamino-8-(trimethyltin)naphthalene (7): The aryllithium 5 was
generated from 4 (0.96 mL, 5.84 mmol) and nBuLi (16.8 mL of 1.6M
solution in hexanes) in diethyl ether (5 mL) as described in the preparation
of 6. Trimethyltin chloride (28 mL of a 1.0� solution in hexanes) was added
at �78 �C, and the mixture was stirred at room temperature overnight. The
mixture was poured into water, extracted with diethyl ether and the
resulting solution was dried over MgSO4 and the solvent was evaporated.
Flash column chromatography on silica gel (20 g) using petroleum ether as
eluent afforded pure 7 (1.04 g, 53%). 1H NMR (400 MHz, CDCl3): �� 0.26
(s, 9H), 2.66 (s, 6H), 7.32 (ddd, J� 7.4, 1.3, 1.0 Hz, 1H), 7.50 ± 7.42 (m, 2H),
7.66 (dd, J� 8.0, 1.1 Hz, 1H), 7.79 (dd, J� 7.7, 1.3 Hz, 2H); 13C NMR NMR
(100 MHz, CDCl3): �� 10.9 (3q), 47.5 (2q), 115.9 (d), 125.5 (d), 125.6 (d),
125.7 (d), 128.3 (d), 134.3 (s), 134.8 (s), 135.8 (d), 138.7 (s), 153.0 (s).


1-Bromo-2-methoxynaphthalene (9):[26] A solution of bromine (12.9 mL,
0.25 mol) in acetic acid (100 mL) was added to a solution of 2-methoxy-
naphthalene (8 : 39.5 g, 0.25 mol) in acetic acid (350 mL) over the period of
30 min. The mixture was stirred at room temperature for 30 min, the
resulting suspension was poured into water (1.5 L), and the precipitated
product was isolated with suction and washed with water. The crude
product was dried and crystallized from ethanol with charcoal to afford 9
(50.5 g, 85%) as colorless plates. M.p. 85 ± 86 �C (in accordance with the
literature[26]) ; 1H NMR (400 MHz, CDCl3): �� 4.03 (s, 3H), 7.28 (d, J�
9.0 Hz, 1H), 7.37 ± 7.42 (m, 1H), 7.54 ± 7.59 (m, 1H), 7.76 ± 7.84 (m, 2H),
8.20 ± 8.24 (m, 1H).


2-Methoxy-1-naphthaleneboronic acid (10):[27] Magnesium (2.2 g,
91 mmol), activated by stirring for 24 h under argon was covered with
THF (30 mL) and then a solution of 9 (20 g, 84 mmol) in THF (150 mL)
was slowly added under argon. The formation of the Grignard reagent was
accompanied by spontaneous heating of the mixture to the boiling point.
After stirring for 30 min, the mixture was cooled to room temperature and
added by means of a cannula to a solution of (iPrO)3B (29 mL, 126 mmol,
1.5 equiv) in THF (40 mL) at �78 �C. The mixture was then stirred at
�78 �C for 1 h and at room temperature for 12 h. Water (30 mL) was then
added and the solvent was evaporated in vacuum. The residue was treated
with water (150 mL) and acidified with HCl (1�, 200 mL) to precipitate the
product. Dichloromethane (30 mL) was added and the resulting heteroge-
neous mixture was vigorously stirred for 10 min to dissolve 2-methoxy-
naphthalene, the undesired byproduct. The solid crude product was
isolated with suction and washed with CH2Cl2 (2� 10 mL). Crystallization
from aqueous ethanol (1:1, 60 mL) gave boronic acid 10 (11.5 g, 67%) as a
white solid: m.p. 140 ± 144 �C (literature[29] reports 143 ± 5 �C). The IR
spectrum is in accordance with the literature data.[27] 1H NMR (400 MHz,
CDCl3): �� 4.03 (s, 3H), 6.11 (s, 2H), 7.28 (d, J� 9.2 Hz, 1H), 7.37 (ddd,
J� 8.0, 6.7, 1.3 Hz, 1H), 7.51 (ddd, J� 8.5, 6.9, 1.6 Hz, 1H), 7.78 (dm, J�
8.2 Hz, 1H), 7.94 (d, J� 9.0 Hz, 1H), 8.83 (dm, J� 8.7 Hz, 1H).


2-Methoxy-3-naphthaleneboronic Acid (11):[29] A solution of n-butyllithi-
um (1.6� in hexanes, 15.6 mL, 25 mmol) was added to a solution of 9
(5.69 g, 24 mmol) in THF (30 mL) under argon at �78 �C. The mixture was
stirred at�78 �C for 2 h and then added by means of a cannula to a solution
of (iPrO)3B (8.3 mL, 36 mmol, 1.5 equiv) in THF (20 mL), cooled to
�78 �C. The resulting mixture was stirred at �78 �C for 1 h and then at
room temperature for 18 h. The mixture was then poured into HCl (1�,
250 mL) and vigorously stirred for 30 min. NaOH (5�, excess) was then
added and the mixture was extracted with dichloromethane (2� 50 mL).
The aqueous layer was acidified with Hcl (5�) and the product was
extracted into dichloromethane (3� 30 mL). The extract was washed with
water and dried with Na2SO4, and the solvent was evaporated in vacuum to
furnish crude product 15 (2.62 g, 54%) as light brown crystalline material
that was not further purified: m.p. 173 ± 174 �C (dichloromethane; liter-
ature[29] reports 153 ± 155 �C). The IR spectrum is in accordance with the
literature data.[29] 1H NMR (400 MHz, CDCl3): �� 4.03 (s, 3H), 6.07 (s,
2H), 7.16 (s, 1H), 7.37 (ddd, J� 8.2, 6.9, 1.3 Hz, 1H), 7.49 (ddd, J� 8.2, 6.9,


1.4 Hz, 1H), 7.74 (dd, J� 8.2, 1.0 Hz, 1H), 7.84 (dd, J� 8.2, 1.0 Hz, 1H),
8.41 (s, 1H).


1-Amino-8-bromonaphthalene (13):[30] A solution of NaNO2 (6.70 g,
97.1 mmol, 1.02 equiv) in water (150 mL) was added to a solution of 1,8-
diaminonaphthalene (15.0 g, 94.8 mmol) in HCl (0.4�, 1.0 L) at �5 �C. The
mixture was then stirred at �5 �C for 2 h and at 10 �C for 18 h. The black
precipitate was filtered off, washed with water, dried at room temperature
for 1 h, and then dissolved in aqueous HBr (48%, 100 mL). Copper bronze
(4.0 g, 63 mmol), first activated by heating with flame for 10 min under
argon, was added to the resulting solution at 60 �C. The mixture was stirred
for 18 h, water (220 mL) was then added, and the mixture was heated to the
boiling point. The precipitate was filtered off with suction and boiled with
additional water. The combined filtrate was neutralized with ammonium
carbonate and extracted with dichloromethane (3� 40 mL); the extract
was dried with Na2SO4 and evaporated. Chromatography of the crude
product on silica gel (100 g) with toluene afforded 13 (5.66 g, 27%) as pink
crystals: m.p. 90 ± 91 �C (toluene) and IR are in accord with the literature.[30]
1H NMR (400 MHz, CDCl3): �� 5.14 (br s, 2H), 6.71 ± 6.76 (m, 1H), 7.11 ±
7.16 (m, 1H), 7.23 ± 7.25 (m, 2H), 7.62 (dd, J� 7.5, 1.2 Hz, 1H), 7.68 (dd, J�
8.2, 1.2 Hz, 1H).


1-Acetamido-8-bromonaphthalene (14):[31] A mixture of 13 (3.10 g,
14 mmol), acetic anhydride (1.4 mL, 15 mmol, 1.07 equiv), and pyridine
(8 mL) was heated at 100 �C for 1 h and then evaporated in vacuum. The
oily residue was treated with cold, diluted hydrochloric acid (50 mL), and
the resulting crystalline material was isolated with suction, washed with
water, and dried on the air. The crude product was recrystallized from 50%
aqueous acetic acid (8 mL) to furnish pure 14 (2.87 g, 80%) as colorless
crystals: m.p. 143 ± 144 �C agrees with the literature.[31] 1H NMR (400 MHz,
CDCl3): �� 2.28 (s, 3H), 7.23 (t, J� 8.0 Hz, 1H), 7.48 (t, J� 7.8 Hz, 1H),
7.69 (d, J� 8.0 Hz, 1H), 7.77 (d, J� 7.8 Hz, 1H), 7.81 (d, J� 8.0 Hz, 1H),
7.99 (d, J� 7.8 Hz, 1H), 8.79 (br s, 1H); 13C NMR (100 MHz, CDCl3): ��
24.83 (q), 115.73 (s), 124.56 (s), 124.82 (d), 125.91 (d), 126.29 (d), 127.00 (d),
129.57 (d), 131.98 (s), 133.68 (d), 136.57 (s), 168.36 (s); IR (CHCl3): �� � 3438
(NH), 1690 (C�O), 1530 (arom), 1490 (arom), 1272 (C�N)cm�1.


1,8-Dibromonaphthalene (15):[32] Solid NaNO2 (10.0 g, 0.145 mol,
2.3 equiv) was cautiously added to a stirred concentrated H2SO4


(100 mL) at 0 �C. Then, a solution of 1,8-diaminonaphthalene (10.0 g,
63.2 mmol) in acetic acid (100 mL) was added at 0 �C over a period of 3 h
with vigorous stirring with a mechanical stirrer. The mixture was stirred at
0 �C for an additional 30 min and then slowly poured onto ice (200 g). Free
HNO2 was decomposed by adding a saturated aqueous solution of urea
(2.0 g). The resulting mixture was poured into a solution of CuBr (25.0 g,
0.174 mol) in aqueous HBr (48%, 375 mL) and stirred at room temper-
ature for 18 h. Toluene (150 mL) was then added and the solution was
filtered with suction and the black solid was washed with dichloromethane
and the filtrate was treated with water (1 L). The aqueous layer was
extracted with dichloromethane (2� 50 mL) and the combined extracts
were dried with Na2SO4 and evaporated in vacuum to produce crude 15.
Flash chromatography on silica gel (100 g) with toluene gave pure 15
(4.48 g, 25%) as yellow crystals: m.p. 104 ± 106 �C (toluene) and IR are in
accord with the literature.[32] 1H NMR (400 MHz, CDCl3): �� 7.26 (dd, J�
8.2, 7.6 Hz, 2H), 7.80 (dd, J� 8.2, 1.2 Hz, 2H), 7.92 (dd, J� 7.6, 1.2 Hz, 2H).


(�)-8-Acetamido-3�-methoxy-1,2�-binaphthyl (16): A solution of Na2CO3


(1.40 g) in water (6.5 mL), which was previously purged with argon for
10 min, was added to a solution of 14 (660 mg, 2.50 mmol), boronic acid 11
(505 mg, 2.50 mmol), and (Ph3P)4Pd (144 mg, 125 �mol, 5 mol%) in DME
(14 mL) under argon. The mixture was refluxed for 18 h and then the
solvent was evaporated in vacuum. Water (8 mL) was added to the residue
and the product was taken up into dichloromethane (2� 5 mL). The extract
was dried with Na2SO4 and evaporated. Chromatography of the crude
product on silica gel (50 g) with a petroleum ether/ethyl acetate mixture
(1:1) followed by crystallization from ethyl acetate afforded pure 16
(471 mg, 55%) as colorless crystals. M.p. 150 ± 151 �C; 1H NMR (400 MHz,
CDCl3): �� 1.17 (s, 3H), 3.78 (s, 3H), 7.14 (br s, 1H), 7.25 (dd, J� 6.7,
1.2 Hz, 1H), 7.40 ± 7.46 (m, 1H), 7.48 ± 7.56 (m, 4H), 7.76 ± 7.88 (m, 5H), 7.92
(d, J� 8.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): �� 23.50 (q), 55.72 (q),
105.16 (d), 122.77 (d), 124.55 (d), 124.95 (d), 125.66 (d), 125.93 (s), 126.40
(d), 126.55 (d), 126.93 (d), 127.64 (d), 128.41 (s), 129.14 (d), 129.27 (d),
130.00 (d), 133.05 (s), 133.08 (s), 134.23 (s), 134.27 (s), 134.88 (s), 155.65 (s),
167.86 (s); IR (CHCl3): �� � 3429 (NH), 1685 (C�O), 1523 (arom), 1495
(arom), 1255 cm�1 (C�O); MS: m/z (%): 341 (74) [M�], 299 (18), 283 (12),
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268 (100), 267 (78), 254 (19), 43 (21); HRMS for C23H19NO2: calcd 341.1416;
found 341.1392. The small-scale enantiomeric separation was performed on a
Daicel Chiralpak AD column using a hexane-methanol-isopropyl alcohol
mixture (67:30:3); the retention times were 7.0 and 8.8 min.


(�)-8-Bromo-3�-methoxy-1,2�-binaphthyl (17): A solution of Na2CO3


(810 mg) in water (3.8 mL), which was previously purged with argon for
10 min, was added to a solution of 1,8-dibromonaphthalene 15 (418 mg,
1.46 mmol), boronic acid 11 (294 mg, 1.46 mmol), and (Ph3P)4Pd (84 mg,
73 �mol, 5 mol%) in DME (8.0 mL) under argon. The mixture was
refluxed for 18 h and then the solvent was evaporated in vacuum. Water
(5 mL) was added to the residue and the product was taken up into
dichloromethane (2� 3 mL). The extract was dried with Na2SO4 and
evaporated. Chromatography of the crude product on silica gel (50 g) with
a toluene/petroleum ether mixture (7:3) afforded pure 17 (359 mg, 68%).
M.p. 118 ± 119 �C (ethyl acetate/methanol); 1H NMR (400 MHz, CDCl3):
�� 3.80 (s, 3H), 7.15 (s, 1H), 7.27 (dd, J� 8.1, 7.3 Hz, 1H), 7.37 (ddd, J� 8.1,
6.9, 1.2 Hz, 1H), 7.45 (dd, J� 7.2, 1.5 Hz, 1H), 7.47 (ddd, J� 8.2, 6.9, 1.4 Hz,
1H), 7.53 (dd, J� 8.1, 7.0 Hz, 1H), 7.69 (s, 1H), 7.75 (dd, J� 7.5, 1.4 Hz, 1H),
7.77 (dm, J� 8.1 Hz, 1H), 7.81 (dm, J� 8.1 Hz, 1H), 7.89 (dd, J� 8.6,
1.4 Hz, 1H), 7.91 (dd, J� 8.4, 1.5 Hz, 1H); 13C NMR (100 MHz, CDCl3):
�� 55.55 (q), 104.47 (d), 120.60 (s), 123.72 (d), 125.52 (d), 125.81 (d), 126.16
(d), 126.41 (d), 127.70 (d), 128.51 (s), 129.05 (d), 129.37 (d), 129.88 (d),
130.49 (s), 131.46 (d), 133.18 (d), 134.31 (s), 134.45 (s), 135.73 (s), 136.53 (s),
157.11 (s); IR (CHCl3): �� � 1632 (arom), 1503 (arom), 1475 (arom), 1253
(C�O), 1171 cm�1 (arom); MS: m/z (%): 364 (23) [M�] (81Br), 362 (23) [M�]
(79Br), 283 (78), 268 (100), 252 (46), 239 (53), 141.5 (18), 134 (41), 126 (16),
119.5 (44), 118.5 (17), 106.5 (11); HRMS for C21H15


79BrO: calcd 362.0306;
found 362.0311. The small-scale enantiomeric separation was performed on
a Daicel Chiralpak AD column using a hexane-methanol-isopropyl alcohol
mixture (79:18:3); the retention times were 4.7 and 5.3 min.


(�)-8-Bromo-2�-methoxy-1,1�-binaphthyl (18): A solution of Na2CO3


(3.2 g) in water (15 mL), which was previously purged with argon for
10 min, was added to a solution of 15 (2.0 g, 7.0 mmol), boronic acid 10
(1.41 g, 7.0 mmol), and [Pd(Ph3P)4] (290 mg, 0.25 mmol, 3.5 mol%) in
DME (32 mL) under argon. The mixture was refluxed for 24 h and then the
solvent was evaporated in vacuum. Water (40 mL) was added to the residue
and the product was taken up into dichloromethane (2� 10 mL). The
extract was dried with Na2SO4 and evaporated. Chromatography of the
crude product on silica gel (50 g) with a toluene-petroleum ether mixture
(1:1) afforded pure 18 (1.94 g, 76%) as yellow crystals. M.p. 121 ± 122 �C
(ethyl acetate/methanol); 1H NMR (400 MHz, CDCl3): �� 3.80 (s, 3H),
7.08 (d, J� 8.4 Hz, 1H), 7.24 (ddd, J� 8.2, 6.9, 1.5 Hz, 1H), 7.28 (dd, J� 8.4,
7.6 Hz, 1H), 7.31 (ddd, J� 8.1, 6.7, 1.2 Hz, 1H), 7.35 (d, J� 9.2 Hz, 1H), 7.42
(dd, J� 7.0, 1.4 Hz, 1H), 7.59 (dd, J� 8.2, 7.0 Hz, 1H), 7.69 (dd, J� 7.5,
1.4 Hz, 1H), 7.84 (d, J� 8.0 Hz, 1H), 7.93 (dd, J� 8.2, 1.4 Hz, 1H), 7.95 (d,
J� 9.0 Hz, 1H), 7.97 (dd, J� 8.2, 1.4 Hz, 1H); 13C NMR (100 MHz,
CDCl3): �� 56.52 (q), 113.54 (d), 119.81 (s), 123.29 (d), 125.54 (d), 125.67
(s), 125.81 (d), 125.87 (d), 126.22 (d), 127.66 (d), 128.74 (s), 129.29 (3d),
130.75 (s), 131.98 (d), 133.39 (d), 134.19 (s), 135.04 (s), 136.04 (s), 154.54 (s);
IR (CHCl3): �� � 3015, 1623 (C�C arom), 1595 (arom), 1510 (arom), 1274
(C�O), 1085 cm�1 (arom); MS: m/z (%): 364 (21) [M�] (81Br), 362 (21) [M�]
(79Br), 283 (13), 268 (29), 252 (100), 239 (38); HRMS for C21H15


79BrO: calcd
362.0306; found 362.0312. Crystallographic data for (�)-18 : C21H15BrO,
Mr� 362.03. Crystals were obtained from ethyl acetate by slow diffusion of
methanol vapors at room temperature. System: triclinic; space group P1≈,
a� 9.8350(2), b� 15.2530(2), c� 17.0760(3) ä, �� 108.084(1)�, ��
91.353(1)�, �� 99.355(1)�. Data were collected at 105(2)K on a Nonius
KappaCCD diffractometer with MoK� radiation (�� 0.71073 ä), a graphite
monochromator, and 	 scan mode at five different crystal orientations,
covering thus the entire reciprocal sphere up to 0.84 ä resolution. A
total of 34246 reflections were measured, from which 8418 were unique
(Rint� 0.059), with 7525 observed data with I� 2
(I). The structure was
solved by direct methods (SIR92). All reflections were used in the
structure refinement based on F 2 by full-matrix least-squares
technique (SHELXL97). The hydrogen atoms were found on difference
Fourier map and refined isotropically. Absorption correction (��
2.576 mm�1) was carried on, using multiscan procedure (SORTAV): min/
max transmission� 0.415/0.598. Final R factors: R1� 0.0335 for the
observed data and 0.0397 for all data; wR2� 0.0900, S� 0.993. The
estimated error in the bond lengths for non-hydrogen atoms is in the
interval 0.002 to 0.004 ä.


Isolation of enantiopure (S)-(�)-18 : Solid K2CO3 (6.9 g, 50 mmol) and
methyl iodide (3.2 mL, 50 mmol) were added to a solution of (S)-(�)-22
(1.81 g, 5 mmol) in acetone (25 mL), and the mixture was refluxed for 24 h.
The solvent was evaporated under the reduced pressure and the residue
was purified by chromatography on silica gel (50 g) with toluene as eluent
to give (S)-(�)-18 (1.75 g, 97%) as a white powder. M.p. 160 ± 161 �C
(dichloromethane/hexane); [�]D��150.9 (c� 1.0 in THF). Chiral chro-
matography on Daicel Chiralpak AD with a hexane/isopropyl alcohol
mixture (98:2) gave �99% ee for this product (tR� 4.8 min, tS� 5.8 min).
Crystallographic data for (S)-(�)-18 : C21H15BrO, Mr� 362.03. Crystals
were obtained from a dichloromethane solution by slow diffusion of hexane
vapors at room temperature. Orthorhombic; space group P212121; a�
14.6360(4), b� 14.6340(3), c� 14.9980(3) ä. Data were collected at
150(2) K on a Nonius KappaCCD diffractometer using MoK� radiation
(�� 0.71073 ä), a graphite monochromator, and 	 scan mode at five
different crystal orientations up to 0.8106 ä resolution. A total of 47446
reflections were measured, from which 6311 were unique (Rint� 0.071),
with 6078 observed data with I� 2
(I). The structure was solved by direct
methods (SIR92). All reflections were used in the structure refinement
based on F 2 by full-matrix least-squares technique (SHELXL97) with
hydrogen atoms calculated into theoretical positions, riding during refine-
ment on the respective pivot atom (418 parameters). The symmetry of the
lattice is close to tetragonal and crystals suffered by pseudomerohedric
twinning with twin matrix.


h� 0 1 0 h
�


k� �1 0 0 k


�
l� 0 0 1 l


The correction for this effect was included into refinement, which yielded
fractional contribution of twin components 0.6991(8):0.3009. Absorption
correction (�� 2.561 mm�1) was carried out, by using Gaussian methods
(Coppens, 1970): min/max transmission� 0.558/0.753. The absolute struc-
ture was determined clearly since the absolute structure parameter is equal
0.000(9). Final R factors: R1� 0.030 for the observed data and 0.032 for all
data; wR2� 0.0765, S� 0.925. The estimated error in the bond lengths for
non-hydrogen atoms is in the interval 0.004 to 0.007 ä.


(�)-8-Diphenylphosphino-2�-methoxy-1,1�-binaphthyl (19): Zinc powder
(130 mg, 2.0 mmol) was added to a solution of binaphthyl 18 (363 mg,
1.0 mmol), [NiCl2(dppe)] (26 mg, 50 �mol, 5 mol%), and chlorodiphenyl-
phosphine (285 �L, 1.5 mmol) in DMF (2 mL) under argon and the mixture
was heated at 105 �C for 48 h. The mixture was cooled, water (10 mL)
added, and acidified with diluted hydrochloric acid. The product was
extracted with dichloromethane (2� 3 mL), and the organic phase was
dried with Na2SO4 and evaporated. The crude product was purified by
chromatography on silica gel (20 g) with a toluene/petroleum ether mixture
(1:1) to consecutively elute 21 (73 mg, 26%), 20 (17 mg, 6%), and 19
(150 mg, 32%) as the most polar compound. (�)-19 (a beige powder):
1H NMR (400 MHz, CDCl3): �� 3.28 (s, 3H), 6.42 ± 6.48 (m, 2H), 6.80 ±
6.86 (m, 2H), 6.89 (dm, J� 8.4 Hz, 1H), 6.91 ± 6.96 (m, 2H), 7.00 ± 7.05 (m,
2H), 7.07 (d, J� 9.0 Hz, 1H), 7.10 (ddd, J� 7.2, 4.0, 1.4 Hz, 1H), 7.14 ± 7.21
(m, 4H), 7.33 (dd, J� 7.0, 1.5 Hz, 1H), 7.35 (dd, J� 8.1, 7.2 Hz, 1H), 7.58
(dd, J� 8.2, 7.0 Hz, 1H), 7.75 (dm, J� 8.1 Hz, 1H), 7.91 (d, J� 9.0 Hz, 1H),
7.97 (dd, J� 8.2, 1.5 Hz, 1H), 7.98 (dt, J� 8.2, 1.4 Hz, 1H); 13C NMR
(100 MHz, CDCl3): �� 55.04 (q), 112.81 (d), 122.89 (d), 125.04 (d), 125.36
(d), 125.55 (d), 125.95 (d), 127.49 (2d), 127.69 (d), 127.77 (d, J(C,P)� 6 Hz,
2d), 127.93 (d, J(C,P)� 6 Hz), 128.78 (s), 129.28 (d), 129.54 (d), 130.89 (d),
131.46 (d), 133.04 (d, J(C,P)� 21 Hz), 133.44 (d, J(C,P)� 21 Hz), 134.71 ±
135.10 (3s), 135.72 (s), 135.80 (s), 136.12 (d, J(C,P)� 21 Hz), 136.93 (d),
139.19 (d, J(C,P)� 18 Hz), 139.40 (d, J(C,P)� 20 Hz), 154.81 (d, J(C,P)�
6 Hz); 31P NMR (162 MHz, CDCl3): ���9.36 (s); IR (CCl4): �� � 1623 and
1594 (C�C arom), 1510 and 1434 (arom), 1263 (C�O); MS: m/z (%): 468
(5) [M�], 453 (7), 437 (100), 283 (4), 239 (3), 218.5 (3), 183 (2); HRMS for
C33H25OP: calcd 468.1643; found 468.1651.


Isolation of enantiopure (S)-(�)-19 : Enantiopure 19 was prepared from
(S)-(�)-18 (363 mg) in 32% yield by using the same procedure as that for
(�)-19. [�]D��23 (c� 0.5 in CH2Cl2). Chromatography on Daicel
Chiralpak AD with a hexane/isopropyl alcohol mixture (98:2) showed
�99% ee for this product (tR� 4.2 min, tS� 4.6 min).


(�)-2-Methoxy-1,1�-binaphthyl (20): Compound 20 was obtained along
with 19 and 21 from the Ni0-catalyzed coupling of 18 with Ph2PCl. M.p.
107 ± 108 �C (aqueous MeOH) (ref. [35f] gives 107 ± 108 �C from aqueous
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MeOH). The 1H NMR data were in agreement with the published
values.[35f] An authentic sample was prepared by Suzuki coupling of
1-naphthaleneboronic acid with 1-bromo-2-methoxynaphthalene.[35f]


1-Methoxyperylene (21): Compound 21 was obtained along with 19 and 20
from the Ni0-catalyzed coupling of 18 with Ph2PCl. M.p. 111 ± 113 �C
(toluene, ref. [37] gives 111 �C); MS: m/z (%): 282 (100) [M�], 268 (78), 239
(47), 141 (11), 119.5 (19); HRMS for C21H14O: calcd 282.1045; found
282.1053. Crystallographic data for 21: C21H14O, M� 282.34. Crystals were
obtained from dichloromethane by a slow diffusion of hexane at room
temperature. Monoclinic; space group P21/c ; a� 18.2280(2), b�
15.2280(3), c� 10.2160(4) ä, �� 104.4240(12)�. Data were collected at
150(2) K on a Nonius KappaCCD diffractometer with MoK� radiation (��
0.71073 ä), a graphite monochromator, and 	 scan mode at five different
crystal orientations up to 0.7696 ä resolution. A total of 43800 reflections
were measured, from which 6287 were unique (Rint� 0.030), with 4753
observed data with I� 2
(I). The structure was solved by direct methods
(SIR92). All reflections were used in the structure refinement based on F 2


by full-matrix least-squares technique (SHELXL97), all hydrogen atoms
were found on difference Fourier map and refined isotropically (508
parameters). Absorption was neglected (�� 0.082mm�1). Final R factors:
R1� 0.050 for the observed data and 0.075 for all data; wR2� 0.135, S�
1.051. The estimated error in the bond lengths for non-hydrogen atoms is
0.002 ä.


(�)-8-Bromo-2�-hydroxy-1,1�-binaphthyl (22): Boron tribromide (15 mL,
1� solution in dichloromethane, 15 mmol) was added to a cooled solution
(0 �C) of 18 (3.62 g, 10 mmol) in dichloromethane (40 mL) and the solution
was slowly warmed to room temperature and stirred overnight. The
reaction was quenched by adding water (30 mL) and satd. NaHCO3


(10 mL), the dichloromethane phase was separated, and the water phase
was extracted with dichloromethane (2� 5 mL). The combined organic
extracts were dried with MgSO4 and evaporated in vacuum. The residue
was purified by chromatography on silica gel (50 g) with toluene as eluent
to give 22 (3.34 g, 96%). M.p. 145 ± 146 �C (toluene); 1H NMR (400 MHz,
CDCl3): �� 4.77 (s, 1H), 6.95 (d, J� 8.4 Hz, 1H), 7.21 ± 7.35 (m, 4H), 7.54
(dd, J� 6.8, 0.8 Hz, 1H), 7.64 (dd, J� 7.6, 7.6 Hz, 1H), 7.75 (dd, J� 7.6 Hz,
0.8 Hz, 1H), 7.82 (d, J� 8.0 Hz, 1H), 7.86 (d, J� 8.8 Hz, 1H), 7.96 (dd, J�
8.0, 0.8 Hz, 1H), 8.05 (dd, J� 8.4, 0.8 Hz, 1H); 13C NMR (100 MHz,
CDCl3): �� 117.30 (d), 119.44 (s), 121.65 (s), 123.15 (d), 124.90 (d), 126.37
(d), 126.40 (d), 126.60 (d), 127.83 (d), 128.64 (s), 129.39 (d), 129.70 (d),
130.81 (d), 130.86 (s), 131.22 (s), 133.29 (d), 134.21 (d), 135.06 (s), 136.43 (s),
150.74 (s); IR (CCl4): �� � 3607 (OH), 3560 (OH associated to an aromatic
�-orbital), 1623 and 1598 (C�C arom), 1518 and 1469 cm�1 (arom); MS:
m/z (%): 350 (36) [M�] (81Br), 348 (36) [M�] (79Br), 269 (100), 268 (53), 252
(44), 251 (30), 239 (56), 134 (9), 119.5 (16); HRMS for C20H13


79BrO: calcd
348.0150; found 348.0156.


Resolution of (�)-22 : Racemic 22 (3.5 g, 10 mmol) and (�)-N-benzylcin-
chonidinium chloride (2.1 g, 5 mmol) were dissolved in MeCN (50 mL) at
70 �C. The mixture was heated during an additional 5 h, during which
period a precipitate was formed. After cooling to room temperature, the
precipitate was filtered off, washed with cold MeCN (5 mL), and dried in to
give a white powder (3.5 g). The powder was suspended in dichloro-
methane (20 mL) and purified by chromatography on silica gel (50 g) with
dichloromethane as eluent to give (S)-(�)-22 (1.5 g, 43%). M.p. 121 ±
123 �C (hexane/dichloromethane); [�]D��97.8 (c� 0.5 in THF). Chroma-
tography on Daicel Chiralpak AD using a hexane-isopropyl alcohol
mixture (9:1) showed 99.4% ee for this product (tR� 10.8 min, tS�
12.2 min). The filtrate from the resolution process was evaporated under
the reduced pressure and worked up in a similar manner to give (R)-(�)-22
(1.9 g, 66%), which was of 84% ee. Crystallographic data for (S)-(�)-22 :
C20H13BrO, Mr� 349.21. Crystals were obtained from dichloromethane by a
slow diffusion of hexane at room temperature. Tetragonal, space group P41;
a� 8.7450(1), c� 40.0620(6) ä. Data were collected at 150(2) K on a
Nonius KappaCCD diffractometer with MoK� radiation (�� 0.71073 ä), a
graphite monochromator, and 	 scan mode at three different crystal
orientations up to 0.7696 ä resolution. A total of 15309 reflections were
measured, from which 6463 were unique (Rint� 0.029), with 5858 observed
data having I� 2�(I). The structure was solved by direct methods (SIR92).
All reflections were used in the structure refinement based on F 2 by full-
matrix least-squares technique (SHELXL97) with hydrogen atoms calcu-
lated into theoretical positions, riding during refinement on the respective
pivot atom, except those of OH groups, which were found on difference


Fourier map and refined isotropically (398 parameters). Absorption
correction (�� 2.682mm�1) was carried out, using multiscans procedure
(SORTAV): min/max transmission� 0.447/0.518. The absolute structure
was determined clearly, since the absolute structure parameter is equal
�0.009(6). Final R factors: R1� 0.030 for the observed data and 0.037 for
all data; wR2� 0.0657, S� 1.050. The estimated error in the bond lengths
for non-hydrogen atoms is in the interval 0.003 to 0.006 ä.


(�)-8-Benzhydrylideneamino-2�-methoxy-1,1�-binaphthyl (23): Benzophe-
none imine[5l] (2.34 g, 2.17 mL, 13 mmol) was added to a suspension of 18
(3.62 g, 10 mmol), [Pd(dba)2] (229 mg, 0.5 mmol), 2,2�-bis(diphenylphos-
phino)diphenyl ether (268 mg, 0.5 mmol) and tBuONa (1.44 g, 15 mmol) in
dry toluene (50 mL) and the mixture was heated at 100 �C for 24 h. The
solvent was evaporated in vacuum and the residue was purified by
chromatography on silica gel (50 g) with toluene as eluent to give 23 (4.49 g,
97%) as an amorphous solid: 1H NMR (400 MHz, CDCl3): �� 3.66 (s, 3H),
6.01 (dd, J� 7.4, 0.8 Hz, 1H), 6.72 ± 6.76 (m, 3H), 6.95 ± 7.02 (m, 4H), 7.04 ±
7.12 (m, 3H), 7.15 ± 7.18 (m, 2H), 7.21 ± 7.30 (m, 5H), 7.52 ± 7.58 (m, 3H), 7.91
(dd, J� 8.4, 1.2 Hz, 1H); 13C NMR (100 MHz, CDCl3): �� 56.00 (q), 112.38
(d), 114.59 (d), 122.67 (d), 123.91 (d), 125.44 (d), 125.48 (d), 125.67 (d),
125.95 (d), 127.08 (2d), 127.32 (s), 127.48 (d), 127.69 (d), 128.11 (2d), 128.17
(s), 128.62 (s), 129.11 (d), 129.36 (d), 129.77 (d), 133.92 (s), 134.86 (s), 135.13
(s), 135.33 (s), 138.96 (s), 148.16 (s), 152.77 (s), 163.93 (s); IR (CCl4): �� �
1622 and 1596 (C�C arom), 1510, 1463 and 1446 (arom), 1261 cm�1 (C�O);
MS: m/z (%): 463 (100) [M�], 432 (9), 320 (14), 282 (20), 281 (25), 268 (25),
267 (16), 252 (20), 239 (20), 182 (11), 165 (13); HRMS for C34H25NO: calcd
463.1936; found 463.1929.


Isolation of enantiopure (S)-(�)-23 : Enantiopure 23 was prepared from
(S)-(�)-18 (3.62 g) in 97% yield by using the same procedure as that for
(�)-23. [�]D��603 (c� 0.8 in THF). The enantiopurity was determined
after the transformation into (S)-(�)-25 (�99% ee).


(�)-8-Benzhydrylideneamino-2�-hydroxy-1,1�-binaphthyl (24): Boron tri-
bromide (6 mL, 1� solution in dichloromethane, 6 mmol) was added to a
cooled solution (0 �C) of 23 (1.85 g, 4 mmol) in dichloromethane (20 mL).
The solution was slowly warmed to room temperature and stirred
overnight. The reaction was quenched by adding water (20 mL) and satd
NaHCO3 (5 mL), the dichloromethane phase was separated and the water
phase was extracted with dichloromethane (2� 5 mL). The combined
organic extracts were dried with MgSO4 and evaporated in vacuum. The
residue was purified by chromatography on silica gel (20 g) with toluene as
eluent to give 24 (1.71 mg, 95%). M.p. 226 ± 229 �C (hexane/dichloro-
methane); 1H NMR (400 MHz, CDCl3): �� 5.22 (br s, 1H), 6.15 (dd, J�
7.3, 1.2 Hz, 1H), 6.78 (d, J� 8.9 Hz, 1H), 6.80 ± 6.87 (m, 4H), 7.02 ± 7.26 (m,
10H), 7.30 (br t, J� 7.3 Hz, 1H), 7.38 (dd, J� 7.0, 1.4 Hz, 1H), 7.46 (m, 1H),
7.58 (dd, J� 8.4, 1.2 Hz, 1H), 7.60 (dd, J� 8.2, 7.0 Hz, 1H), 7.97 (dd, J� 8.2,
1.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): �� 115.67 (d), 117.54 (d), 122.56
(d), 124.22 (d), 124.24 (s), 125.47 (d), 125.66 (d), 125.92 (d), 126.12 (d),
127.16 (2d), 127.53 (3d), 127.92 (d), 127.99 (s), 128.21 (d), 128.85 (s), 129.31
(2d), 129.51 (2d), 129.61 (d), 129.90 (d), 130.94 (s), 130.96 (d), 134.23 (s),
135.34 (s), 135.61 (2 s), 138.72 (s), 147.65 (s), 149.88 (s), 164.91 (s); IR
(CCl4): �� � 3545 (OH), 1621 and 1598 (C�C arom), 1570, 1517 and
1468 cm�1 (arom); MS: m/z (%): 449 (43) [M�], 268 (100), 239 (15); HRMS
for C33H23NO: calcd 449.1780; found 449.1781. Crystallographic data for
(�)-24 : C33H23NO, M� 449.18. Crystals (pale straw yellow) were obtained
from an acetonitrile at room temperature. Monoclinic; space group P21/c,
a� 11.1055(1), b� 11.6712(1), c� 18.0627(1) ä, �� 102.6753(3). Data
were collected at 100 K on an Bruker-Nonius KappaCCD diffractometer,
running under Nonius Collect software, and with graphite monochromated
X-radiation (�� 0.71073 ä). A total of 35 scan sets were measured. The
low-angle scan sets were re-measured at one tenth the integration time to
record the intense low-angle data more accurately. For these short scan sets,
only those data with �� 15� were used in the merging process. Precise unit
cell dimensions were determined by post-refinement of the setting angles
of 97904 reflections with 2.9� �� 41.15� data collection. The frame images
were integrated with Denzo-SMN[69] and the resultant raw intensity files
processed by using a locally modified version of DENZOX.[70] Data were
then sorted and merged using SORTAV[70] after application of a semi-
empirical absorption correction[71] to remove absorption anisotropy due to
the crystal and the mounting medium. The structure was solved by direct
methods (SHELXS-97).[72] All non-H atoms were allowed anisotropic
thermal motion. Aromatic C�H hydrogen atoms were initially included at
calculated positions, with C�H� 0.96 ä, and were refined with a riding
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model and with Uiso set to 1.2 times that of the attached C atom. In the final
cycles of refinement, all these restraints were relaxed. The OH hydrogen
position was obtained from a difference map and was refined without
restraints. Refinement with SHELXL97[72] with full-matrix least-squares
on F 2, all the unique data, and with the weighting scheme w� [�(Fo)2 �
(AP)2 � BP]�1, where P� [F 2


o /3�2F 2
c /3], A� 0.0747, and B� 0.1877,


converged to R1� 0.0421. In the final residual map, peaks of �0.7 ±
0.5 eä�3 were observed at the mid-points of all the covalent bonds,
consistent with these being due to bonding density effects.


Isolation of enantiopure (S)-(�)-24 : Enantiopure 24 was prepared from
(S)-(�)-23 (1.85 g) in 95% yield by using the same procedure as that for
(�)-23. M.p. 196 ± 199 �C (hexane/dichloromethane); [�]D��416 (c� 0.6
in THF). The enantiopurity was determined after the transformation into
(S)-(�)-25 (�99% ee).


(�)-8-Amino-2�-methoxy-1,1�-binaphthyl (25): A solution of 23 (2.3 g,
5 mmol) and conc HCl (1 mL, 10 mmol) in dichloromethane (30 mL) was
stirred at room temperature overnight; NaOH (20 mL of 1� water solution,
20 mmol) was then added, the dichloromethane phase was separated, and
the water phase was extracted with dichloromethane (2� 5 mL). The
combined organic extracts were dried with MgSO4 and evaporated in
vacuum. The residue was purified by chromatography on silica gel (50 g) by
using a 1:1 toluene/hexane mixture as eluent to give 25 (2.07 g, 92%). M.p.
159 ± 160 �C (toluene); 1H NMR (400 MHz, CDCl3): �� 3.82 (s, 3H), 6.53
(dd, J� 7.4, 0.8 Hz, 1H), 7.12 (dd, J� 7.0, 0.8 Hz, 1H), 7.22 ± 7.38 (m, 5H),
7.41 (d, J� 8.8 Hz, 1H), 7.48 (dd, J� 8.0, 7.2 Hz, 1H), 7.82 ± 7.88 (m, 2H),
7.96 (d, J� 8.8 Hz, 1H); 13C NMR (100 MHz, CDCl3): �� 56.82 (q), 110.78
(d), 113.87 (d), 119.07 (d), 122.61 (s), 123.95 (d), 125.10 (d), 125.62 (d),
126.07 (s), 126.20 (d), 126.87 (d), 127.72 (d), 128.69 (s), 128.72 (d), 128.80
(d), 129.74 (d), 132.00 (s), 133.96 (s), 136.01 (s), 144.11 (s), 154.01 (s); IR
(CCl4): �� � 3484 and 3395 (NH2), 1618 and 1594 (C�C arom), 1510 and 1460
(arom), 1260 cm�1 (C�O); MS: m/z (%): 299 (100) [M�], 268 (35), 267 (70),
239 (4), 133.5 (7); HRMS for C21H17NO: calcd 299.1310; found 299.1307.


Isolation of enantiopure (S)-(�)-25 : Enantiopure 25 was prepared from
(S)-(�)-23 (2.3 g) in 92% yield by using the same procedure as that for (�)-
25. M.p. 130 ± 133 �C (toluene); [�]D��86.2; (c� 1 in THF). Chiral
chromatography on Daicel Chiralpak AD using a hexane/isopropyl alcohol
mixture (9:1) showed �99% ee for this product (tR� 12.0 min, tS�
16.6 min).


(�)-8-Amino-2�-hydroxy-1,1�-binaphthyl (26) Method A : Boron tribromide
(6 mL, 1� solution in dichloromethane, 6 mmol) was added to a cooled
solution (0 �C) of 25 (1.20 g, 4 mmol) in dichloromethane (20 mL). The
solution was slowly warmed to room temperature and stirred overnight.
The reaction was quenched by adding water (20 mL) and satd NaHCO3


(5 mL), the dichloromethane phase was separated, and the water phase was
extracted with dichloromethane (2� 5 mL). The combined organic extracts
were dried with MgSO4 and evaporated in vacuum. The residue was
purified by chromatography on silica gel (20 g) with toluene as eluent to
give 26 (1.08 g, 95%). M.p. 153 ± 154 �C (toluene); 1H NMR (400 MHz,
CDCl3): �� 3.70 (br s, 2H), 5.11 (s, 1H), 6.58 (dd, J� 7.6, 1.2 Hz, 1H), 7.20
(dd, J� 8.0, 0.8 Hz, 1H), 7.25 (dd, J� 7.2, 1.2 Hz, 1H), 7.28 ± 7.41 (m, 4H),
7.30 (d, J� 8.8 Hz, 1H), 7.52 (dd, J� 7.8, 7.2 Hz, 1H), 7.84 (dd, J� 7.6,
1.2 Hz, 1H), 7.88 (d, J� 8.8 Hz, 1H), 7.94 (dd, J� 8.2, 1.2 Hz, 1H);
13C NMR (100 MHz, CDCl3): �� 111.49 (d), 117.46 (d), 119.09 (d), 121.66
(s), 122.23 (s), 123.77 (d), 125.03 (d), 125.61 (d), 127.04 (2d), 127.95 (d),
128.63 (s), 128.74 (s), 130.01 (d), 130.14 (d), 130.43 (d), 133.56 (s), 136.48 (s),
143.98 (s), 150.62 (s); IR (CCl4): �� � 3543 (OH), 3490 and 3398 (NH2), 1620
and 1599 (C�C arom), 1516 and 1467 cm�1 (arom); MS: m/z (%): 285 (100)
[M�], 268 (35), 267 (30), 254 (6), 239 (6), 119.5 (3); HRMS for C20H15NO:
calcd 285.1154; found 285.1160.


Method B : A solution of 24 (449 mg, 1 mmol) and conc. HCl (0.2 mL,
2 mmol) in dichloromethane (10 mL) was stirred at room temperature
overnight; NaOH (2 mL of 1� water solution, 2 mmol) was then added, the
dichloromethane phase was separated, and the water phase was extracted
with dichloromethane (2� 2 mL). The combined organic extracts were
dried with MgSO4 and evaporated in vacuum. The residue was purified by
chromatography on silica gel (30 g) using a 1:1 toluene/hexane mixture as
eluent to give 26 (254 mg, 89%).


Isolation of enantiopure (S)-(�)-26 : Enantiopure (S)-(�)-26 was prepared
from (S)-(�)-25 (1.20 g) in 95% yield by using the same procedure as that
for (�)-25. M.p. 140 ± 141 �C (dichloromethane/hexane); [�]D��25.9 (c�


0.8 in THF). Chiral chromatography on Daicel Chiralcel OD-H using a
hexane/isopropyl alcohol mixture (4:1) showed �99% ee for this product
(tS� 8.0 min, tR� 10.3 min).


Isolation of enantiopure (R)-(�)-26 : Enantiopure (R)-(�)-26 was obtained
by enantiomeric enrichment of (R)-(�)-26 as follows. (R)-(�)-(25)
(285 mg, 1 mmol, 84% ee), prepared by using the same sequence as that
employed for its enantiomer [commencing with (R)-(�)-22 (84% ee)], was
dissolved in hot toluene (5 mL), and the solution was allowed to crystallize
overnight. The crystals were isolated by suction and dried to give (�)-(26)
(41 mg). The mother liquor containing (R)-(�)-26 (244 mg), enriched in
94% ee, as revealed by chiral HPLC, was evaporated and the residue was
dissolved in dichloromethane (0.5 mL). The solution was over-layered with
hexane (3 mL) and set aside at room temperature overnight. The crystals
formed were collected to give of (R)-(�)-26 (210 mg, 88%, �98% ee).


(�)-8-Acetamido-2�-hydroxy-1,1�-binaphthyl (27): Racemic (�)-26
(285 mg, 1 mmol) was converted into racemic acetamide (�)-27 in the
same way as enantiopure (S)-(�)-26 was transformed into acetamide (S)-
(�)-27; the procedure afforded (�)-27 (93%): m.p. 156 ± 158 �C (toluene).


(S)-(�)-8-Acetimido-2�-hydroxy-1,1�-binaphthyl (27): Acetyl chloride
(214 �L, 3 mmol) was added to a solution of (S)-(�)-26 (285 mg, 1 mmol,
99% ee) in pyridine (5 mL), and the mixture was stirred at room
temperature overnight. The reaction was quenched by adding 5% HCl
(20 mL), the dichloromethane phase was separated and the water phase
was extracted with dichloromethane (2� 5 mL). The combined organic
extracts were dried with MgSO4 and evaporated in vacuum. The residue
was dissolved in dry methanol (20 mL), solid Na (20 mg) was added, and
the mixture was stirred at room temperature for 3 h. The reaction was
quenched by adding water (20 mL) and 5% HCl (10 mL) and the mixture
was extracted with dichloromethane (3� 10 mL). The combined organic
extracts were dried with MgSO4 and evaporated in vacuum. The residue
was purified by chromatography on silica gel (10 g) using toluene as eluent
to give (S)-(�)-27 (307 mg, 94%). M.p. 213 ± 215 �C (toluene); [�]D��2.6
(c� 1.0 in THF); 1H NMR (400 MHz, CDCl3): �� 1.03 (s, 3H), 5.33 (br s,
1H), 7.09 (d, J� 8.4 Hz, 1H), 7.22 (br s, 1H), 7.27 ± 7.40 (m, 4H), 7.51 ± 7.56
(m, 1H), 7.58 ± 7.63 (m, 1H), 7.81 ± 7.95 (m, 4H), 8.03 (dd, J� 8.2, J� 0.8 Hz,
1H); 13C NMR (100 MHz, CDCl3): �� 23.28 (q), 117.94 (d), 121.35 (s),
122.63 (d), 124.23 (d), 124.65 (d), 125.77 (d), 125.81 (s), 126.42 (d), 126.59
(d), 127.70 (d), 127.73 (s), 128.06 (d), 128.80 (s), 130.28 (d), 130.81 (d),
131.87 (d), 133.10 (s), 133.44 (s), 135.84 (s), 150.65 (s), 168.25 (s); IR
(CHCl3): �� � 3530 (OH), 3405 (NH), 1688 (C�O), 1619 and 1597 (C�C
arom), 1521 and 1428 cm�1 (arom); MS: m/z (%): 327 (65) [M�], 285 (49),
267 (100), 239 (10); HRMS for C22H17NO2: calcd 327.1259; found 327.1256.


(R)-(�)-8-Acetimido-2�-hydroxy-1,1�-binaphthyl (27): (R)-(�)-26 (84% ee)
was acetylated using the same procedure as that employed for its
enantiomer to give the crude (R)-(�)-27 (327 mg, 1 mmol, 84% ee). The
latter material was dissolved in hot toluene (5 mL) and the solution was
allowed to crystallize overnight. The crystalline material was isolated by
suction and dried to give (R)-(�)-27 (247 mg, 90%). [�]D��2.5 (c� 1.0 in
THF). Chiral chromatography on Daicel Chiralcel OD-H, with a hexane/
isopropyl alcohol mixture (4:1), showed �99% ee for this product (tR�
7.7 min, tS� 8.9 min).


(�)-8-Dimethylamino-2�-hydroxy-1,1�-binaphthyl (29): A solution of the
amino alcohol 26 (285 mg, 1 mmol) in THF (10 mL) and solid NaBH4


(530 mg, 14 mmol) were slowly added (simultaneously) to a solution of the
40% aqueous formaldehyde (2 mL 24 mmol) and a 20% aqueous H2SO4


(2 mL) in THF (10 mL) over a period of 15 min at RT. The reaction mixture
was stirred for an additional 15 min and then poured into a 2% aqueous
KOH (200 mL). The resulting suspension was extracted with ethyl acetate
(3� 50 mL), and the extract was dried with MgSO4 and evaporated. The
residue was purified by flash chromatography on silica gel (50 g) with
toluene to give the amino alcohol 29 (103 mg, 33%) as the faster moving
product and 30 (184 mg, 59%) as the slower moving product. M.p. 119 ±
120 �C (toluene); 1H NMR (400 MHz, CDCl3): �� 1.71 (s, 3H), 2.22 (s,
3H), 5.07 (br s, 1H), 7.15 (dd, J� 7.5, J� 1.4 Hz, 1H), 7.17 ± 7.19 (m, 2H),
7.23 ± 7.26 (m, 1H), 7.26 (d, J� 8.7 Hz, 1H), 7.44 ± 7.50 (m, 2H), 7.59 (t, J�
8.2 Hz, 1H), 7.72 (dd, J� 8.1, J� 1.3 Hz, 1H), 7.74 (d, J� 8.7 Hz, 1H), 7.80
(td, J� 7.9, 1.2 Hz, 1H), 7.98 (dd, J� 8.1, 1.5 Hz, 1H); 13C NMR (100 MHz,
CDCl3): �� 45.02 (q), 45.10 (q), 116.90 (d), 118.63 (d), 122.56 (d), 124.46
(s), 124.95 (2d), 125.64 (d), 125.84 (d), 126.33 (d), 127.78 (d), 127.88 (d),
128.47 (s), 129.20 (s), 129.97 (d), 130.14 (s), 131.71 (d), 133.93 (s), 136.70 (s),
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149.06 (s), 151.83 (s); IR (CCl4): �� � 3551 (OH), 1621 and 1598 (C�C arom),
1576, 1517, and 1468 cm�1 (arom); MS: m/z (%): 313 (80) [M�], 268 (100),
265 (42), 239 (28); HRMS for C22H19NO: calcd 313.1467; found 313.1466.


Compound (�)-30 : Compound (�)-30 was obtained as the major (polar)
product along with 29 (vide supra) as an amorphous solid. 1H NMR
(400 MHz, CDCl3): �� 2.98 (s, 3H; CH3), 3.34 (d, J� 11.6 Hz, 1H; CHH),
3.55 (d, J� 11.6 Hz, 1H; CHH), 6.27 (d, J� 9.8 Hz, 1H; 3�-H), 6.69 (dd, J�
7.6, 1.2 Hz, 1H; 7-H), 6.78 (dd, J� 7.2, 1.2 Hz, 1H; 2-H), 6.90 (dm, J�
7.8 Hz, 1H; 8�-H), 7.21 (td, J� 7.8, 1.5 Hz, 1H; 7�-H), 7.30 (td, J� 7.5, 1.2 Hz,
1H; 6�-H), 7.34 (dd, J� 8.2, 7.2 Hz, 1H; 3-H), 7.34 (dd, J� 8.2, 1.2 Hz, 1H;
5-H), 7.41 (dd, J� 7.5, 1.5 Hz, 1H; 5�-H), 7.44 (dd, J� 8.1, 7.6 Hz, 1H; 6-H),
7.58 (brd, J� 9.9 Hz, 1H; 4�-H), 7.75 (dd, J� 8.2, 1.2 Hz, 1H; 4-H);
13C NMR (100 MHz, CDCl3): �� 39.61 (q, CH3), 58.47 (s, C-1�), 61.80 (t,
CH2), 105.06 (d, C-7), 117.54 (d, C-5), 123.39 (s, C-9), 123.88 (d, C-2), 124.39
(d, C-3�), 125.77 (d, C-3), 126.42 (d, C-6), 127.29 (d, C-6�), 127.37 (d, C-4),
129.17 (s, C-10�), 129.48 (d, C-5�), 129.85 (d, C-7�), 129.96 (d, C-8�), 134.09 (s,
C-1 or C-10), 134.18 (s, C-1 or C-10), 143.86 (s, C-9�), 144.08 (s, C-8), 144.72
(d, C-4�), 200.33 (s, C-2�). IR (CCl4): �� � 1666 (C�O), 1621 and 1592 (C�C
arom), 1566, 1514, and 1482 cm�1 (arom); MS: m/z (%): 311 (100) [M�],
296 (22), 268 (31), 266 (19), 253 (14), 239 (11), 86 (40); HRMS for
C22H17NO: calcd 311.1310; found 311.1310.


(�)-8-Acetamido-3�-hydroxy-1,2�-binaphthyl (34): Boron tribromide (1� in
dichloromethane, 1.5 mL, 1.50 mmol) was added to a solution of 16
(341 mg, 1.0 mmol) in dichloromethane (4 mL) at 0 �C, and the mixture was
stirred for 18 h at room temperature and then poured into water. Saturated
NaHCO3 was then added, and the product was extracted into ethyl acetate
(2� 3 mL). The combined organic extracts were dried over Na2SO4 and
concentrated under reduced pressure, and the residue was purified by
chromatography on silica gel (20 g), with a 1:1 ethyl acetate/dichloro-
methane mixture as eluent to produce 34 as a white solid (301 mg, 92%).
M.p. 208 ± 211 �C (decomp); 1H NMR (400 MHz, CDCl3): �� 1.13 (s, 3H),
6.30 (br s, 1H), 7.17 (br s, 1H), 7.32 ± 7.41 (m, 3H), 7.44 ± 7.56 (m, 3H), 7.69 ±
7.84 (m, 5H), 7.95 (dd, J� 8.3, 1.5 Hz, 1H); 13C NMR (100 MHz, CDCl3):
�� 23.32 (q), 110.03 (d), 123.94 (d), 124.28 (d), 125.30 (d), 125.95 (s), 126.03
(d), 126.21 (d), 126.86 (d), 127.12 (d), 127.65 (d), 128.44 (s), 128.87 (d),
130.08 (d), 130.99 (d), 131.36 (s), 132.50 (s), 132.75 (s), 134.55 (s), 135.25 (s),
151.85 (s), 168.99 (s); IR (CHCl3): �� � 3547 (OH), 3426 (NH), 1684 (C�O),
1518, 1495 (arom), 1262 cm�1 (C�O); MS: m/z (%): 327 (26) [M�], 285 (16),
284 (12), 268 (95), 267 (100), 254 (12), 239 (10), 43 (24); HRMS for
C22H17NO2: calcd 327.1259; found 327.1244.


(�)-8-Amino-3�-hydroxy-1,2�-binaphthyl (35): Trichlorosilane (0.75 mL,
7.2 mmol) was added to a mixture of 34 (200 mg, 0.61 mmol) and
triethylamine (1.7 mL, 12 mmol) in xylene (14 mL) at 0 �C, and the mixture
was stirred at 120 �C for 15 h. After being cooled to room temperature, the
mixture was diluted with ethyl acetate (10 mL) and quenched with a small
amount of saturated NaHCO3. The resulting suspension was filtered
through Celite, and the solid was washed with ethyl acetate (3� 10 mL).
The combined organic extracts were dried over Na2SO4 and concentrated
under reduced pressure. The crude product was purified by chromatog-
raphy on silica gel (20 g) with a toluene-ethyl acetate mixture (9:1) to
furnish 35 as a white solid (30 mg, 16%). M.p. 192 ± 193 �C (ethyl acetate);
1H NMR (400 MHz, CDCl3): �� 6.67 (dd, J� 7.4, 1.4 Hz, 1H), 7.27 ± 7.35
(m, 2H), 7.36 ± 7.41 (m, 3H), 7.46 ± 7.52 (m, 3H), 7.77 ± 7.84 (m, 2H), 7.90
(dd, J� 8.2, 1.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): �� 110.24 (d),
111.85 (d), 119.42 (d), 121.37 (s), 124.20 (d), 125.22 (d), 126.54 (d), 126.78
(d), 127.08 (d), 127.80 (d), 128.39 (s), 128.88 (d), 129.57 (d), 130.24 (d),
131.17 (s), 132.39 (s), 134.81 (s), 136.02 (s), 143.71 (s), 151.56 (s); IR
(CHCl3): �� � 3549 (OH), 3496 (NH), 3402 (NH), 1597 (arom), 1500 (arom),
1449 (arom), 1263 cm�1 (C�O); MS: m/z (%): 285 (9) [M�], 267 (100), 264
(10), 239 (5), 133.5 (16), 132.5 (11); HRMS for C20H15NO: calcd 285.1154;
found 285.1162. The small-scale enantiomeric separation was performed on
a Daicel Chiralpak AD column using a hexane-methanol-isopropyl alcohol
mixture (77:20:3); the retention times were 11.0 and 14.1 min.


Dibenzo[b,kl]xanthene (36): A solution of 34 (80 mg, 0.24 mmol) in a
mixture of ethanol (1.6 mL) and aqueous HCl (10%, 0.5 mL) was stirred
under reflux for 16 h and then concentrated under reduced pressure. Water
and saturated NaHCO3 were added to the residue and the product was
extracted into dichloromethane (2� 2 mL). Combined organic extracts
were dried over Na2SO4 and concentrated under reduced pressure and the
residue was purified by chromatography on silica gel (10 g) with toluene as
eluent to produce 36 as a bright yellow solid (33 mg, 50%). M.p. 167 ±


168 �C (ethyl acetate); 1H NMR (400 MHz, CDCl3): �� 6.97 ± 7.02 (m, 1H),
7.32 ± 7.49 (m, 6H), 7.65 (dd, J� 8.2, 0.9 Hz, 1H), 7.69 (d, J� 8.1 Hz, 1H),
7.79 (d, J� 8.1 Hz, 1H), 7.86 (dd, J� 7.3, 1.1 Hz, 1H), 8.28 (s, 1H); 13C NMR
(100 MHz, CDCl3): �� 108.52 (d), 112.24 (d), 115.66 (d), 120.10 (d), 120.71
(s), 121.28 (s), 121.92 (d), 124.81 (d), 126.46 (s), 126.52 (d), 126.70 (d),
126.84 (d), 127.18 (d), 127.23 (d), 128.03 (d), 130.33 (s), 134.49 (s), 134.78 (s),
149.94 (s), 150.51 (s); IR (CHCl3): �� � 3016 (d), 1628 (C�C arom), 1450
(arom), 1402 (arom), 1276 cm�1 (C�O); MS: m/z (%): 268 (100) [M�], 239
(17), 237 (7), 134 (19), 119.5 (10); HRMS for C20H12O: calcd 268.0888;
found 268.0881.


7H-Dibenzo[b,kl]acridine (37): A solution of 34 (150 mg, 0.46 mmol) in a
mixture of amyl alcohol (6.0 mL) and hydrazine hydrate (80%, 4.0 mL)
was stirred under reflux for 40 h and then evaporated under reduced
pressure. The crude product was purified by chromatography on silica gel
(15 g) with a 1:1 ethyl acetate/petroleum ether mixture as eluent to afford
37 as brown crystals (96 mg, 78%): m.p. 210 ± 212 �C (toluene); 1H NMR
(400 MHz, CDCl3): �� 6.46 (dd, J� 7.2, 1.0 Hz, 1H), 6.85 (br s, 1H), 6.94 (s,
1H), 7.10 (d, J� 8.2 Hz, 1H), 7.18 ± 7.25 (m, 2H), 7.31 ± 7.36 (m, 1H), 7.39 ±
7.44 (m, 1H), 7.50 ± 7.56 (m, 2H), 7.72 (d, J� 8.2 Hz, 1H), 7.83 (d, J� 7.3 Hz,
1H), 8.26 (s, 1H); 13C NMR (100 MHz, CDCl3): �� 103.96 (d), 108.22 (d),
115.25 (d), 116.84 (d), 122.22 (d), 122.33 (s), 123.45 (d), 125.52 (d), 125.76
(d), 126.84 (d), 127.19 (d), 127.28 (d), 128.22 (d), 129.38 (s), 129.98 (s),
134.74 (s), 135.61 (s), 137.05 (s), 137.99 (s); IR (CHCl3): �� � 3411 (NH), 1633
(C�C arom), 1587 (arom), 1478 (arom), 1463 cm�1 (arom); MS: m/z (%):
267 (100) [M�], 266 (27), 264 (10), 239 (5), 135 (21), 133 (11), 132.5 (14);
HRMS for C20H13N: calcd 267.1048; found 267.1043.


Asymmetric Michael addition of complex 39 to methyl acrylates : Sodium
hydride (0.096 g, 2.4 mmol) was added to a solution of (R)-27 (0.118 g,
0.36 mmol) in CH2Cl2, first thoroughly purged with Ar, and the mixture
was stirred at room temperature for 3 min under argon. Complex 39 (1.00 g,
2.4 mmol) was then added while stirring, followed 5 min later by methyl
acrylate or methyl methacrylate (13.7 mmol), and the reaction mixture was
agitated for an additional 5 min [the course of the reaction was monitored
by TLC (CHCl3/Me2CO 5:1)]. The reaction mixture was then quenched
with aqueous acetic acid and the product was extracted into chloroform.
The organic layer was separated and an aliquot was used to check the ee of
the glutamic acid (Table 5). The remainder of the organic layer was
evaporated and the residue was purified by chromatography on a silica gel
column with a CHCl3/Et2O/AcOH mixture (3:1:1). The catalyst (R)-27 was
recovered from the first fraction and recrystallized from benzene (60%).
The fraction containing 41 was decomposed with a 1:1 mixture of MeOH
and conc. HCl by refluxing for 5 min (until the red color of the solution had
disappeared). The resulting solution was evaporated, water was added to
the residue, and the insoluble hydrochloride of 38 was removed by
filtration. The pH of the filtrate was brought to 8 with aqueous NH3, the
solution was extracted with CHCl3, and the aqueous solution was desalted
on Dowex 50 in its H� form to give glutamic acid 43. For yields and ee, see
Table 5. The ee was determined by chiral GLC (Chirasil-Val phase).
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Synthesis of Stable Analogues of Thiamine Di- and Triphosphate as Tools for
Probing a New Phosphorylation Pathway


Emmanuel Klein,[a] Hoa¡ng-Oanh Nghie√m,[c] Alain Valleix,[b] Charles Mioskowski,[a, b] and
Luc Lebeau*[a]


Abstract: Thiamine (vitamin B1) is an
essential nutritional factor metabolized
inside the body in its mono-, di-, and
triphosphate forms. Although the action
of thiamine and thiamine diphosphate
have been intensely investigated, many
questions remain unanswered and the
role of thiamine triphosphate is still
especially unknown. To probe recent


hypotheses on the implication of thi-
amine triphosphate in a new phosphor-
ylation pathway involving synaptic pro-
teins, we synthesized a series of thiamine


di- and triphosphate analogues that are
resistant to both enzymatic and chemical
hydrolyses. The key step in the prepara-
tion of the title compounds is the
coupling of thiamine propyl disulfide
with adequately protected methylenebis-
phosphonic acid, the corresponding tri-
phosphate analogue, and difluorometh-
ylenebisphosphonic acid.


Keywords: difluoromethylene-
phosphonate ¥ phosphorylation ¥
triphosphates ¥ vitamins


Introduction


Thiamine (1) was first isolated in rice bran in 1926[1] and its
structure elucidated in 1936.[2] In 1937, thiamine diphosphate
(ThDP) 3 was identified as cocarboxylase, the essential
cofactor of a number of key enzymes.[3] Thiamine is a vitamin
(vitamin B1) required by the human body. The recommended
daily intake is approximately 1.5 mg and about 30 mg are
stored in the body with 80% as the diphosphate 3, 10% as
triphosphate (ThTP) 4, and the rest as thiamine and its
monophosphate (ThMP) 2. Thiamine is produced on an
industrial scale (around 4000 tons annually) and is routinely
added to bread in the western world to prevent deficiency
diseases.
Since the early times, investigations on thiamine and


thiamine derivatives have continued (�200 papers in year
2001) and the implications of the presence of these com-
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pounds in various medical conditions (beri beri, Wernicke×s
encephalopathy, Korsakoff psychosis, Leigh syndrome, mega-
loblastic anaemia, and others) have been documented.[4]


However, these studies mainly focused on thiamine and its
pyrophosphate (90 ± 95% of the results published in the
literature), and very few investigations were directed toward
ThTP. Very recently the involvement of ThTP in the specific
phosphorylation of Torpedo 43K Rapsyn has been report-
ed.[5, 6] 43K Rapsyn is a peripheral protein specifically
associated with the nicotinic acetylcholine receptor (nAChR)
present in the post-synaptic membrane of the neuromuscular
junction (NMJ) and of the electrocyte.[7] 43K Rapsyn is
essential for a functional NMJ.[8] The protein phosphorylation
results from transfer of the �-phosphate from ThTP onto a
histidine residue by endogenous kinases that have not yet
been identified.[5] The use of a phosphate donor (ThTP)
belonging to the thiamine family represents a novel phos-
phorylation pathway possibly important for synaptic proteins
and cell signaling.
To investigate the scope of that ThTP-dependent phos-


phorylation, analogues of the phosphate donor and its
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metabolites are required. Thus, we became interested in the
design of enzymatically and chemically non-hydrolyzable
analogues of thiamine di- and triphosphate. Herein we
describe the synthesis of a series of ThDP and ThTP
analogues.


Results and Discussion


Thoughmany thiamine and thiamine polyphosphate analogues
have been described in the literature (for a review see[9]), only
a very small number incorporate modifications of the poly-
phosphate chain (see below). To the best of our knowledge,
three compounds are documented: thiamine � :�-methylene-
diphosphate (5),[10] thiamine �,�-dithiodiphosphate (6),[11] and
thiamine � :�-methylenetriphosphate (7).[12] Whereas the
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dithio derivative and triphosphate analogue do not fulfill the
stability requirements toward hydrolytic conditions, com-
pound 5 appears to be a good candidate for probing part of the
biological activity of the ThTP-dependent kinases. The
original synthesis of that compound was achieved starting
from thiamine disulfide and methylenebisphosphonic acid,
but very few experimental details if any were reported.
During the past few years we have been involved in a


program focused on the synthesis of stable analogues of
nucleotides[13±18] and dinucleoside polyphosphates.[19] Our
strategy consists of preparing a polyphosphonate building
block that can be regioselectively functionalized with ade-
quately protected nucleosides in organic solvents and in high
yields. Due to the lipophilicity of the compounds, separation
problems are largely overcome and purification can be
performed by flash chromatography over silica gel. The final
compounds are obtained after a quasi-quantitative polyde-
protection of both phosphonyl and nucleoside moieties.
In our first attempt to prepare compound 5 we tried to use


the same strategy. Thiamine chloride hydrochloride being
insoluble in organic solvents, we used thiamine disulfide 8 as
starting material (Scheme 1). First, we set up the reaction
sequence with benzylphosphonic monobenzyl ester 9[20] as a
model phosphonate. Phosphonylation of the dimeric precur-
sor of thiamine was carried out under the Mitsunobu
conditions.[21] Bis-phosphonylated compound 10 was obtained
in 81% yield. The well-documented reduction of the disulfide
bridge with rapid cyclization and thiazolium formation[22] was
realized in 97% yield using triphenylphosphine in the
presence of water. The resulting mixed benzyl thiamine
phosphonate 11 was debenzylated by catalytic hydrogenolysis
to afford thiamine phosphonate 12 in 78% yield. The
presence of a benzyliminium moiety and of a cyclic sulfide
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Scheme 1. Synthesis of ThMP analogue 12.


in the molecule did not cause any problem in that last
transformation.
That same reaction sequence starting from methylenebi-


sphosphonic tribenzyl ester 13a[20] turned out differently
(Scheme 2). Whereas the double phosphonylation of thiamine
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Scheme 2. Tentative preparation of protected ThDP analogues starting
from thiamine disulfide 8.


disulfide could be carried out in 62% yield to give 14a, further
reduction of the disulfide bridge proved ineffective. Whatever
the experimental conditions (PPh3/H2O, PBu3/H2O, PBu3/
H2O/HBF4, �-mercaptoethanol, nBuSH, iPrSH, tBuSH) we
invariably failed in forming the reduced compound, and the
starting material remained unchanged. A plausible explan-
ation for this inert behavior toward reduction could be some
compact folding of the dimer, possibly due to cumulative �-
stacking interactions between the six phenyl and two pyrimi-
dine rings in the molecule. To test the hypothesis we
conducted parallel experiments in the methyl ester series.
Phosphonylation of 8 with methylenebisphosphonic trimethyl
ester 13b yielded dimeric compound 14b, which, however,
proved equally resistant to disulfide reduction. Additional
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experiments were carried out in which 14a was first submitted
to hydrogenolysis before attempting disulfide reduction. We
could neither identify nor detect the expected products in the
crude reaction mixtures.
These negative results prompted us to revise our strategy. If


the problem indeed resulted from a tight fit of the disulfide
bridge within the dimer, breaking the symmetry of the
molecule should restore disulfide accessibility toward reduc-
ing agents. Thus, phosphonylation of thiamine propyl disulfide
16[23] with 13a under the Mitsunobu conditions afforded 17 in
63% yield (Scheme 3). The latter compound was then treated
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Scheme 3. Synthesis of ThDP analogue 5.


with triphenylphosphine in aqueous 1,2-dimethoxyethane
(DME) and thiamine phosphonate 15a was obtained in
96% yield. This validates hypothesis of a compact conforma-
tion of dimers 14a and 14b and preventing access of any
reducing agent close to the disulfide bridge. Hydrogenolysis of
15a, however, proved troublesome. Deprotection of com-
pound 11 could be achieved within 30 minutes without
formation of byproducts, whereas the full debenzylation of
15a required several hours. This is not compatible with the
preservation of the thiazolium and benzyliminium moieties
and by-products rapidly become the major products. Accord-
ing to previous results obtained with AZT derivatives by some
of us[16, 18] debenzylation of 15a could be achieved in a very
clean manner using bromotrimethylsilane, and 5 was obtained
in 96% yield.
We then focused our attention on the synthesis of the


thiamine triphosphate analogue 25 (Scheme 4). According to
the previous strategy, disulfide 16 was condensed with
phosphonic acid 19 which results from the monodeprotection
of pentabenzyl ester 18.[20, 24]


Phosphonic acid 19 was obtained as a mixture with
phosphinic acid 20 (19 :20 8:2). As it could not be purified
by flash chromatography over silica gel, the mixture was
directly used in the coupling reaction with 16. The two isomers
21 and 22 were obtained in 42% yield (21:22 8:2). Compound
21 was present in the crude mixture as two diastereomers and
was not separated from 22. Reduction of the mixture with
triphenylphosphine in the presence of water afforded com-
pounds 23 and 24 that were directly involved in the
debenzylation step using bromotrimethylsilane. Compounds
25 and 26 were finally separated by reversed-phase HPLC.
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Scheme 4. Synthesis of ThTP analogues 25 and 26.


To obtain a ThDP analogue with pKa values closer to those
of ThDP than compound 5, we studied fluorinated compound
27.
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All the difluoromethylenebisphosphonic acid monoesters
described so far in the literature result from nucleophilic
displacement of tosylates by a quaternary ammonium salt of
difluoromethylenebisphosphonic acid (Scheme 5).[25±28]
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Scheme 5. General scheme for the preparation of difluoromethylenebi-
sphosphonic monoesters described in the literature.[25±28]


Due to the high electronegativity of the fluorine atom,
difluoromethylenebisphosphonic acid is a very poor nucleo-
phile. Consequently tosylate substitution is very slow and
yields remain low. To adapt our overall strategy to the
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synthesis of the difluoromethylene analogue of ThDP 27, we
prepared difluoromethylenebisphosphonic tetrabenzyl ester
by electrophilic fluorination[29] of 28 (Scheme 6).
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Scheme 6. Electrophilic fluorination of 28.


Different fluorinating agents have been tested (N-fluoro-N-
methyl-p-toluenesulfonamide, Selectfluor, N-fluorobenzene-
sulfonimide (NFSI)); NFSI gave the best results and afforded
29 in 68% yield. The latter compound, however, proved
labile. Whereas selective monodebenzylation of 28 can be
achieved in refluxing toluene with 1 equiv DABCO to afford
13a,[20] compound 29 led to a non-separable complex mixture
of acids, even under milder experimental conditions. Con-
sequently we prepared the mixed ester 30a from dibenzyl
methanephosphonate and benzyl methyl chlorophosphate
(Scheme 7).
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Scheme 7. Synthesis of difluoromethylenebisphosphonic acid triesters 32a
and 32b.


Electrophilic fluorination of compound 30a was achieved
with 72% yield and removal of methyl ester in 31a using
1 equiv KCN in hot DMF[30] was quantitative. Our attempts to
perform the condensation of thiamine propyl disulfide 16with
32a under the Mitsunobu conditions however failed, presum-
ably due to a rapid displacement of some benzyl groups by
N,N�-dicarboxyethyl hydrazine or its deprotonated precursor.
Considering the high sensitivity of benzylic positions toward
nucleophiles, we transposed the reaction sequence in the
methyl series assuming that methyl esters are more resistant
and should prevent degradation. Trimethyl benzyl ester 30b
was fluorinated under the same conditions as for 30a. The
resulting monobenzyl ester 31b was hydrogenolyzed to yield
phosphonic acid 32b quantitatively.
Esterification of the latter compound with 16 afforded 33 in


66% yield (Scheme 8). Although more stable than in the
benzyl series, the compound slowly decomposes after a few
hours, even at �20 �C. Consequently the reduction of the
disulfide bridge was carried out immediately after purifica-
tion. Compound 34 was purified by dissolving the crude
reaction mixture in water and washing it with diethyl ether. It
was obtained along with some compounds resulting from the
partial deprotection of methyl esters. That mixture was not


further purified butdirectly treated with bromotrimethylsi-
lane to convert the remaining methyl esters to their corre-
sponding phosphonic acids. Finally, compound 27 was then
obtained in 38% yield after purification by reversed-phase
HPLC.
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Scheme 8. Synthesis of fluorinated ThDP analogue 27.


Conclusion


Four different analogues of polyphosphorylated thiamine
species (compounds 5, 25, 26, and 27) have been prepared.
Whereas compounds 5 and 27 are clearly ThDP analogues,
and 25 a ThTP analogue, 26 can be considered either as a
ThTP analogue or as a ™supercharged∫ ThDP analogue as
earlier defined in the nucleotide series by Blackburn.[31]


Compounds 5, 25, 26, and 27 are currently under biological
evaluation. Extensive description of the biological properties
of the compounds will be reported elsewhere.


Experimental Section


General : 1H, 13C, 31P, and 19F NMR chemical shifts � are reported in ppm
relative to their standard reference (1H: CHCl3 at 7.27 ppm, HDO at
4.63 ppm, CD2HOD at 3.31 ppm; 13C: CDCl3 at 77.0 ppm, CD3OD at
49.0 ppm; 31P: H3PO4 external at 0.00 ppm; 19F: CFCl3 external at
0.00 ppm). IR spectra were recorded in wavenumbers (cm�1). Mass spectra
(MS) were recorded as chemical ionization (CI) or in the electrospray (ES)
mode. Mass data are reported in mass units (m/z). Analytical HPLC studies
were carried out in the isocratic mode using a reversed-phase column
(Zorbax SBC18, 250� 4.6 mm, 5 �m; flow rate 1 mLmin�1 at 25 �C) and a
photodiode array detector (LKB2410, detection at 230 nm). Preparative
HPLC was carried out in the isocratic mode (Zorbax SBC18, 250�
21.2 mm, 7 �m; flow rate 5 mLmin�1 for 3 min then 20 mLmin�1 at
25 �C). Aqueous triethylamine was acidified using CO2. Abbreviations: s,
singlet; d, doublet; t, triplet; q, quadruplet; m, multiplet; br, broad.


Thiamine � :�-methylenediphosphate (5): Bromotrimethylsilane (250 �L,
1.93 mmol) was added to a suspension of compound 15a (199 mg,
260 �mol) in anhydrous methylene chloride (25 mL) at room temperature.
The reaction mixture was stirred for 6 h before the solvent was removed
under vacuum and water (5 mL) added to the crude residue. The aqueous
solution was washed with AcOEt (2� 5 mL) and methylene chloride (2�
5 mL), and was lyophylized to yield 5 (105 mg, 96%) as a white hygroscopic
powder. Analytical HPLC (aqueous Et3N 62 m�, pH 7.3/CH3CN 99.9:0.1):
tR� 30.3 min; 1H NMR (D2O, 300 MHz): �� 9.67 (s, 1H), 7.95 (s, 1H), 5.55
(s, 2H), 4.19 (dt, J� 6.0, 5.3 Hz, 2H), 3.22 (t, J� 5.3 Hz, 2H), 2.61 (s, 3H),
2.54 (s, 3H), 2.36 (dd, J� 20.2, 20.3 Hz, 2H); 13C NMR (D2O, 75 MHz): ��
163.8, 163.6 (m), 155.6, 144.9, 144.0, 136.4, 107.0, 64.3 (d, J� 5.8 Hz), 50.5,
28.1 (d, J� 7.2 Hz), 26.8 (t, J� 127.1 Hz), 21.6, 11.8; 31P NMR (D2O,
121 MHz): �� 24.46 (d, J� 8.4 Hz, 1P), 20.96 (d, J� 8.4 Hz, 1P); IR
(KBr): �� � 3332 (b), 1644, 1221, 1009; MS (ES): m/z (%): 422 [M]� (100),
444 [M�H�Na]� (4).
Thiamine disulfide bis(benzyl benzylphosphonate) (10): Triphenylphos-
phine (629 mg, 2.4 mmol) in anhydrous THF (3 mL) was added dropwise to
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a mixture of thiamine disulfide (225 mg, 0.4 mmol), phosphonic acid
monobenzyl ester 9[20] (214 mg, 0.8 mmol), and DEAD (0.4 mL, 2.6 mmol)
in THF (15 mL) at room temperature. The initially heterogeneous reaction
mixture rapidly became clear and was stirred for 30 min before the solvent
was removed under vacuum. The oily residue was purified by flash
chromatography over silica gel (EtOAc/MeOH 10:0 to 6:4) and 10 (340 mg,
81%) was obtained as a slightly yellow solid (mixture of two diaster-
eomers). TLC: Rf� 0.35 (EtOAc/MeOH 6:4); 1H NMR (CDCl3,
200 MHz): �� 7.76 (s, 2H), 7.65 (s, 2H), 7.39 ± 7.25 (m, 20H), 6.25 (s, 4H),
5.02 (A part of ABX syst. , J��11.7, 8.7 Hz, 2H), 4.94 (B part of ABX
syst. , J��11.7, 9.2 Hz, 2H), 3.92 ± 3.70 (m, 4H), 3.15 (d, J� 21.6 Hz, 4H),
2.47 (s, 6H), 2.44 ± 2.32 (m, 4H), 1.75 (s, 6H); 13C NMR (CDCl3, 50 MHz):
�� 168.0, 163.1, 162.1, 156.2, 136.1 (d, J� 5.8 Hz), 130.9 (d, J� 8.7 Hz),
129.8, 129.6, 128.7, 128.6, 128.1, 127.0 (m), 107.8, 68.2 (d, J� 5.8 Hz), 62.6 (d,
J� 7.2 Hz), 40.0, 33.7 (d, J� 135.7 Hz), 31.0 (d, J� 5.8 Hz), 25.6, 18.2; 31P
NMR (CDCl3, 121 MHz): �� 28.89; IR (film): �� � 3366, 1660, 1458,
1008 cm�1; MS (CI/NH3): m/z (%): 1052 [M�H]� (100).


Thiamine chloride (benzyl benzylphosphonate) (11): Compound 10
(42 mg, 40 �mol) and triphenylphosphine (21 mg, 80 �mol) were dissolved
in DME/water (4:1, 2 mL) and the pH brought to 1 with aqueous HCl. The
reaction mixture was stirred at room temperature for 30 min and the
solvent removed under vacuum. Water (5 mL) was added to the crude
residue and the resulting solution washed with methylene chloride (3�
5 mL) and diethyl ether (5 mL). The aqueous layer was evaporated to yield
compound 11 (45 mg, 97%) as a slightly yellow solid that was used without
further purification. TLC: Rf� 0.40 (CHCl3/MeOH/H2O 20:8:1); 1H NMR
(CD3OD, 200 MHz): �� 9.85 (s, 1H), 8.32 (s, 1H), 7.51 ± 7.26 (m, 10H), 5.58
(s, 2H), 5.07 (A part of ABX syst., J��11.5, 8.0 Hz, 1H), 5.04 (B part of
ABX syst. , J��11.5, 9.4 Hz, 1H), 4.19 (dt, J� 6.9, 5.5 Hz, 2H), 3.35 (d,
J� 21.2 Hz, 2H), 3.24 (t, J� 5.5 Hz, 2H), 2.66 (s, 3H), 2.56 (s, 3H).


Thiamine benzylphosphonic acid (12): Compound 11 (49 mg, 84 �mol) and
Pd/C 10% (45 mg) in MeOH/water (1:1, 3 mL) were vigorously stirred
under a hydrogen atmosphere (1 bar) at room temperature for 30 min. The
mixture was filtered over a Celite pad and the filtrate lyophylized to yield
12 (30 mg, 78%) as a white hygroscopic powder. TLC: Rf� 0.10 (CHCl3/
MeOH/H2O 10:6:1); 1H NMR (CD3OD/D2O 1:1, 200 MHz): �� 9.83 (s,
1H), 9.28 (s, 1H), 7.37 ± 7.28 (m, 5H), 5.59 (s, 2H), 4.25 ± 4.16 (m, 2H), 3.29
(t, J� 4.1 Hz, 2H), 3.23 (d, J� 21.6 Hz, 2H), 2.65 (s, 3H), 2.57 (s, 3H).
Methylenebisphosphonic acid trimethyl ester 13b : Compound 30b
(560 mg, 1.82 mmol) and Pd/C 10% (56 mg) in MeOH (15 mL) were
vigorously stirred under a hydrogen atmosphere (1 bar) at room temper-
ature for 15 min. The mixture was filtered over a Celite pad and the solvent
removed under vacuum to yield 13b (396 mg, 99%) as a colorless oil that
was used without further purification. 1H NMR (CDCl3, 200 MHz): ��
3.64 (d, J� 11.3 Hz, 6H), 3.61 (d, J� 11.3 Hz, 3H), 2.40 (t, J� 21.2 Hz,
2H); 13C NMR (CDCl3, 50 MHz): �� 53.2 (d, J� 6.4 Hz), 52.4 (d, J�
6.4 Hz), 23.8 (t, J� 135.2 Hz); 31P NMR (CDCl3, 121 MHz): �� 24.97 (s,
1P), 19.43 (s, 1P); IR (film): �� � 3412 (b), 2961, 1462, 1236, 1039 cm�1; MS
(CI/NH3): m/z (%): 219 [M�H]� (100).
Thiamine disulfide bis[benzyl (dibenzylphosphonomethane)phosphonate]
(14a): DEAD (1.04 mL, 6.6 mmol) was added dropwise to triphenylphos-
phine (1.73 g, 6.6 mmol) in anhydrous THF (5 mL) at 0 �C. The mixture was
stirred for 15 min before being added to thiamine disulfide 8 (0.50 g,
0.89 mmol) and phosphonic acid 13a (0.84 g, 1.88 mmol) in THF (5 mL).
The resulting solution was stirred at room temperature for 1 h and the
solvent removed under vacuum. The crude residue was chromatographed
over silica gel (EtOAc/EtOH 10:0 to 7:3) to yield compound 14a (0.78 g,
62%) as a yellow solid (mixture of two diastereomers). TLC: Rf� 0.30
(EtOAc/EtOH 7:3); 1H NMR (CD3OD, 200 MHz): �� 8.18 (s, 2H), 7.86 (s,
2H), 7.45 ± 7.11 (m, 30H), 5.52 ± 4.87 (m, 12H), 4.63 ± 4.06 (m, 8H), 3.11 ±
2.93 (m, 4H), 2.33 (s, 3H), 2.29 (s, 3H), 1.98 (s, 6H), 2.09 ± 1.90 (m, 4H); IR
(KBr): �� � 3030, 1660, 1466, 1420, 1012 cm�1; MS (CI/NH3): m/z (%): 1421
[M�H]� (100), 1438 [M�NH4]� (17).


Thiamine disulfide bis[methyl (dimethylphosphonomethane)phospho-
nate] (14b): Compound 14b (0.19 g, 56%) was obtained as a yellow
hygroscopic solid (mixture of two diastereomers) starting from compounds
8 and 13b by following the same procedure as described for 14a. TLC: Rf�
0.30 (EtOAc/MeOH 7:3); 1H NMR (CDCl3/CD3OD 1:1, 200 MHz): ��
8.13 (s, 2H), 7.80 (s, 2H), 4.42 ± 4.10 (m, 4H), 3.89 ± 3.70 (m, 18H), 3.65 ±


3.43 (m, 4H), 3.08 ± 2.91 (m, 4H), 2.40 (s, 6H), 2.00 (s, 6H), 1.90 (t, J�
20.1 Hz, 4H); MS (CI/NH3): m/z (%): 964 [M�H]� (100).
Thiamine � :�-methylenediphosphate tribenzyl ester (15a): Compound 15a
(293 mg, 97%) was obtained from 17 as a yellow solid by following the
same procedure as described for 11. TLC: Rf� 0.20 (CHCl3/MeOH/H2O
10:6:1); m.p. 155 ± 156 �C; 1H NMR (CD3OD, 200 MHz): �� 9.85 (s, 1H),
8.31 (s, 1H), 7.43 ± 7.28 (m, 15H), 5.55 (s, 2H), 5.18 ± 5.00 (m, 6H), 4.39 ±
4.15 (m, 2H), 3.27 (t, J� 5.5 Hz, 2H), 2.97 (t, J� 21.2 Hz, 2H), 2.71 (s, 3H),
2.64 (s, 3H); 13C NMR (CD3OD, 50 MHz): �� 165.3, 164.0 (m), 156.2,
147.4, 145.5, 137.2 (d, J� 4.3 Hz), 136.0, 129.7, 129.4, 129.2 (m), 106.5, 70.0
(d, J� 5.8 Hz), 69.7 (d, J� 5.8 Hz), 69.6 (d, J� 5.8 Hz), 66.5 (d, J� 5.8 Hz),
51.8, 28.7 (d, J� 7.2 Hz), 25.1 (t, J� 135.7 Hz), 21.9, 12.3; 31P NMR
(CD3OD, 121 MHz): �� 22.28 (d, J� 6.7 Hz, 1P), 21.69 (d, J� 6.7 Hz, 1P);
IR (film): �� � 3376, 3064, 1653, 1244, 1016 cm�1.


Thiamine propyl disulfide [benzyl (dibenzylphosphonomethane)phospho-
nate] (17): Compound 17 (650 mg, 63%) was obtained as a yellow
hygroscopic solid starting from thiamine propyl disulfide 16[23] and
phosphonic acid 13a[20] , and following the same procedure as described
for 14a. TLC: Rf� 0.40 (EtOAc/MeOH 9:1); 1H NMR (CDCl3, 200 MHz):
�� 7.89 (s, 1H), 7.80 (s, 1H), 7.36 ± 7.28 (m, 15H), 6.02 (br s, 2H), 5.14 ± 5.02
(m, 6H), 4.75, 4.15 (2br s, 2H), 4.12 ± 3.97 (m, 2H), 2.85 (t, J� 6.4 Hz, 2H),
2.53 (t, J� 21.2 Hz, 2H), 2.43 (s, 3H), 2.28 (t, J� 6.9 Hz, 2H), 1.90 (s, 3H),
1.45 (tq, J� 6.9, 7.3 Hz, 2H), 0.90 (t, J� 7.3 Hz, 3H); 13C NMR (CDCl3,
75 MHz): �� 168.0, 163.7, 162.1, 156.4, 135.9 (d, J� 5.8 Hz), 134.0, 133.2,
128.6 ± 128.1 (m), 108.2, 68.4, 68.1, 68.0 (3d, J� 5.8 Hz), 63.7 (d, J� 6.5 Hz),
41.5, 40.1, 30.5 (d, J� 6.5 Hz), 26.0 (t, J� 135.8 Hz), 25.6, 22.0, 18.9, 13.0;
31P NMR (CDCl3, 121 MHz): �� 20.55 (d, J� 5.9 Hz, 1P), 20.36 (d, J�
5.9 Hz, 1P); IR (film): �� � 3331, 2961, 1660, 1258, 998 cm�1; MS (CI/NH3):
m/z (%): 786 [M�H]� (100), 803 [M�NH4]� (22).


Compounds 21 and 22 : These two isomers are obtained as a mixture
(140 mg, 42%; 21 (two diastereomers):22 78:22) starting from thiamine
propyl disulfide 16 and a mixture of phosphonic and phosphinic acids 19
and 20, and by following the same procedure as described for 14a. TLC:
Rf� 0.45 (CHCl3/EtOH 9:1); 1H NMR (CDCl3, 300 MHz): �� 7.96, 7.92,
7.89 (3s, 1H), 7.82, 7.79 (2s, 1H), 7.37 ± 7.25 (m, 20H), 6.08 (br s, 2H), 5.20 ±
4.93 (m, 8H), 4.17 ± 3.94 (m, 2H), 3.05 ± 2.70 (m, 6H), 2.43 (s, 3H), 2.29,
2.28 (2 t, J� 6.8 Hz, 2H), 2.04, 1.94, 1.88 (3s, 3H), 1.52 ± 1.40 (m, 2H), 0.90,
0.89 (2 t, J� 7.2 Hz, 3H); 13C NMR (CDCl3, 75 MHz): �� 167.7, 163.8,
163.7, 162.2, 156.1, 136.0 ± 135.7 (m), 134.0, 133.9, 133.4, 133.3, 128.6 ± 127.9
(m), 108.4, 108.3, 68.6 ± 67.0 (m), 63.8, 63.5 (2d, J� 6.3, 6.8 Hz), 41.5, 40.0,
30.5, 28.6 (d, J� 88.3 Hz), 28.5 (d, J� 132.1 Hz), 25.3, 21.9, 19.0, 18.9 (2s),
12.9; 31P NMR (CDCl3, 81 MHz): �� 38.83 (dd, J� 2.5, 4.5 Hz, 0.4P), 38.69
(dd, J� 3.5, 5.0 Hz, 0.4P), 38.48 (t, J� 4.0 Hz, 0.2P), 21.07 (d, J� 2.5 Hz,
0.4P), 20.97 (d, J� 3.5 Hz, 0.4P), 20.91 (d, J� 4.5 Hz, 0.4P), 20.83 (d, J�
5.0 Hz, 0.4P), 20.68 (d, J� 4.0 Hz, 0.4P); IR (film): �� � 3336 (b), 2962, 1655,
1248, 1012; MS (CI/NH3): m/z (%): 954 [M�H]� (100), 971 [M�NH4]�


(43).


Compounds 23 and 24 : These compounds were obtained as a mixture of
three non-separated isomers (106 mg, 90%) starting from the previous
mixture of compounds 21 and 22, and following the same procedure as
described for 11. M.p. 170 ± 171 �C; 1H NMR (CD3OD, 300 MHz): �� 9.86,
9.85, 9.84 (3s, 1H), 8.27 (s, 1H), 7.41 ± 7.32 (m, 20H), 5.48 (s, 2H), 5.20 ± 4.75
(m, 8H), 4.43 ± 4.15 (m, 2H), 3.39 ± 3.22 (m, 2H), 3.21 ± 2.60 (m, 4H), 2.62,
2.60 (2 s, 3H), 2.56, 2.55 (2s, 3H); 13C NMR (CD3OD, 50 MHz): �� 165.0,
164.0, 156.4, 156.3, 147.3, 147.1, 147.0, 145.7, 145.5, 138.0 ± 137.0 (m), 136.4,
136.0, 129.7 ± 128.2 (m), 106.7, 106.6, 106.5, 69.9 ± 68.4 (m), 66.6 (d, J�
4.8 Hz), 51.7, 29.5 (dd, J� 85.9, 115.9 Hz), 28.6 (dd, J� 85.9, 115.9 Hz), 28.8,
28.5 (2d, J� 7.7 Hz), 21.8, 12.3; 31P NMR (CD3OD, 121 MHz): �� 42.9 ±
32.9 (m, 1P), 23.4 ± 21.5 (m, 1P), 20.0 ± 18.1 (m, 1P); IR (film): �� � 3040 (b),
1652, 1245, 999 cm�1.


Thiamine � :�,� :�-bismethylenetriphosphate (25): Compound 25 (41 mg,
57%) was obtained as a white, very hygroscopic powder from the previous
mixture of compounds 23 and 24 by following the same procedure as
described for 5. Purification was achieved by preparative reversed-phase
HPLC and compound 25 was obtained as its triethyl ammonium salt.
Analytical HPLC (aqueous Et3N 62 m�, pH 7.67/CH3CN 99.9:0.1): tR�
31.8 min; 1H NMR (D2O, 300 MHz): �� 9.41 (s, 1H), 7.82 (s, 1H), 5.77 (s,
2H), 4.02 (dd, J� 2.9, 4.5 Hz, 2H), 3.19 (t, J� 2.9 Hz, 2H), 3.10 ± 2.85 (m,
6H), 2.41 (s, 6H), 2.22 ± 1.97 (m, 4H), 1.18 ± 1.08 (m, 9H); 13C NMR (D2O,
75 MHz): �� 163.8, 163.5, 155.6, 145.0, 144.0, 136.2, 106.8, 64.4 (d, J�
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5.8 Hz), 50.6, 30.9 (t, J� 127.1 Hz), 30.0 (dd, J� 51;3, 74.4 Hz), 28.4 (d, J�
6.5 Hz), 21.6, 11.9; 31P NMR (D2O, 121 MHz): �� 28.76 (br s, 1P), 19.09
(br s, 1P), 15.39 (br s, 1P); IR (KBr): �� � 3412 (b), 2935, 2672, 1662, 1622,
1192, 1035 cm�1; MS (ES):m/z (%): 500 [M]� (100), 522 [M�H�Na]� (36).
Compound 26 : Compound 26 (15 mg, 21%) was isolated as a white, very
hygroscopic powder during the HPLC purification of 25. Analytical HPLC
(aqueous Et3N 62 m�, pH 7.67/CH3CN 99.9:0.1): tR� 26.2 min; 1H NMR
(D2O, 300 MHz): �� 7.85 (s, 1H), 5.26 (s, 2H), 4.20 ± 4.09 (m, 2H), 3.20 (t,
J� 5.7 Hz, 2H), 2.40 (s, 3H), 2.32 (s, 3H), 2.32 (t, J� 19.1 Hz, 4H);
13C NMR (D2O, 75 MHz): �� 163.8, 163.5, 155.7, 145.1, 144.4, 135.7, 106.8,
65.1 (d, J� 6.5 Hz), 50.7, 30.7 (dd, J� 72.2, 125.6 Hz), 28.1 (d, J� 8.7 Hz),
21.6, 11.8; 31P NMR (D2O, 121 MHz): �� 52.78 (br s, 1P), 10.56 (d, J�
6.7 Hz, 2P); IR (KBr): �� � 3417 (b), 2968, 1661, 1183, 1043 cm�1; MS (ES):
m/z (%): 500 [M]� (100), 522 [M�H�Na]� (42).
Thiamine � :�-difluoromethylenediphosphate (27): A suspension of com-
pound 34 (91 mg, 158 �mol) and bromotrimethylsilane (1 mL, 7.5 mmol) in
anhydrous chloroform (7 mL) was sonicated for 4 h at room temperature.
Solvent and excess reagent were removed under vacuum. The crude
residue was decomposed by the addition of water (5 mL) and the mixture
purified by preparative HPLC to yield the triethylammonium salt of 27
(25 mg, 38%) as a white hygroscopic solid. Analytical HPLC (aqueous
Et3N 62 m�, pH 7.67/CH3CN 99.9:0.1): tR� 59.3 min; 1H NMR (D2O,
300 MHz): �� 7.89 (s, 1H), 5.38 (s, 2H), 4.20 (dd, J� 6.0, 6.4 Hz, 2H), 3.23
(t, J� 6.4 Hz, 2H), 3.10 (q, J� 7.1 Hz, 6H), 2.49 (s, 3H), 2.43 (s, 3H), 1.21
(t, J� 7.1 Hz, 9H); 13C NMR (D2O, 75 MHz): �� 164.1, 162.6, 162.5, 155.1,
145.7, 143.5, 136.0, 106.7, 65.4, 50.1, 46.8, 28.1, 21.6, 11.2, 8.3; 31P NMR (D2O,
121 MHz): �� 6.02 ± 3.09 (m, 2P); 19F NMR (D2O, 188 MHz): �� 120.55 (t,
J� 82.1 Hz); MS (ES): m/z (%): 458 [M]� (100), 480 [M�H�Na]� (59).
Methylenebisphosphonic acid tetrabenzyl ester 28 : Dibenzyl methane-
phosphonate (7.82 g, 28.3 mmol) in anhydrous THF (125 mL) was treated
dropwise with n-butyllithium (1.6� in hexane, 17.7 mL, 28.3 mmol) at
�78 �C. The mixture was stirred for 30 min and added in one portion to
dibenzyl chlorophosphate (4.20 g, 14.2 mmol) in THF (20 mL) at �78 �C.
The reaction mixture was stirred for 1 h at that temperature before being
decomposed by the addition of aqueous ammonium chloride. The resulting
solution was allowed to warm to room temperature and extracted with
EtOAc. The organic layer was dried over MgSO4, reduced under vacuum
and purified over silica gel (EtOAc/nC6H14 4:6) to yield 28 (5.2 g, 68%) as a
white solid. TLC: Rf� 0.50 (EtOAc/nC6H14 8:2); 1H NMR (CDCl3,
200 MHz): �� 7.37 ± 7.28 (m, 20H), 5.06 (A part of ABX syst. , J��11.7,
8.9 Hz, 4H), 5.03 (B part of ABX syst. , J��11.7, 8.1 Hz, 4H), 2.54 (t, J�
21.1 Hz, 2H); 13C NMR (CDCl3, 50 MHz): �� 135.8 (d, J� 5.8 Hz), 128.5,
128.4, 128.0, 67.9 (d, J� 5.8 Hz), 26.1 (t, J� 136.1 Hz); 31P NMR (CDCl3,
121 MHz): �� 20.53; IR (film): �� � 3070, 3033, 2953, 1468, 1250, 998 cm�1;
MS (CI/NH3): m/z (%): 537 [M�H]� (100), 554 [M�NH4]� (29).


Difluoromethylenebisphosphonic acid tetrabenzyl ester 29 : Sodium hy-
dride (60% in oil, 166 mg, 4.15 mmol) was added to compound 28 (1.11 g,
2.07 mmol) in anhydrous THF (40 mL) at�10 �C and the resulting mixture
allowed to warm to room temperature for 10 min. It was then cooled to
�10 �C again and N-fluorobenzenesulfonimide (1.31 g, 4.15 mmol) in THF
(15 mL) was added dropwise. The temperature was maintained at �10 ±
0 �C and a white precipitate appeared after a few minutes. The reaction
mixture was decomposed with aqueous NH4Cl, extracted with diethyl
ether, dried over magnesium sulfate, and reduced under vacuum. The
residue was chromatographed over silica gel (EtOAc/nC6H14 2:8) to yield
29 (0.81 g, 68%) as a white solid. TLC: Rf� 0.35 (EtOAc/nC6H14 3:7); m.p.
69 ± 70 �C; 1H NMR (CDCl3, 200 MHz): �� 7.38 ± 7.30 (m, 20H), 5.26
(A part of ABX syst., J��11.7, 7.3 Hz, 4H), 5.19 (B part of ABX syst., J�
�11.7, 9.1 Hz, 4H); 13C NMR (CDCl3, 75 MHz): �� 134.6 (d, J� 8.9 Hz),
128.3, 128.1, 127.7, 115.6 (tt, J� 188.0, 280.2 Hz,), 69.9 (d, J� 2.9 Hz); 31P
NMR (CDCl3, 121 MHz): �� 4.86 (t, J� 87.6 Hz); 19F NMR (CDCl3,
188 MHz): ���121.01 (t, J� 87.6 Hz); IR (film): �� � 3066, 1457, 1281,
1054, 1010, 998 cm�1; MS (CI/NH3): m/z (%): 573 [M�H]� (9), 590
[M�NH4]� (100).


Methylenebisphosphonic acid tribenzyl methyl ester (30a): Compound 30a
(2.49 g, 78%) was obtained as a slightly yellow oil starting from benzyl
methyl methanephosphonate and dibenzyl chlorophosphate and by
following the same procedure as described for 28. TLC: Rf� 0.40 (EtOAc);
1H NMR (CDCl3, 300 MHz): �� 7.41 ± 7.33 (m, 15H), 5.17 ± 4.99 (m, 6H),
3.68 (d, J� 11.3 Hz, 3H), 2.50 (t, J� 21.1 Hz, 2H); 13C NMR (CDCl3,


50 MHz): �� 136.1 (d, J� 6.4 Hz), 128.6, 128.5, 128.1, 68.2 (d, J� 5.5 Hz),
68.1 (d, J� 6.6 Hz), 53.0 (d, J� 6.6 Hz), 25.8 (t, J� 136.1 Hz); 31P NMR
(CDCl3, 121 MHz): �� 22.23 (d, J� 6.7 Hz, 1P), 21.38 (d, J� 6.7 Hz, 1P);
IR (film): �� � 3090, 3030, 2955, 1465, 1250, 1010 cm�1; MS (CI/NH3): m/z
(%): 461 [M�H]� (19), 478 [M�NH4]� (100).


Methylenebisphosphonic acid benzyl trimethyl ester (30b): Compound
30b (2.52 g, 60%) was obtained as a colorless oil starting from dimethyl
methanephosphonate and benzyl methyl chlorophosphate by following the
same procedure as described for 28. TLC: Rf� 0.40 (EtOAc/MeOH 9:1);
1H NMR (CDCl3, 200 MHz): �� 7.41 ± 7.32 (m, 5H), 5.14 (d, J� 8.8 Hz,
2H), 3.79 (d, J� 12.1 Hz, 3H), 3.77 (d, J� 11.3 Hz, 3H), 3.73 (d, J�
11.7 Hz, 3H), 2.46 (t, J� 21.2 Hz, 2H); 13C NMR (CDCl3, 50 MHz): ��
135.5 (d, J� 5.8 Hz), 128.1, 128.0, 127.6, 67.7 (d, J� 5.8 Hz), 52.7 (d, J�
5.8 Hz), 52.5 (d, J� 5.8 Hz), 23.8 (t, J� 136.4 Hz); 31P NMR (CDCl3,
121 MHz): �� 23.06 (d, J� 5.9 Hz, 1P), 22.28 (d, J� 5.9 Hz, 1P); IR (film):
�� � 3504, 2957, 1457, 1259, 1037; MS (CI/NH3): m/z (%): 309 [M�H]� (10),
326 [M�NH4]� (100).


Difluoromethylenebisphosphonic acid tribenzyl methyl ester (31a): Com-
pound 31a (0.96 g, 72%) was obtained as a slightly yellow oil starting from
compound 30a, and by following the same procedure as described for 29.
TLC: Rf� 0.50 (EtOAc/nC6H14 5:5); 1H NMR (CDCl3, 200 MHz): ��
7.39 ± 7.32 (m, 15H), 5.37 ± 5.12 (m, 6H), 3.87 (d, J� 11.0 Hz, 3H);
13C NMR (CDCl3, 75 MHz): �� 135.0 (d, J� 4.3 Hz), 128.7, 128.5, 128.1,
116.0 (tt, J� 186.5, 277.0 Hz), 70.3 (d, J� 5.8 Hz), 55.2 (d, J� 5.8 Hz); 31P
NMR (CDCl3, 121 MHz): �� 6.35 (A part of ABX2 syst. , J��71.9,
86.5 Hz, 1P), 5.21 (B part of ABX2 syst., J��71.9, 86.5 Hz, 1P); 19F NMR
(CDCl3, 188 MHz): ���121.10 (t, J� 86.5 Hz); IR (film): �� � 2962, 1457,
1381, 1282, 1055, 1013; MS (CI/NH3): m/z (%): 498 [M�H]� (16), 515
[M�NH4]� (100).


Difluoromethylenebisphosphonic acid benzyl trimethyl ester (31b): Com-
pound 31b (0.94 g, 78%) was obtained as a colorless oil starting from
compound 30b, and following the same procedure as described for 29.
TLC: Rf� 0.70 (EtOAc/MeOH 9:1); 1H NMR (CDCl3, 200 MHz): ��
7.42 ± 7.30 (m, 5H), 5.28 (A part of ABX syst. , J��10.2, 7.2 Hz, 1H),
5.21 (B part of ABX syst. , J��10.2, 8.5 Hz, 1H), 3.92 (d, J� 9.9 Hz, 3H),
3.89 (d, J� 9.1 Hz, 3H), 3.87 (d, J� 9.1 Hz, 3H); 13C NMR (CDCl3,
50 MHz): �� 134.8 (d, J� 4.3 Hz), 128.6, 128.4, 127.9, 116.0 (tt, J� 187.0,
278 Hz), 70.1 (d, J� 5.1 Hz), 55.1 (d, J� 4.3 Hz), 55.0 (d, J� 4.3 Hz); 31P
NMR (CDCl3, 121 MHz): �� 6.11 (A part of ABX2 syst. , J��71.0,
85.1 Hz, 1P), 5.05 (B part of ABX2 syst., J��71.0, 85.1 Hz, 1P); 19F NMR
(CDCl3, 188 MHz): ���121.42 (t, J� 85.1 Hz); IR (film): �� � 2967, 1284,
1051 cm�1; MS (CI/NH3):m/z (%): 345 [M�H]� (13), 362 [M�NH4]� (100).


Difluoromethylenebisphosphonic acid tribenzyl ester (32a): Compound
31a (0.55 g, 1.11 mmol) and potassium cyanide (0.08 g, 1.11 mmol) were
stirred in anhydrous DMF (7 mL) for 3 h at 80 �C. The solvent was removed
under vacuum, the residue dissolved in aqueous 10%HCl (10 mL), and the
solution extracted with EtOAc and methylene chloride. The organic layer
was dried over magnesium sulfate and reduced under vacuum to yield 32a
(0.53 g, 99%) as a colorless oil that was used without further purification.
1H NMR (CDCl3/CD3OD 1:1, 200 MHz): �� 7.28 ± 7.21 (m, 15H), 5.12 ±
4.98 (m, 6H); 13C NMR (CDCl3/CD3OD 1:1, 50 MHz): �� 135.9 (d, J�
6.5 Hz), 134.8 (d, J� 5.1 Hz), 128.6, 128.4, 128.2, 128.1, 127.9, 127.5 (m),
116.4 (tt, J� 180.1, 277.3 Hz), 70.2 (d, J� 6.5 Hz), 69.4 (d, J� 6.5 Hz); 31P
NMR (CDCl3/CD3OD 1:1, 121 MHz): �� 5.64 (dt, J� 68.0, 90.2 Hz, 1P),
1.76 (dt, J� 68.0, 90.2 Hz, 1P); 19F NMR (CDCl3/CD3OD 1:1, 188 MHz):
���121.86 (dd, J� 84.0, 90.2 Hz); IR (film): �� � 2924 (b), 1456, 1261,
1052; MS (CI/NH3): m/z (%): 483 [M�H]� (5), 500 [M�NH4]� (100).


Difluoromethylenebisphosphonic acid trimethyl ester (32b): Compound
32b (141 mg, 99%) was obtained as a colorless oil starting from 31b, and by
following the same procedure as described for 13b. 1H NMR (CDCl3,
300 MHz): �� 11.98 (br s, 1H), 3.95 (d, J� 10.9 Hz, 6H), 3.89 (d, J�
10.9 Hz, 3H); 13C NMR (CDCl3, 50 MHz): �� 116.3 (tt, J� 187.7,
275.8 Hz), 55.5 (d, J� 6.5 Hz), 55.2 (d, J� 6.5 Hz); 31P NMR
(CDCl3:CD3OD 1:1, 121 MHz): �� 7.99 (dt, J� 66.2, 89.8 Hz, 1P), 2.72
(dt, J� 66.2, 73.2 Hz, 1P); 19F NMR (CDCl3, 188 MHz): ���122.20 (dd,
J� 88.9, 83.9 Hz); IR (film): �� � 3966 (b), 1454, 1256, 1048 cm�1; MS (CI/
NH3): m/z (%): 255 [M�H]� (2), 272 [M�NH4]� (100), 526 [2M�NH4]�


(6).


Thiamine propyl disulfide [methyl (dimethylphosphonodifluoromethane)-
phosphonate] (33): Compound 33 (155 mg, 66%) was prepared starting
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from thiamine propyl disulfide 16 and phosphonic acid 32b and by
following the same procedure as described for 14a. TLC: Rf� 0.30 (CHCl3/
EtOH 9:1); 1H NMR (CDCl3, 200 MHz): �� 7.95 (s, 1H), 7.82 (s, 1H), 6.13
(br s, 2H), 4.72 (br s, 1H), 4.10 (br s, 1H), 4.37 (dd, J� 5.9, 6.5 Hz, 2H), 3.99
(d, J� 8.8 Hz, 3H), 3.98 (d, J� 8.4 Hz, 3H), 3.97 (d, J� 8.0 Hz, 3H), 3.02 (t,
J� 5.9 Hz, 2H), 2.44 (s, 3H), 2.30 (t, J� 7.3 Hz, 2H), 2.05 (s, 3H), 1.47 (tq,
J� 7.3, 6.9 Hz, 2H), 0.91 (t, J� 6.9 Hz, 3H); 31P NMR (CDCl3, 121 MHz):
�� 6.72 (A part of ABX syst. , J��72.5, 84.3 Hz, 1P), 5.84 (B part of ABX
syst. , J��72.5, 84.7 Hz, 1P).
Thiamine � :�-difluoromethylenediphosphate trimethyl ester (34): Com-
pound 34 (133 mg, 91%) was obtained as a sligthly yellow solid starting
from 33 and by following the same procedure as described for 15a. It slowly
decomposed to give phosphonic acids. 1H NMR (D2O, 200 MHz): �� 9.49
(s, 1H), 7.72 (s, 1H), 5.36 (s, 2H), 4.37 (dt, J� 5.8, 5.5 Hz, 2H), 3.72 (d, J�
10.6 Hz, 6H), 3.66 (d, J� 11.3 Hz, 3H), 3.24 (t, J� 5.5 Hz, 2H), 2.40 (s,
3H), 2.33 (s, 3H).
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Engineering a Remarkably Low HOMO±LUMO Gap by Covalent Linkage
of a Strong �-Donor and a �-Acceptor–Tetrathiafulvalene-
�-Polynitrofluorene Diads: Their Amphoteric Redox Behavior,
Electron Transfer and Spectroscopic Properties


Dmitrii F. Perepichka,[a] Martin R. Bryce,*[a] Andrei S. Batsanov,[a] Eric J. L. McInnes,[b]
Jing P. Zhao,[b] and Robert D. Farley[c]


Abstract: Novel R3TTF ± � ±A com-
pounds 14, 16 and 19 (R3TTF� trial-
kyltetrathiafulvalene, �� saturated
spacer, A� polynitrofluoren-9-dicyano-
methylene acceptor) incorporating very
strong donor and acceptor moieties have
been synthesized by condensation of the
corresponding R3TTF ± �-fluoren-9-one
diads with malononitrile. Reversible
five-step amphoteric redox behavior
has been observed with an extremely
low HOMO±LUMO gap (�0.3 eV).


For compound 14 a strong EPR signal
is observed in the solid state, ascribed to
intermolecular complexation: a less in-
tense signal is seen in solution, corre-
sponding to ca. 2% of the molecules
existing in a radical form at room


temperature. Intramolecular charge
transfer in diads 14 and 16 is manifested
in strong absorption bands in the near-
IR region of their electronic spectra.
Spectroelectrochemical data reveal
marked electrochromic behavior in the
visible and near-IR region of both com-
pounds. The first X-ray crystal structure
of a fluorene radical-anion salt is re-
ported, namely the copper salt of 2,4,5,7-
tetranitro-9-dicyanomethylenefluorene
(1:1 stoichiometry).


Keywords: donor± acceptor systems
¥ electrochromism ¥ electron
transfer ¥ HOMO±LUMO gap ¥
tetrathiafulvalene


Introduction


There is continuing interest in low band gap organic materials
due to the advanced electronic and electrooptic properties
which they display.[1] The main principles for constructing low
band-gap polymers include tailoring the aromatic/quinoid


character of a conjugated system, its rigidification into a
planar conformation, and the alternation of �-donor and �-
acceptor fragments in the polymer chain. However, much less
is known about monomeric organic compounds with a low
HOMO±LUMO gap, which can be engineered by linkage of
an electron donor (introducing a high-lying HOMO) and an
electron acceptor (introducing a low-lying LUMO) by a
spacer unit which precludes mixing of HOMO and LUMO
orbitals. These systems represent novel charge transfer
materials with predefined D/A stoichiometries for molecular
electronics applications, e.g. molecular conductors[2] and
molecular switches.[3] This type of molecule, specifically a
TTF ± �-TCNQ diad (TTF is tetrathiafulvalene; TCNQ is
7,7�,8,8�-tetracyano-p-quinodimethane) was proposed by Avir-
am and Ratner as a candidate for unimolecular rectification.[4]


Since then, TTF derivatives bearing an electron acceptor
substituent have been prime targets.[5] Different acceptor
groups have been covalently attached to TTF: namely full-
erene,[5a±c] phthalocyanines,[5a] pyromellitic diimide,[5d,e] quino-
nes,[5a,f,g] 11,11,12,12-tetracyano-9,10-anthraquinodimethane
(TCNAQ),[5a] thioindigo,[5h] viologen and related acceptor-
s,[3a, 5a,d] but these possess only moderate electron affinity
(EA). TTFs linked to a strong electron acceptor moiety (i.e.,
of similar EA to TCNQ) are very difficult to obtain.[6] The
only example[6a] of coupling TTF with a substituted TCNQ
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(which required an eight-step synthesis) gave EPR-active
products, which were difficult to purify and they were not
investigated in detail. While many TTF ± benzoquinone diads
have been reported,[5a,f,g] all attempts to increase their accept-
or ability by conversion to the corresponding TCNQ or N,N�-
dicyanoquinodiimine derivatives have failed due to the
incompatibility of TTF with the strongly acidic conditions
(TiCl4) of these reactions. On the other hand, it is known that
condensation of polynitrofluoren-9-ones with malononitrile
takes place under milder conditions[7] and the resulting
dicyanomethylene derivatives have similar electron affinity
to TCNQ. With this in mind we now report[8] the first TTF ±
fluorene conjugates which posses both strong electron donor
and strong acceptor properties.


Results and Discussion


Synthesis : The covalent linkage of a TTF fragment to a
fluorene acceptor was first achieved through the formation of
an ester or amide bond. Contrary to the previously used
methodology for TTF ±� ±TCNAQ diads,[9] the carbonyl
group was placed on the acceptor (fluorene) component,
because when attached to the TTF system, it raises its oxidation
potential. The synthesis of the fluorene carbonyl chlorides 5a,b
with different length �-bridges is presented in Scheme 1.
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Scheme 1. i) HS-X-CO2Me�NaHCO3/MeCN, 20 �C, 2 ± 6 h; ii) H2O2/
AcOH, 60 ± 70 �C, 3 h; iii) CF3CO2H/H2O, reflux, 4 ± 6 h; iv) (COCl)2/
CH2Cl2, 20 �C, 20 ± 40 h; v) CH2(CN)2/DMF, 20 �C, 6 h.


The 2-nitrogroup in compound 1 was selectively substituted
with 2-mercaptoacetic or 3-mercaptopropionic ester in ace-
tonitrile solution in the presence of NaHCO3 (as a base
catalyst and as a trap for the nitronic acid formed during the
reaction). These conditions were superior to those described
earlier for butylmetcaptan where aprotic dipolar solvents and
no catalyst were used.[10] The resulting sulfides 2a,b were
oxidized to sulfones 3a,b with hydrogen peroxide in acetic
acid and the ester group was then converted to the acids 4a,b
and acid chlorides 5a,b by treatment with aqueous trifluoro-
acetic acid and oxalyl chloride, respectively. The overall yield
for the four steps was 33% and 72% for 5a and 5b,
respectively.


The donor synthons were obtained from TTF derivative 7[9]


containing alkyl substituents to lower the oxidation potential
and pentyl chains to improve solubility, as shown in Scheme 2.
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Scheme 2. i) LDA/Et2O,�78 �C, 2 h, then PhN(Me)CHO �78 �C� 20 �C,
12 h; ii) NaBH4/EtOH, 20 �C, 1 h; iii) PhCH2NH2 � 4 ä MS/cyclohexane,
reflux, 15 h; iv) PhCOCl � Py/MeCN, 20 �C, 2 h; v) LiAlH4/Et2O, 20 �C,
3.5 h.


The reaction of the lithium salt of 7 withN-methylformanilide
afforded aldehyde 8 (66% yield) together with compound 9
(5% yield) as a product of a base-catalyzed condensation of 8
with a second molecule of N-methylformanilide. Aldehyde 8
was reduced with NaBH4 to give hydroxymethyl-TTF 10. The
synthesis of aminomethyl-TTF by amination of (unsubstitut-
ed) TTF-carbaldehyde followed by reduction of the Schiff
base has been reported and the best yield (35%) was achieved
for the N-benzyl derivative.[11] A slightly modified procedure
in our case gave a significantly higher yield of amine 12 (88%
from 8) which might be a useful synthon for the incorporation
of a TTF moiety into other systems.


The TTF ± fluorene conjugates (Scheme 3) were synthe-
sized by coupling of the acid chlorides 5a,b with the alcohol
10 using pyridine as a nucleophilic catalyst (basic catalysis, e.g.
Et3N, is not applicable due to the high sensitivity of
polynitrofluorenes to bases). Alternatively, diad 13b was
synthesized by direct esterification of acid 4b with alcohol 10
using dicyclohexylcarbodiimide and p-(dimethylamino)pyri-
dine catalysis. The ester bond in compounds 13a,b and 14
under certain conditions might be sensitive to hydrolysis;
therefore, the amide derivatives 15 and 16 were synthesized
from amine 12.


The D± � ±A diads 13 ± 16 possess flexible �-bridges which
are long enough to allow intramolecular � ±� complexation
(see below). Using fluorene-4-carbonyl chloride derivative 17
as an acceptor synthon would provide a shorter �-bridge
precluding the formation of an intramolecular complex.
However, in a model reaction, attempted coupling of acid
chloride 17 with TTFCH2OH under the conditions used for 5
(pyridine catalysis) did not afford the target diad. Instead, the
radical cation salt (TTFCH2OH� .)Cl� was isolated in 90%
yield, probably as the result of an electron transfer reaction
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Scheme 3. i) Pyridine/MeCN, 20 �C, 6 h; ii) dicyclohexylcarbodiimide �
4-dimethylaminopyridine/CH2Cl2, 20 �C, 15 h; iii) CH2(CN)2/DMF, 20 �C,
6 h.


between the TTF-methanol and a strongly electron accepting
intermediate, such as 2,5,7-trinitrofluorene-9-one-4-carbonyl-
N-pyridinium. Compound 10 similarly gave a cation radical
salt. Diad 18 was, however, synthesized in 78% yield by
coupling of the acid chloride 17 with the lithium alkoxide
derivative of 10 at �100 �C. The electron transfer reaction
also did not occur when a milder acceptor was employed,
namely the acid chloride 20 for which the pyridine-catalyzed
reaction with TTFCH2OH gave D±� ±A diad 21 in 86%
yield (Scheme 4).


The acceptor ability of the fluorene moiety in 13b, 15 and
18 was increased by conversion to the dicyanomethylene
derivatives 14, 16 and 19, respectively, by treatment with
malononitrile in DMF solution (Schemes 3 and 4). As the
separation of the dicyanomethylene derivatives from the
starting fluorenones was difficult, a large excess of malononi-
trile was employed to complete the conversion. Under these
conditions a deep-blue by-product was obtained, the yield of
which increased in the presence of silica gel.[12] To elucidate its
structure, the reaction between fluorenone 1 and the excess of
malononitrile was performed in DMF and DMSO (the
reaction goes faster in DMSO) in the presence of silica gel.
A second molecule of malononitrile substitutes the cyano
group[13] in the initially formed 9-dicyanomethylenefluorene
(22) to give a tricyanovinyl derivative which being an excep-
tionally strong C-H acid exists in its carbanion form 23
(Scheme 5); the structure of 23 was established by X-ray
analysis of a potassium complex. The source of potassium is
believed to be potassium salts present in the silica gel.[14]
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Scheme 5. i) CH2(CN)2, SiO2/DMSO, 20 �C, 12 h.


The anion radical salts of 22 were synthesized as model
compounds with complete charge transfer. Lithium and
copper salts 24 and 25 were prepared by the electron transfer
reaction of 22 with lithium
iodide and copper wire, respec-
tively, and a single crystal of
25 ¥MeCN was grown for X-ray
analysis.


IR Spectra : The high sensitivity
of the nitrile stretching fre-
quency to the charge accumu-
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Scheme 4. i) 10� BuLi, THF,�100 �C� 20 �C, 1 h, then� 17,�100 �C�� 15 �C, 3 h, then�15 �C, 12 h; ii) CH2(CN)2/DMF, 20 �C, 8 h; iii) TTFCH2OH�
pyridine/MeCN, 20 �C, 12 h.
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lated on the molecule can be utilized to monitor charge-
transfer interactions involving cyano-substituted acceptors.
For example, for TCNQ ��C�N� 2225 and 2180 cm�1 for the
neutral and anion radical species, respectively.[15] The ��C�N of
the diads 14, 16 and 19 (ca. 2203 cm�1 in KBr pellets[16]) is
substantially lower than that of similar fluorene acceptors
without a TTF moiety, e.g. 6 and 22 (2235 cm�1). We attribute
this to significant charge transfer in the solid state of 14, 16
and 19. The value of ��C�N for the anion radical salt 24 is further
lowered to 2185 cm�1[17] and, therefore a degree of CT (�CT)
�0.65 electrons can be calculated for 14, 16 and 19.[18] A
similar value of �CT (0.6 ± 0.7 electrons) could be also pre-
dicted[18] from the difference in oxidation and reduction
potentials of the donor and acceptor moieties (see the
Electrochemistry Section). Only small variations (within
5 cm�1) in the ketone C�O stretching frequency were found
in fluorenones 3, 13, 15 and 18 in accord with the significantly
reduced charge transfer in these diads.


1H NMR spectra : 1H NMR spectra of compounds 14, 16 and
19 in [D6]acetone solution feature broadened signals of the
protons adjacent to both the TTF and fluorene fragments
which indicates a significant spin concentration (see the EPR
section) on the D and A moieties (paramagnetic broadening,
PMB). The extent of this broadening is inversely proportional
to the distance of the resonant group to the radical center (i.e.,
fluorene or TTF) and it was not observed in diads 13, 15 and
18 which possess a weaker acceptor moiety. The broader
signals of 3-H and 6-H compared with 1-H and 8-H[19] indicate
a higher spin concentration in the former positions of the
fluorene nuclei.[7] A weaker PMB in acetone solution was
previously reported for other strong fluorene acceptors (as a
result of interaction with basic impurities)[7] but it is not
observed in this solvent for TTF molecules alone. In the case
of fluorene acceptors without a TTF substituent the PMB
could be completely suppressed by addition of traces of
CF3COOH. For the D±A diads addition of CF3COOH results
in only partial restoration of the resolution of the protons
adjacent to fluorene (and further enhances the PMB of
protons adjacent to TTF[20]). Pure fluorene 6 (representing the
A part of diads 14 and 19) gave a clear sharp 1H NMR
spectrum, but on mixture with the TTF derivative 11
(representing the D part) in [D6]acetone solution in 4�
10�2� concentration, a very similar PMB is observed (see
Supporting Information). Based on these data we suggest that
PMB for 14, 16 and 19 is due to electron transfer from the TTF
moiety onto the fluorene nucleus.


Another special feature in the NMR spectra resulting from
a donor ± acceptor interaction is seen for the amide-linked
diads 15 and 16. The known slow rotation around a C(O)�N
amide bond results in two sets of signals in a �1:2 ratio
corresponding to the E and Z isomers (see Figure S2 in
Supporting Information). The difference in the chemical shifts
of both isomers (E�Z��) should normally rapidly decrease
with the distance between the amide bond and a resonant
group. However, in the case of 15 quite high E�Z�� values
(0.117 and 0.058 ppm) were found for the fluorene protons in
the 1- and 3-positions.[19] This value is close to that of both
N-CH2 groups (E�Z��� 0.151 and 0.101 ppm) and even higher


than that of SO2CH2 (E�Z��� 0.036 ppm) and CH2CON
(E�Z��� 0.040 ppm) protons (which are much closer to the
isomerized bond), but no observable difference in the shift for
the isomers (E�Z�� �0.005 ppm) was found for 6-H and
8-H protons. This is very unlikely to be a ™through-bond∫
transmitted effect, and we explain it by a contribution of a
head-to-tail folded, � ±� intramolecularly complexed con-
formation of these diads where a ™through-space∫ interaction
can take place. The remarkable difference in the behavior of
the 1,3-H and 6,8-H protons could be a result of the ICT
complex topology where the � ±� interaction occurs mostly
between the TTF unit and the sulfonyl substituted benzene
ring of the fluorene nuclei. A similar trend was observed for a
stronger acceptor 19 : E�Z��� 0.171 ppm for 1-H and�
0.01 ppm for 8-H protons (the shifts of 3-H and 6-H protons
could not be determined due to PMB effect, Figure S3 in the
Supporting Information).


EPR Spectra : The high donor and acceptor ability of the TTF
and fluorene moieties, respectively, in 14 results in facile
electron transfer in this compound, which is manifested in a
strong EPR signal in the solid state and a less intense signal in
solution (Figure 1). Dichloromethane and acetone fluid


Figure 1. X-band EPR spectra of compound 14 in acetone solution at
293 K (a) and frozen CH2Cl2 solution at 110 K (b).


solutions of 14 reveal a broad (2.6 G in CH2Cl2 at 298 �C)
single line, centered at giso� 2.007 (Figure 1a).[21] Frozen
CH2Cl2 solutions and powdered samples give rise to a rhombic
spectrum with g values: g1� 2.014, g2� 2.006 and g3� 2.002
(Figure 1b). The anisotropic g values average well to the
isotropic value giso� 2.007, and are almost the same as those
reported for substituted TTF radical cations.[22] Therefore, we
assign these EPR signals to the radical cation of the TTF
moiety. However, there is no indication of a second radical
species (corresponding to the fluorene radical anion), even at
Q-band frequency, although the PMB effect in the NMR
spectra suggests significant spin concentration is present on
the fluorene moiety. It is possible that this second signal is
quenched by formation of head-to-head dimers; a similar
process has been observed for the radical anion of TCNQ.[23]


Spin counting experiments in 3� 10�3� solution in CH2Cl2
show that only �2% of the molecules exist in a radical form
at room temperature. Taking into account this low concen-
tration of the radical species we were careful to ensure that
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the signal does not originate from impurities. One can
speculate that in spite of mildly basic conditions in the
synthesis of 14 and 16, certain acidic impurities could cause
the appearance of the signal of the TTF radical cation,[20] but
this is incompatible with any basic impurity which would need
to be present to form the radical anion of the fluorene nucleus.
Model compounds, 6 and 11, do not give any significant signal,
although they were synthesized under the same conditions
(and might, therefore, be expected to contain the same
impurities, if any). Finally, the intensity of the signal from 14
did not change upon exposure to sunlight for 1 h, thus ruling
out the possibility of a photoinduced electron transfer.


The intensity of the signal from the powdered samples of 14
increases as the temperature decreases (Figure 2) and no
maxima were found down to 10 K. It is noteworthy that the


Figure 2. Temperature dependence of the intensity of EPR signal for a
powdered sample of 14.


intermolecular complex TTF :22, which was shown by X-ray
analysis to form alternating DADA stacks and to have only
partial charge transfer,[7] gives rise to a very similar EPR
signal with the same g values in the solid state.


From these data we conclude that the origin of the EPR
signal of 14 is the ground (not thermoexcited) state. Most
probably, the intense signal in the solid state results from an
intermolecular self-complex [e.g. (14)2], whereas in solution
this kind of complex would readily dissociate, so only 2% spin
concentration is found.[24] Therefore, in the absence of the
intermolecular complexation, the ground state of compound
14 is neutral.


The Li� salt of the fluorene radical anion, 24, gives a well
resolved EPR spectrum in MeCN/toluene solution at room
temperature, centered at g� 2.0030, and the best resolution
was achieved at 285 K (Figure 3a). In frozen solution, and as a
powdered sample, 24 gives rise to an axial spectrum with g1,2�
2.0030 and g3� 2.0026. Copper salt 25 gives a broad signal
with g� 2.003; no evidence was found for the presence of a
paramagnetic CuII ions in the sample. The solution ENDOR
spectrum of 24 (Figure 3b) reveals two distinct 1H couplings
of 3.38 and 0.14 MHz (1.21 and 0.05 G, respectively); 14N
coupling was not observed in the ENDOR spectra. The EPR
spectrum could be simulated well with hyperfine couplings of
(number of equivalent nuclei in parentheses) aH (2)�
3.38 MHz, aH (2)� 0.14 MHz, aN (2)� 3.25 MHz, aN (2)�
0.51 MHz, and a Lorentzian linewidth of 0.1 G. A third set
of two equivalent 14N nuclei is present in 24, however, these
were not resolved due to a very weak coupling. We assign the


Figure 3. X-band EPR spectrum (a) and ENDOR spectrum (static field
corresponding to the middle of the EPR multiplet) (b) of 24 in MeCN/
toluene (3:2 v/v) solution at 285 K.


larger of the 1H couplings (3.25 MHz) to the 3-, 6-positions of
the fluorene ring, in accord with the PMB observed for similar
fluorene compounds (see above). The 0.14 MHz coupling
belongs to the protons at the 1-, 8-ring positions. According to
the McConnell equation,[25] the unpaired electron density in
the C 2pz orbitals contributing to the �-system was calculated
from the aH values to be �5% of the unpaired electron
density on each of the C3 and C6 positions and �0.2% on
each of C1 and C8. The crude estimation[26] of the unpaired �-
electron density at the two sets of two 14N nuclei gives �4 and
0.1%, but we cannot unambiguously assign these.


The observed paramagnetism of 14 prompted us to measure
the electrical conductivity. Earlier, metallic conductivity was
found in a 2:1 CTC of fluorene 22 with bis(ethylenedioxy)-
TTF (�rt� 18 Scm�1, in compressed pellets), but when a 1:1
complex was formed (with fluorene 1), only weak semi-
conductivity was observed (�rt �10�10 Scm�1).[27] For the diads
14 and 16 with 1:1 stoichiometry no observable conductivity
was found from their compressed pellets (�rt � 10�8 Scm�1,
two-probe method).


Consistent with the X-ray data (see below) which shows no
long-range stacking, the copper salt 25 is an electrical
insulator (�rt �10�8 Scm�1). In contrast to 25, semiconductive
behavior was shown by the lithium salt 24 (�rt� 1�
10�3 Scm�1, �200K� 3� 10�5 Scm�1). Such relatively high con-
ductivity is unexpected for a 1:1 salt with complete charge
transfer,[28] and is, probably, an effect of doping by traces of
neutral fluorene 22.
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Electrochemistry : The cyclic voltammetry (CV) of the diads
13 ± 16, 18 and 19 in CH2Cl2 is characterized by clear
multiredox amphoteric behavior (Figure 4) consisting of two


Figure 4. CV of compounds 15 and 16 measured in CH2Cl2 at 50 mVs�1.


reversible single-electron oxidation waves yielding a radical
cation and dication state of the TTF moiety, and three
reversible single-electron reductions of the fluorene fragment,
which afford a radical anion, dianion and radical trianion
species:


D2� ± � ±A�D.� ±� ±A�D± � ±A�D± � ±A .�


�D± � ±A2��D±� ±A .3�


The thermodynamic potentials E 0 are given in Table 1,
together with data for compounds 3, 6 ± 8, 10 and 12 to show
the mutual influence of the TTF and fluorene fragments. As
expected,[7] the conversion of the keto group into the
dicyanomethylene group (3b� 6, 13b� 14, 15� 16, 18�
19) results in a significant positive shift in the reduction
potentials with larger shifts being observed for E1red


0 (290 ±
370 mV) and E3red


0 (190 ± 310 mV) than for E2red
0 (70 ±


160 mV). Also, the thermodynamic stability of the derived
radical anions of the dicyanomethylene derivatives (which
relates to the disproportionation equilibrium 2A .��A�A2�)
is consistently higher than that of the fluorenone precursors
(Table 1). As for the TTF moiety, a very predictable decrease
or increase in its donor ability was found upon the attachment
of the electron withdrawing CHO (7� 8) or electron releas-
ing CH2OH (7� 10) groups. Less predictably, an increase in
the E1ox


0 values followed the acylation of alcohol 10 to yield
11, possibly as a result of a ™through-space∫ effect of the
CH2OC(O)R substituent. This kind of behavior was noted
earlier for TTFCH2OC(O)Ph.[29]


For the ™b∫ series possessing the longer �-bridge, the
attachment of the TTF moiety to the fluorenone (3b� 13b,
3b� 15) has no apparent influence on the acceptor ability of
the fluorene unit, whereas the same change for the dicyano-
methylene analogues (6� 14, 6� 16) results in a 60 ± 70 mV
negative shift of the first reduction potential; this indicates an
interaction between the donor and acceptor moieties in
compounds 14 and 16. There is a concomitant 40 ± 70 mV
positive shift in the E1ox


0 value of TTF due to the presence of
the fluorenedicyanomethylene fragment (11� 14, 15� 16).
In the shorter-bridge series ™a∫ the D/A interaction is also
observable in fluorenone 13b manifested in the 20/60 mV


shift of E1ox
0 and E1red


0 as compared to the model donor/
acceptor compounds 3a and 11 (see also the following
Section). As the ICT � ±� interaction is not possible in the
shortest-bridge diads 18 and 19, the donor ability of the TTF
fragment in these compounds is not perturbed (within 10 mV)
by the keto� dicyanomethylene transformation. In accord-
ance with the fact that this charge-transfer interaction should
disappear with reduction of the acceptor fragment to the
radical anion, the presence of the TTF moiety has no
influence on the second and third reduction waves of the
fluorene nuclei.


It is remarkable that the difference between the oxidation
and reduction potentials (E1ox


0�E1red
0) for compounds 14, 16


and 19 is as small as 280 ± 300 mV, which represents the
smallest solution HOMO±LUMO gap (�0.3 eV[30]) so far
reached for closed-shell organic compounds.


Electronic absorption spectra : Charge transfer interactions in
the diads are also manifested in broad absorption bands in
their visible and near-IR electronic spectra, with the maxima
and intensities strongly dependant on the solvent used. These
bands were not observed in solutions of either the separate
donor (11) or acceptor (4 or 6) components, or their radical


Table 1. Data from CV measurements.[a]


Compound E1ox
0/V E2ox


0/V E1red
0/V E2red


0/V E3red
0/V logKdispr


[b] �E/ eV[c]


3a ± ± � 0.64 � 1.01 � 1.50 � 6.3 ±
3b ± ± � 0.68 � 1.05 � 1.87 � 6.3 ±
6 ± ± � 0.31 � 0.91 � 1.57[d] � 9.8 ±
7 � 0.15 0.32 ± ± ± ± ±
8 0 0.52 ± ± ± ± ±
9 � 0.05 0.41 ± ± ± ± ±
10 � 0.23 0.24 ± ± ± ± ±
11 � 0.13 0.40 ± ± ± ± ±
12 � 0.22 0.30 ± ± ± ± ±
13a � 0.07 0.40 � 0.66 � 1.01 � 1.58[e] � 5.9 0.59
13b � 0.13 0.37 � 0.68 � 1.04 � 1.86 � 6.1 0.55
14 � 0.09 0.35 � 0.39 � 0.90 � 1.57 � 8.6 0.30
15 � 0.17 0.31 � 0.69 � 1.06 � 1.84 � 6.3 0.52
16 � 0.10 0.32 � 0.38 � 0.90 � 1.56 � 8.8 0.28
18 � 0.11 0.40 � 0.72 � 1.00 � 1.81 � 4.7 0.66
19 � 0.10 0.41 � 0.39 � 0.93 � 1.62 � 9.2 0.29


[a] 0.2� Bu4NPF6 in CH2Cl2, vs. Fc/Fc� ; [b] log Kdispr�� (E1red
0�E2red


0)/0.059;
[c] ref. [30]; [d] this compound in MeCN showed four reversible reduction waves:
E1red


0��0.24 V, E2red
0��0.85 V, E3red


0��1.48 V, E4red
0��1.97 V; [e] this wave


was irreversible due to rapid degradation of the derived radical trianion.


Table 2. ICT bands in electronic absorption spectra of the diads.


Compound Solvent �CT-1/ nm (�/��1 cm�1) �CT-2/ nm (�/��1 cm�1)


13a CH2Cl2 1045 (550) 765 (700)
acetone 920sh (440) 715 (550)


13b CH2Cl2 990 (260) 750 (300)
acetone 900sh (130) 705 (150)


15 CH2Cl2 975sh (240) 775 (260)
acetone 920sh (150) 725 (170)


18 acetone 900sh 630sh
14 CS2 1230 (4200) 800


CH2Cl2 1230 (4700) 800 (2000)
acetone 790 (850)


16 CH2Cl2 1260 (3400) 800 (1350)
19[33] CH2Cl2 1200 ± 1330 785 ± 825
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ions (see the spectroelectrochemical experiments below), but
a very similar spectrum was obtained for an intermolecular
complex TTF :22 (Figure 5). The increase in the acceptor
character on conversion from the fluorenone (13, 15 and 18)
to the dicyanomethylene derivatives (14, 16 and 19) results in
a bathochromic shift and a substantial increase in the intensity
of the CT bands indicating a much stronger donor ± acceptor
interaction in the latter series, in accordance with the CV
results.


The concentration dependence of the intensity of the CT
bands confirmed their intramolecular nature. A linear de-
pendence (r�0.999) was established for compounds 13 ± 16 in
acetone and CH2Cl2 over a wide range of concentrations


Figure 5. Electronic spectra of compounds 13b, 14 (in CH2Cl2) and CTC
22:TTF (in PhCN).


(10�3 ± 10�5�), but little deviation was seen in the high
concentration (�10�3�) region, especially in a less polar
solvent (CS2).[31] This suggests that, even though the intra-
molecular charge transfer process dominates in these mole-
cules, intermolecular complexation giving rise to a similar CT
absorption can also take place at high concentrations. We
suggest that these low energy bands arise from a � ±�
through-space charge transfer process involving an intra-
molecularly ™head-to-tail∫ complexed state of the molecules.
Geometry optimization using semiempirical PM3methods for
14 shows that a folded ™head-to-tail∫ conformation where the
ICT interaction can take place is not only geometrically
allowed but also is almost equal in energy to the linear
conformation (�H� 23.0 and 22.4 kcalmol�1, respectively[32]).
Interestingly, the ICT bands of fluorenone 13a with the
shorter �-bridge are more than twice as intense as those of
13b, which suggests a more efficient CT interaction in the
former, in agreement with the CV results. The behavior of the
shortest �-bridge diads 18 and 19 (the geometry of which
preclude intramolecular complexation) further corroborates
the � ±� ™through-space∫ origin of the CT bands: the change
in solution absorbance as a function of concentration (order
�1)[33] and almost no absorption at concentrations below
10�4� indicates that only the intermolecular CT complex is
responsible for the long-wavelength absorption in these diads.


It appears, therefore, that being separated by a �-bridge the
donor and acceptor moieties in these TTF ± fluorene diads
behave essentially as independent molecules giving rise to
very similar manifestations of inter- and intramolecular
interactions. In many cases these are concurrent processes


which can be modulated by variations in the diad concen-
tration and the flexibility of the �-bridge.


The apparent discrepancy between the electrochemical
HOMO±LUMO gap and h��(ICT) (ca. 1 eV) arises from the
fact that ICToccurs solely in a CT complex, whereas CV data
characterise uncomplexed or equilibrium states; the HO-
MO±LUMO orbital interactions in the former should
increase the gap proportionally to the degree of interaction.


Spectroelectrochemistry : Compounds for which color and
transparency in the visible/near-IR regions can be changed by
applying various potentials (electrochromic materials) are of
great current interest.[34] Some of them have found commer-
cial applications, for example in information displays and self-
darkening rear-view mirrors for cars.[35] For 14 and 16 the
relatively high intensity of the ICT band at �max 1200 nm
tailing to beyond 2000 nm, which was expected to vanish with
oxidation/reduction of the D/A fragments, led us to study
their electrochromism. Applying a potential stepwise up to
�0.6 V (vs Pt wire quasireference electrode), to generate the
radical cation, resulted in the complete disappearance of the
near-IR ICT bands; instead, two bands characteristic of the
TTF radical cation (�max 460 and 645 nm) arose (Figure 6a)
and the solution changed its color from brown to green.[36] At
more positive potentials (0.95 V) the long wavelength bands
(460 and 645 nm) disappeared and the solution turned yellow
indicating the formation of the dication species (�max 428 nm,
Figure 6b). Analogously, switching to �0.6 V gave rise to the
radical anion and the corresponding spectral change[37] (new
bands at �max 315, 515 and 780 nm and a low intensity broad
band at � 900 ± 1900 nm) made the solution violet (Figure 6c).
The formation of the dianion species while scanning down to
�1.5 V was monitored by loss of the characteristic vibronic
band at 515 nm, an increase in the intensity of the near-IR
band and the appearance of two new bands at �max 360
(shoulder) and 440 nm, although the radical trianion species
can contribute to the spectrum at this potential (Figure 6d).


The two oxidation and the first two reduction processes
were completely reversible for compound 16, that is the initial
spectra returned after re-setting the potential to �0.2 V and
the system can be cycled between these five redox states for at
least a few hours. The radical trianion state and also the
dication and dianion states for 14 were partly irreversible
(presumably, due to the lower stability of the linking ester
compared with the amide bond): the prolonged exposure to
redox potentials generating those states lead to partial
decomposition of the compounds manifested in the reduced
intensity of the ICT band on a reverse scan. The intensities of
the bands belonging to the ionic states did not change,
however, which indicates that the linking bonds (ester or
amide) and not the donor/acceptor moieties were the sites of
decomposition. We believe that compound 16 is a very
promising electrochromic material by virtue of having five
redox states (2� , .� , 0, .� , 2�) each with distinctive visible/
near-IR absorption spectra.


X-Ray analysis : TTF ± fluorene-9-one derivative 18 was the
only diad molecule to afford crystals suitable for X-ray
analysis. The fluorenone moiety in 18 adopts a slightly twisted
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conformation, due to the repulsion between the carboxy and
nitro groups in positions 4 and 5, respectively, typical for 4,5-
disubstituted fluorene derivatives (Figure 7). The TTF moiety
is folded along the S(1) ¥ ¥ ¥ S(2) and S(3) ¥ ¥ ¥S(4) vectors by 2.4�
and 10.8� and twisted by 2.6� around the central C(15)�C(18)
bond. As suggested from the electronic spectra in solution,
there are no intramolecular contacts between donor and
acceptor moieties: the TTF ± fluorenone part of the molecule


is roughly planar. These parts of two molecules contact face-
to-face: in the resulting dimer the donor (TTF) unit of one
molecule overlaps with the acceptor (fluorenone) unit of
another giving rise to a CT band, responsible for the black
color of the crystals. The dimers pack in a herringbone (edge-
to-face) manner, without any continuous stacks. The packing
leaves vast cavities, occupied by n-pentyl chains, which are
disordered between different orientations, partially super-


imposed with similar chains of
adjacent molecules and with
acetone molecules of crystalli-
zation (in a non-stoichiometric
occupancy). In the TTF moiety,
all the C�S bonds are essential-
ly equal (average 1.760(4) ä)
and so are all the C�C bonds
(average 1.347(5) ä); their
lengths are characteristic for
neutral TTF, indicating very
little (or no) charge transfer in
this diad.


The asymmetric unit of 25 ¥
2MeCN contains two anion


Figure 6. Spectroelectrochemical data for 16 : the formation of 16 .� (a), 162� (b), 16 .� (c), 162� (d).


Figure 7. Dimer of compound 18 showing an overlap of TTFand fluorene moieties in the crystal (minor positions
of the disordered n-pentyl chains are not shown).
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radicals of 22 (i and ii), each of them bridging two copper
atoms through both cyano groups. Anion radicals of type i
link Cu(1) and its equivalents, related through a 21 axis, into
an infinite chain (Figure 8); anion radicals of type ii link Cu(2)


Figure 8. Chains in the structure of 25 ¥ 2MeCN. Primed atoms are
generated by a 21 axis. Bond lengths [ä]: Cu(1)�N(1) 2.003(2), Cu(1)�N(3)
1.991(2), Cu(1)�N(6) and Cu(1)�N(8�) 1.990(2).


and its inversion equivalent into a closed dimer (Figure 9).
The coordination of each copper atom in 25 is completed by
two linear acetonitrile ligands forming a distorted tetrahedron
(Cu-N-Me angles 170.2(2) to 176.8(2)�). The shortest Cu ¥ ¥ ¥Cu
distances are 7.369(1) ä in the chain and 6.967(1) ä in the
dimer.


Figure 9. Dimers in the structure of 25 ¥ 2MeCN. Primed atoms are
generated by an inversion centre. Bond lengths [ä]: Cu(2)�N(11)
2.002(2), Cu(2)�N(13) 1.993(2), Cu(2)�N(16) 1.987(2), Cu(2)�N(18�)
1.994(2).


The bond lengths in both anion radicals are essentially
equal; a comparison with the neutral molecule in pure 22[38]


and in its PhCl solvate[39] (Table 3) shows a) increased �-
conjugation in the five-membered ring; b) weakening of the


C(9)�C(14) bond and c) strengthening of the adjacent C�CN
bonds in 25, similar to that observed in the TCNQ anion
radical.[40] The fluorene nucleus in 22 .� is more planar than in
neutral 22 (the deviation of thirteen fluorene carbon atoms
from their mean plane averages 0.078 ä in moiety i and
0.055 ä in ii, versus 0.115 ä in 22 ¥PhCl), but the twist around
the C(9)�C(14) bond (3.2� in i, 8.0� in ii) is slightly higher than
in 22 or 22 ¥PhCl (ca. 2�). The anion radical i is disordered:
two conformers with opposite tilts of the nitro groups occupy
the same site with a ca. 9:1 ratio (Figure S11). The coordina-
tion of the cyano groups is nearly linear, the Cu-N-C angles
are wider in the chain than in the dimer [average 172.9(2) and
165.3(2)�]. In both cases, the anion radical and the two
coordinated copper atoms are approximately coplanar. Thus,
in the dimer the Cu2(22)2 system is planar, but in the chain
each two adjacent anion radicals are nearly perpendicular to
each other. It is instructive to compare 25 ¥ 2MeCN with two
recently studied polymorphs of [TCNQ]Cu salt,[41] where the
distorted tetrahedral coordination of copper(�) comprises four
cyano groups of TCNQ with no additional ligands, while each
TCNQ bridges four Cu atoms, giving rise to a three-dimen-
sional framework. In the tetragonal polymorph (a good
semiconductor, �rt� 0.25 Scm�1, band gap 0.137 eV) TCNQ
anion radicals of both frameworks form infinite stacks with
interplanar separation of 3.24 ä. In the monoclinic form
(poor semiconductor, 1.3� 10�5 Scm�1, band gap 0.332 eV)
these moieties pack in a brickwork mode–parallel but poorly
overlapping. The structure of 25 ¥ 2MeCN contains face-to-
face pairs of anion-radicals 22 (one of type i and another of
type ii, see above) contacting each other in an edge-to-face
(herringbone) fashion, but no continuous stacks exist, which
explains the absence of conductivity.


The asymmetric unit of K[23] ¥H2O ¥ 1³2Me2CO (23a) com-
prises two potassium cations, one terminal and one �2-aqua
ligand, one �2-acetone ligand and two anions 23, both �2-
bridging in the same manner, via two cyano groups (Fig-
ure 10). The primary structural unit is a dimer, in which K(1)
and K(2) atoms are bridged by two anion radicals, one aqua
ligand [O(9)] and the acetone oxygen O(19), with K(1)
coordinating also one terminal aqua ligand [O(10)]. The
environment of K(2) is completed to form a distorted
octahedron by two nitro oxygen atoms, O(7) and O(11),
belonging to different dimers but strongly coordinated. The
coordination of K(1) can be described as a tetragonal pyramid
with O(9) in the apical position, completed to a distorted


Table 3. Average bond lengths [ä].


Bonds[a] 22[b] 22 ¥PhCl[c] 23a 25 ¥ 2MeCN


C(9)�C(14) 1.354(15) 1.357(2) 1.405(5) 1.413(2)
C(9)�C(10) 1.470(9) 1.480(2) 1.447(5) 1.450(3)
C(10)�C(11) 1.411(12) 1.419(2) 1.435(5) 1.445(3)
C(11)�C(12) 1.478(6) 1.483(2) 1.454(4) 1.449(3)
C(14)�CN 1.436(9) 1.444(2) 1.457(5) 1.423(3)
C(14)�C(16) ± ± 1.411(5) ±
C(16)�CN ± ± 1.426(5) ±
C�N 1.140(10) 1.147(2) 1.145(5) 1.153(3)


[a] Averaged with all chemically equivalent bonds; [b] at room temper-
ature;[38] ; [c] at 150 K.[39]
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Figure 10. Crystal structure of K[23] ¥H2O ¥ 1³2Me2CO (23a). Bond lengths
[ä]: K(1)�N(8) 2.398(4), K(1)�N(16) 2.409(4), K(1)�O(9) 2.446(3),
K(1)�O(10) 2.262(3), K(1)�O(19) 2.405(3), K(1)�O(1���) 2.728(3),
K(2)�N(6) 2.497(4), K(2)�-N(18) 2.481(4), K(2)�O(9) 2.391(3),
K(2)�O(19) 2.335(3), K(2)�O(7�) 2.429(3), K(2)�O(11��) 2.423(3). The
disorder of the nitro groups at C(24) and C(25) is not shown.


octahedron by a much weaker interaction with a nitro oxygen
atom O(1) of another dimer.


One of the fluorene anions displays the same disorder of the
nitro groups as observed in 25 ¥ 2MeCN, also in a 9:1 ratio.
Puckering of the fluorene moieties in 23a is similar in
magnitude and kind to that in 25 ¥ 2MeCN, the deviation of
the carbon atoms from the mean plane averaging 0.07 ä.
However, steric demands of the additional cyano group cause
a substantial twist around the C(9)�C(14) bond (24 and 25�)
and the C(14)�C(16) bond (20 and 15�). In spite of the twist,
there is �-delocalization through the C(9)-C(14)-C(16)(CN)2
moiety, which does not involve the C(15)N(6) cyano group.
Similar delocalization was observed in donor-tricyanoethy-
lene systems, for example N-substituted 1-amino-1,2,2-tricya-
noethylene,[42] or 1-(N-pyridino)benzoylmethylene-1,2,2-tri-
cyanoethylene.[43] In 23a, as in 25 ¥ 2MeCN, the five-mem-
bered fluorene ring acquires almost aromatic character. Thus,
in both complexes, negative charge is extensively delocalized
between the fluorene nucleus and the cyano-containing
substituent in the 9-position.


Conclusion


We have synthesized TTF ± � ± fluorene compounds possess-
ing both strong �-electron donor and acceptor moieties which
provide rare examples of non-photoinduced electron transfer
in donor ± acceptor diads.[3d] Their redox behavior is fully
reversible and comprises two single-electron oxidation and
three single-electron reduction waves. Compounds 14, 16 and
19 possess a HOMO±LUMO gap (�0.3 eV in solution)
which is the lowest reported for closed-shell monomeric


organic compounds. Significant charge-transfer (ca. 0.6 elec-
trons in the solid state) in compound 14, 16 and 19 is
manifested in a lowering of the C�N stretching in the IR
spectra, a strong EPR signal (in the solid state) and intense
ICT bands in the near-IR region of their electronic spectra (in
solution). Although the ground state of these diads in dilute
solution is essentially neutral, intermolecular self-complex-
ation in the solid state (and in concentrated solutions) gives
rise to a strong ground-state EPR signal. Compounds 14 and
16 show distinctive electrochromism; the remarkable stability
of five differently colored redox states of 16 (0, .� , 2�, .� ,
and 2� ) makes it a promising electrochromic material for the
near-IR spectral region. As shown by X-ray (for 18) and
spectroscopic analyses, in the shortest-bridge diads (18 and
19) no ™through space∫ intramolecular donor ± acceptor
interaction is possible, which is an advantage for molecular
rectification applications.[4]


Experimental Section


General methods : EPR spectra were recorded on Bruker ESP 300E
Q-band or EMX X-band spectrometers. Solid state variable temperature
(300 ± 10 K) studies on 14 were performed at Q-band under non-saturating
conditions determined at 10 K (0.1 mW microwave power; 100 kHz and
5 G modulation frequency and amplitude, respectively). Spin counting
experiments on 14 in CH2Cl2 were performed at X-band and room
temperature by calibration against a range of concentrations of standard
dpph solutions in benzene measured under identical, non-saturating
conditions. The experimental protocol was tested for accuracy against
solutions of known concentration of other radical species. ENDOR spectra
were measured using a Bruker ER 200 ENB ENDOR cavity with a field
modulation frequency of 12.5 kHz. The spectrometer was fitted with a
Bruker VT 2000 variable temperature system; an ER033M field frequency
lock, which was used for multiple EPR acquisitions and ENDOR experi-
ments. Accurate field measurements were made using a single sweep with a
Bruker 035 NMR Gaussmeter (corrected using a sample of the perylene
radical cation in conc. H2SO4, g� 2.002569	 0.000006). ENDOR spectra
were obtained with the above system fitted with a Bruker ESP 360 DICE
ENDOR system using RFmodulation (again with frequency 12.5 kHz) and
an ENI A-300 RF power amplifier operating at an attenuation of 8 dB (ca.
200 ± 400 W). Concentrations of � 10�3� were used for all solution EPR
and ENDOR measurements.


Cyclic voltammetry experiments were performed at ambient temperature
with a BAS CV50 electrochemical analyzer, in a three-electrode cell (Ag/
AgNO3 in MeCN reference) using 1.6 mm diameter platinum disk as a
working electrode. 0.2� Bu4NPF6 in CH2Cl2 was used as the electrolyte. All
the potentials (except in the spectroelectrochemical section) are quoted vs.
the ferrocene/ferrocenium (Fc/Fc�) couple, which was used as the internal
standard except when it overlapped with the oxidation peaks of the sample.
The Fc/Fc� couple showed 0.21 V (vs Ag/AgNO3) and 0.50 V (vs Ag/
AgCl).


Spectroelectrochemical data were recorded for compounds 3b, 6, 11, 14
and 16 (ca. 10�4�) inMeCN and CH2Cl2 with Bu4NPF6 (0.1�) as supporting
electrolyte on a Varian Cary5 spectrophotometer between 250 ± 2300 nm at
ambient temperature. Spectra were corrected for background absorption
arising from the cell, the electrolyte and the working electrode. The
OTTLE cell used a Pt gauze working electrode, Pt wire counter and pseudo
reference electrodes. The solutions were analyzed in situ: the working
electrode was held at a potential at which no electrochemical work was
being done in the cell and the spectrum of the neutral compound was
recorded, which was identical to the spectrum recorded for open-circuit
conditions. The potential was then increased in 50 ± 200 mV increments and
held until equilibrium had been obtained, as evidenced by a sharp drop in
the cell current. The cell was based upon that described elsewhere,[44] and
was driven by a home-built potentiostat.
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X-ray crystallography : X-ray diffraction experiments (covering full sphere
of reciprocal space) were carried out on a SMART 3-circle diffractometer
with a 1 K CCD area detector, using graphite-monochromated MoK�


radiation (�� 0.71073 ä) and a Cryostream (Oxford Cryosystems) open-
flow N2 gas cryostat. The structures were solved by direct methods and
refined by full-matrix least squares against F 2 of all data, using SHELXTL
software.[45] Crystal data and experimental details are summarized in
Table 2, full structural information has been deposited with the Cambridge
Crystallographic Data Centre as supplementary publications nos. CCDC-
172395 (18), CCDC-168417 (23a) and CCDC-168416 (25 ¥ 2MeCN).


Compounds 2b ± 5b and 6 were prepared as described.[46]


2-(Methoxycarbonylmethylsulfanyl)-4,5,7-trinitrofluorene-9-one (2a):
Methyl 2-mercaptoacetate (0.50 mL, 5.6 mmol) followed by NaHCO3


(0.50 g, 5.9 mmol) were added to a solution of fluorenone 1 (0.71 g,
2.0 mmol) in MeCN (20 mL). The red-brown reaction mixture was stirred
at 20 �C for 2 h and the solvent was removed in vacuo. The residue was
purified by chromatography on silica gel eluting with CH2Cl2 to give pure
sulfide 2a (0.45 g, 54%[47]). M.p. 182 ± 183 �C; 1H NMR (300 MHz, CDCl3):
�� 8.93 (d, J� 2 Hz, 1H), 8.76 (d, J� 2 Hz, 1H), 8.05 (d, J� 2 Hz, 1H),
8.00 (d, J� 2 Hz, 1H), 3.89 (s, 2H), 3.82 (s, 3H); 13C NMR (75 MHz,
[D6]acetone): �� 185.5, 168.3, 148.7, 146.8, 145.8, 145.7, 139.3, 137.62,
137.60, 129.1, 127.4, 125.9, 125.5, 122.4, 53.3, 34.3; MS (EI): m/z (%): 419
(100) [M]� ; elemental analysis calcd (%) for C16H9N3O9S: C 45.83, H 2.16,
N 10.02; found: C 45.39, H 2.10, N 9.73.


2-(Methoxycarbonylmethylsulfonyl)-4,5,7-trinitrofluorene-9-one (3a):
33% Aqueous H2O2 (1 mL, excess) was added to a solution of sulfide 2a
(0.42 g, 1.0 mmol) in hot AcOH (20 mL) and the reaction mixture was
stirred at 70 �C for 3 h. Two thirds of the solvent was evaporated in vacuo,
then water (1.5 mL) was added and the solution was cooled to 5 �C. The
precipitate was filtered off, washed with 80% AcOH, hot water and
methanol giving a pale-yellow powder of 3a (0.40 g, 89%). M.p. 176 ±
177 �C; 1H NMR (300 MHz, [D6]acetone): �� 9.06 (d, J� 2 Hz, 1H), 8.87
(d, J� 2 Hz, 1H), 8.79 (d, J� 2 Hz, 1H), 8.66 (d, J� 2 Hz, 1H), 4.85 (s,
2H), 3.72 (s, 3H); 13C NMR (75 MHz, [D6]acetone): �� 185.5, 163.7, 151.2,
147.3, 147.2, 145.0, 139.9, 139.6, 138.4, 138.0, 131.9, 128.9, 126.7, 123.4, 59.9,
53. 4; MS (EI): m/z (%): 451 (4) [M]� , 421 (22) [M�NO]� , 405 (18) [M�
NO2]� , 329 (100); elemental analysis calcd (%) for C16H9N3O11S: C 42.58,
H 2.01, N 9.31; found: C 42.40, H 1.96, N 9.32.


2-(Hydroxycarbonylmethylsulfonyl)-4,5,7-trinitrofluorene-9-one (4a): Es-
ter 3a (74 mg, 0.164 mmol) was dissolved in TFA (5 mL) at reflux, water


(8 mL) was added and the reaction mixture was refluxed for 6 h. Then it
was evaporated in vacuo, the residue was triturated with chloroform (3 mL)
and the precipitate was filtered off and dried in vacuo to give acid 4a
(48 mg, 68%) as a solvate 4a ¥ 1³2CF3CO2H. M.p. �150 �C (decomp);
1H NMR (300 MHz, [D6]acetone): �� 9.05 (d, J� 2 Hz, 1H), 8.86 (d, J�
2 Hz, 1H), 8.80 (d, J� 2 Hz, 1H), 8.67 (d, J� 2 Hz, 1H), 4.81 (s, 2H); MS
(CI):m/z (%): 411 (30) [M�NH4�CO2]� , 397 (10) [M�NH4�CH2CO2]� ,
381 (100); elemental analysis calcd (%) for C15H4N3O11S ¥ 1³2CF3CO2H: C
37.66, H 1.48, N 8.23; found: C 37.31, H 1.57, N 8.46.


5-Methyl-4�,5�-dipentyltetrathiafulvalene-4-carbaldehyde (8): LDA (3 mL
of a 1.6� solution in THF/heptane, 4.8 mmol) was added at �78 �C to a
solution of TTF derivative 7[9] (1.44 g, 4.0 mmol) in anhydrous diethyl ether
(50 mL), the reaction solution was stirred for 2 h at �78 �C followed by
addition of N-methylformanilide (0.55 mL, 4.5 mmol). The reaction
mixture was allowed to reach 20 �C overnight, then quenched with ice-
water and neutralized with AcOH (ca. 0.9 mL). The organic layer was
separated, washed with water and brine, dried over MgSO4 and, after
evaporation, was purified by chromatography on silica gel, eluting with
ethyl acetate/petroleum ether (1:3 v/v). The red-violet fraction was
evaporated and dried in vacuo to give aldehyde 8 (1.03 g, 66%) as a dark
red solid. M.p. 54 ± 57 �C; 1H NMR (300 MHz, [D6]acetone): �� 9.77 (s,
1H), 2.54 (s, 3H), 2.44 (t, J� 7.5 Hz, 4H), 1.58 ± 1.45 (m, 4H), 1.40 ± 1.26 (m,
8H), 0.89 (t, J� 6 Hz, 6H); 13C NMR (75 MHz; [D6]acetone): �� 180.4,
153.9, 134.3, 130.1, 129.7, 113.1, 103.7, 31.9, 30.20, 30.18, 29.2 (2C), 23.1
(2C), 14.27 (2C), 14.19; IR (nujol): �� � 1664 (C�O), 1461, 1376, 722 cm�1;
UV/Vis (CH2Cl2): �max (�)� 296 (12200), 495 nm (2000��1 cm�1); MS (EI):
m/z (%): 386 (100) [M]� ; elemental analysis calcd (%) for C18H26OS4: C
55.92, H 6.78; found: C 55.78, H 6.79.


The by-product 9 (105 mg, 5%) was isolated from the last chromatography
fraction as a dark red tar. 1H NMR (500 MHz; [D6]acetone): �� 9.94 (s,
1H), 7.42 (t, J� 8 Hz, 2H), 7.33 (d, J� 13 Hz, 1H), 7.29 (dd, J� 1, 8 Hz,
2H), 7.16 (t, J� 8 Hz, 1H), 6.54 (d, J� 13 Hz, 1H), 3.42 (s, 3H), 2.42 (t, J�
7.5 Hz, 4H), 1.58 ± 1.45 (m, 4H), 1.40 ± 1.26 (m, 8H), 0.89 (t, J� 6 Hz, 6H);
13C NMR (75 MHz; [D6]acetone): �� 179.1, 155.1, 147.3, 144.2, 130.4, 129.9,
129.5, 126.9, 125.0, 120.5, 114.0, 103.0, 94.1, 37.0, 31.9 (2C), 30.18, 30.16, 29.2
(2C), 23.0 (2C), 14.3 (2C); IR (KBr): �� � 1649 (C�O), 1611, 1591, 1461,
1377, 1130, 722 cm�1; �max (�)� 259 (5900), 307 (7000), 336 (6000), 405 nm
(10500), 495 (1800��1 cm�1); MS (EI):m/z (%): 503 (100) [M]� ; elemental
analysis calcd (%) for C26H33NOS4: C 61.98, H 6.60, N 2.78; found: C 61.75,
H 6.65, N 2.76.


4-Hydroxymethyl-5-methyl-4�,5�-dipentyltetrathiafulvalene (10): Sodium
borohydride (70 mg, 1.84 mmol) was added to a solution of aldehyde 8
(0.56 g, 1.44 mmol) in dry EtOH and the reaction mixture was stirred at
20 �C for 1 h (the red color of 8 vanished within 10 min). Then ethyl acetate
(20 mL) was added, the organic layer was washed with water and brine,
dried over MgSO4, and filtered through a 1 cm pad of silica gel.
Evaporation of the filtrate gave alcohol 10 (0.52 g, 92%) as an amorphous
solid. M.p. 59 ± 62 �C; 1H NMR (200 MHz; [D6]acetone): �� 4.42 ± 4.30 (m,
3H), 2.41 (t, J� 7.5 Hz, 4H), 1.99 (s, 3H), 1.60 ± 1.42 (m, 4H), 1.42 ± 1.24 (m,
8H), 0.90 (t, J� 6 Hz, 6H); 13C NMR (50 MHz; [D6]acetone): �� 131.2,
129.75, 129.68, 125.7, 108.1, 107.7, 58.1, 31.9, 30.2 (2C), 29.2 (2C), 23.1 (2C),
14.3 (2C), 13.6; MS (EI):m/z (%): 388 (100) [M]� ; elemental analysis calcd
(%) for C18H28OS4: C 55.92, H 7.26; found: C 55.79, H 7.25.


4-Acetoxymethyl-5-methyl-4�,5�-dipentyltetrathiafulvalene (11): Pyridine
(0.08 mL, 0.10 mmol), followed by acetyl chloride (0.05 mL, 0.088 mmol)
was added to a solution of alcohol 10 (65 mg, 0.0167 mmol) in dry MeCN
(10 mL) and the reaction mixture was stirred at 20 �C for 2 h. After
evaporation of the solvent in vacuo the residue was purified by
chromatography on silica gel eluting with ethyl acetate/petroleum ether
(2:5 v/v) affording 11 (64 mg, 89%) as an orange oil. 1H NMR (200 MHz;
[D6]acetone): �� 4.82 (s, 2H), 2.42 (t, J� 7 Hz, 4H), 2.09 (s, 3H), 2.04 (s,
3H), 1.60 ± 1.42 (m, 4H), 1.42 ± 1.25 (m, 8H), 0.90 (t, J� 6 Hz, 6H); IR
(nujol): �� � 1750 (C�O), 1462, 1377, 1219, 722 cm�1; MS (EI):m/z (%): 430
(100) [M]� ; elemental analysis calcd (%) for C20H30O2S4: C 55.77, H 7.02;
found: C 55.47, H 6.78.


4-(N-Benzylaminomethyl)-5-methyl-4�,5�-dipentyltetrathiafulvalene (12):
Aldehyde 8 (83 mg, 0.214 mmol), benzylamine (27 �L, 0.248 mmol) and
molecular sieves 4 ä (300 mg) were refluxed in dry cyclohexane (5 mL) for
15 h, until TLC showed a complete conversion of the aldehyde. The
reaction mixture was filtered and evaporated in vacuo. The residue was


Table 4. Crystal data and experimental details.


Compound 18[a] 23a 25 ¥ 2MeCN


formula C32H31N3O9S4 ¥ 1³4C3H6O C39H18K2N14O19 C40H20CuN16O16


Fw 744.36 1064.87 1107.80
T [K] 120 120 110
symmetry monoclinic triclinic monoclinic
space group I2/a (no. 15) P1≈ (no. 2) P21/c (no. 14)
a [ä] 15.719(5) 8.714(3) 14.2240(7)
b [ä] 12.586(4) 15.364(4) 10.2424(6)
c [ä] 37.231(13) 17.161(5) 29.7103(15)
� [�] 90 78.57(1) 90
� [�] 95.49(1) 76.74(1) 96.270(3)
	 [�] 90 74.80(1) 90
V [ä3] 7332(4) 2134.6(11) 4302.5(4)
Z 8 2 4
refls collected 43576 26957 39493
unique refls 9722 11157 8895
Rint . 0.050 0.035 0.048
refls F 2� 2�(F 2) 6646 8075 7167
R[F 2� 2�(F 2)] 0.070 0.084 0.038
wR(F 2), all data 0.238 0.299 0.094


[a] Complex disorder of both n-pentyl chains. Atoms C(24) to C(27):
occupancies 75% in positions A, 25% in B. Position A is superimposed
with an acetone molecule (occupancy 25%), in which C and O atoms are
statistically mixed in positions O/C(1S) andO/C(3S). Atoms C(29) to C(32)
in positions A have occupancies of 50%, C(29B) and C(30B) have
occupancies of 50%; C(31) and C(32) in positions B and C have
occupancies of 25%. C(26B) lies on axis 2.
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dissolved in dry diethyl ether (5 mL) and LiAlH4 (12 mg, 0.31 mmol) was
added. The reaction mixture was stirred at 20 �C for 3.5 h (full conversion
within 3 h was confirmed by TLC) and wet ethyl acetate was added slowly
to quench the excess of LiAlH4. After evaporation, the mixture was
purified by chromatography on silica gel, eluting with petroleum ether/
ethyl acetate mixture (5:1 v/v) to give amine 12 (88 mg, 88%) as a pink
solid. M.p. 67 ± 68 �C; 1H NMR (300 MHz, [D6]acetone): �� 7.40 ± 7.27 (m,
4H), 7.22 (tt, J� 7, 2 Hz, 1H), 3.77 (s, 2H), 3.52 (d, J� 0.6 Hz, 2H), 2.41 (t,
J� 7.5 Hz, 4H), 2.2 (br s, NH2), 1.91 (s, 3H), 1.58 ± 1.45 (m, 4H), 1.40 ± 1.27
(m, 8H), 0.90 (t, J� 6.5 Hz, 6H); 13C NMR (75 MHz; [D6]acetone): ��
141.2, 130.9, 129.7, 129.6, 129.0, 128.9, 127.6, 124.7, 108.5, 107.4, 53.0, 46.5,
31.9, 30.1 (2C), 29.15, 29.14, 23.0 (2C), 14.2 (2C), 13.7; IR (nujol): �� � 1461,
1376, 722 cm�1; MS (EI): m/z (%): 477 (100) [M]� , 372 (100) [M�
PhCH2N]� ; elemental analysis calcd (%) for C25H35NS4: C 62.85, H 7.38,
N 2.93; found: C 62.44, H 7.36, N 2.69.


Compound 13a : Acid 4a (0.13 g, 0.30 mmol) was stirred in oxalyl chloride
(1 mL) with DMF (1 �L) as a catalyst for 20 h. Then the volatile materials
were removed in vacuo and the residual acid chloride 5a was used
immediately in the next step. A solution of alcohol 10 (117 mg, 0.30 mmol)
and pyridine (70 �L, 0.87 mmol) in dry MeCN (15 mL) was added to acid
chloride 5a and the reaction mixture was stirred at 20 �C for 6 h. After
removing the solvent in vacuo, the residue was triturated with methanol
(3 mL), filtered and purified by chromatography on silica gel eluting with
ethyl acetate/petroleum ether (1:3 v/v) to give product 13a (72 mg, 30%).
M.p. 160 �C (decomp); 1H NMR (300 MHz, [D6]acetone): �� 8.99 (d, J�
2 Hz, 1H), 8.86 (d, J� 2 Hz, 1H), 8.77 (d, J� 2 Hz, 1H), 8.54 (d, J� 2 Hz,
1H), 4.95 (s, 2H), 4.81 (s, 2H), 2.45 ± 2.24 (m, 4H), 2.03 (s, 3H), 1.57 ± 1.39
(m, 4H), 1.39 ± 1.25 (m, 8H), 0.97 ± 0.84 (m, 6H); IR (nujol): �� � 1731
(C�O), 1615, 1541, 1343, 1192, 1119, 780 cm�1; MS (ES�): m/z (%): 808
(30) [M�H]� , 807 (25) [M]� , 564 (100); elemental analysis calcd (%) for
C33H33N3O11S5: C 49.06, H 4.12, N 5.20; found: C 48.91, H 4.09, N 5.17.


Compound 13b : A solution of alcohol 10 (0.18 g, 0.46 mmol) and pyridine
(0.10 mL, 1.2 mmol) in dry MeCN (15 mL) was added to acid chloride 5b
(0.225 g, 0.48 mmol), the reaction mixture was stirred at 20 �C for 6 h and
the resulting gray-green precipitate was filtered off and thoroughly washed
with acetonitrile, NaHCO3/water, then water and, finally, methanol to give
fluorenone 13b (0.235 g, 62%). M.p. 145 �C (decomp). The mother liquor
was evaporated, the residue washed with methanol, hot hexane and
purified by chromatography on silica gel, eluting with diethyl ether to give
an additional portion of 12b (0.03 g, 8%). M.p. 145 �C (decomp); 1H NMR
([D6]acetone): �� 9.04 (d, J� 2 Hz, 1H), 8.82 (d, J� 2 Hz, 1H), 8.79 (br s,
1H), 8.63 (br s, 1H), 4.79 (s, 2H), 3.92 (t, J� 7 Hz, 2H), 2.96 (t, J� 7 Hz,
2H), 2.41 (m, 4H), 2.03 (s, 3H), 1.57 ± 1.45 (m, 4H), 1.39 ± 1.28 (m, 8H),
0.94 ± 0.86 (m, 6H); IR (KBr): �� � 1735 (C�O), 1617, 1542, 1343, 1192,
1139 cm�1; MS (ES�): m/z (%): 821 (100) [M]� ; elemental analysis calcd
(%) for C34H35N3O11S5: C 49.70, H 4.26, N 5.12; found: C 49.67, H 4.28, N
4.90.


Compound 13b (alternative synthesis): Dicyclohexylcarbodiimide (17 mg,
0.083 mmol) was added to a suspension of acid 4b (27 mg, 0.060 mmol) in
dry CH2Cl2 (2.5 mL), the reaction mixture was stirred at 0 �C for 40 min.
Alcohol 10 (27 mg, 0.069 mmol) followed by 4-dimethylaminopyridine
(1 mg, 0.01 mmol) were added to this mixture which was stirred at 20 �C for
15 h. After filtering, the filtrate was purified by chromatography on silica
gel, eluting with CH2Cl2/ethyl acetate (20:1 v/v). The green fraction was
evaporated, the residue was triturated with MeCN (2 mL), filtered off,
subsequently washed with MeCN, methanol and hexane to give 13b
(17 mg, 34%) with spectral characteristics identical to those of the above
sample.


Compound 14 : Fluorenone 13b (59 mg, 0.068 mmol) and malononitrile
(59 mg, 0.89 mmol) were stirred in DMF (1 mL) for 6 h at 20 �C; the
solution volume was reduced in vacuo to �0.3 mL, diluted with methanol
(3 mL) and the precipitate was filtered off and washed with methanol
yielding a brown powder (54 mg) which was purified by flash chromatog-
raphy on silica gel eluting with ethyl acetate/petroleum ether (1:1 v/v) to
give 14 (47 mg, 80%). M.p. 150 �C (decomp); 1H NMR (300 MHz;
[D6]acetone): �� 9.5 ± 9.0 (brm, 4H), 4.73 (brm, 2H), 4.02 (brm, 2H),
3.07 (t, J� 6 Hz, 2H), 2.53 (brm, 4H), 2.1 ± 1.8 (brm, 3H), 1.57 ± 1.34 (m,
4H), 1.34 ± 1.15 (m, 8H), 0.88 ± 0.70 (m, 6H); 1H NMR (300 MHz;
[D6]acetone � CF3COOH): �� 9.28 (s, 1H), 9.21 (s, 1H), 8.98 (br s, 1H),
8.69 (br s, 1H), 4.02 (t, J� 6 Hz, 2H), 3.08 (t, J� 6 Hz, 2H), 1.79 ± 1.49
(brm, 4H), 1.38 (brm, 8H), 0.99 ± 0.86 (m, 6H); CH2 and CH3 protons


adjacent to the TTF moiety were not observed; IR (KBr): �� � 2203 (C�N),
1742 (C�O), 1543, 1340, 1133 cm�1; MS (FAB):m/z (%): 869 (27) [M]� , 371
(87), 243 (100); elemental analysis calcd (%) for C37H35N5O10S5: C 51.08, H
4.05, N 8.05; found: C 50.64, H 4.11, N 7.86.


Compound 15 : Pyridine (14 �L, 0.17 mmol) followed by a solution of
amine 12 (80 mg, 0.17 mmol) in dry MeCN (4 mL) were added at�30 �C to
a suspension of acid chloride 5b (80 mg, 0.17 mmol) in dry MeCN (5 mL)
and the reaction mixture was stirred for 1 h at �30 �C and left to warm up
to 20 �C overnight. The thick precipitate was filtered off, washed with
MeCN and MeOH, and then purified by chromatography on silica gel
eluting with ethyl acetate/petroleum ether (1:2 v/v) to yield compound 15
(75 mg, 55%). M.p. 110 ± 115 �C (decomp); 1H NMR (300 MHz, [D6]ace-
tone): �� 9.04 (d, J� 2 Hz, 1H), 8.82 (d, J� 2 Hz, 1H), [E : 8.80 br s,Z : 8.75
br s (1H)], [E : 8.67 br s, Z : 8.56 br s (1H)], 7.37 (t, J� 7 Hz, 1H), 7.33 ± 7.21
(m, 4H), [Z : 4.67 br s, E : 4.52 br s (2H)], [E : 4.29 br s, Z : 4.19 br s (2H)],
3.98 ± 3.86 (m, 2H), 3.11 ± 2.98 (m, 2H), 2.46 ± 2.33 (m, 4H), [E : 1.89 br s, Z :
1.81 br s (3H)], 1.58 ± 1.42 (m, 4H), 1.41 ± 1.25 (m, 8H), 0.96 ± 0.84 (m, 6H);
13C NMR (75 MHz; [D6]acetone): � (E, Z)� 185.2, 185.0, 169.9, 169.4,
150.8, 150.7, 147.4, 147.3, 147.2, 145.3, 145.0, 138.9, 139.5, 138.2, 138.2, 137.8,
137.5, 137.4, 137.3, 131.6, 131.5, 129.7, 129.3, 128.8, 128.4, 128.2, 127.3, 126.5,
126.4, 123.3, 123.2, 52.0, 51.3, 49.2, 31.3, 28.1, 27.6, 23.0, 14.25, 14.23; some of
TTF carbons are not observable; IR (KBr): �� � 1732 (C�O), 1651, 1539,
1462, 1455, 1377, 1131, 732 cm�1; MS (ES�): m/z (%): 910 (100) [M]� , 911
(85) [M�H]� ; elemental analysis calcd (%) for C41H42N4O10S5: C 54.05, H
4.65, N 6.15; found: C 53.78, H 4.64, N 6.01.


Compound 16 : Fluorenone 15 (25 mg, 0.028 mmol) and malononitrile
(25 mg, 0.38 mmol) were stirred in dry DMF (1 mL) at 20 �C for 6 h then
stored at 0 �C for 12 h. The solution volume was reduced in vacuo to ca.
0.1 mL, diluted with methanol (2 mL) and the dark brown precipitate was
filtered off, washed with methanol, then dissolved in CH2Cl2 and filtered
through silica gel to give 16 (23 mg, 72%). M.p. 137 ± 142 �C (decomp);
1H NMR (300 MHz; [D6]acetone): �� [E : 9.44 d, Z : 9.26 (d, J� 2 Hz,
1H)], 9.11 (br s, 1H), 8.98 (br, 1H), 8.83 (br s, 1H), 7.37 (t, J� 7 Hz, 1H),
7.36 ± 7.21 (m, 4H), [Z : 4.77 br s, E : 4.49 br s (2H)], [E : 4.05 brm, Z : 3.82
brm (2H)], 3.16 ± 3.04 (m, 2H), 1.7 ± 1.2 (brm, 8H), 1.00 ± 0.84 (m, 6H);
CH3 and 5CH2 groups closest to the TTF nucleus are not observable due to
PMB; IR (KBr) �� � 2202 (C�N), 1653 (C�O), 1647 (C�O), 1610, 1540,
1340, 1132 cm�1; MS (FAB): m/z (%): 958.2 (86) [M]� , 371.2 (100);
elemental analysis calcd (%) for C44H42N6O9S5: C 55.10, H 4.41, N 8.76;
found: C 54.91, H 4.50, N 8.39.


2,5,7-Trinitro-4-chlorocarbonylfluorene-9-one (17) was obtained as descri-
bed.[13] 1H NMR (200 MHz; CDCl3): �� 9.20 (d, J� 2 Hz, 1H), 8.81 (d, J�
2 Hz, 1H), 8.65 (d, J� 2 Hz, 1H), 8.54 (dd, J� 8, 2 Hz, 1H), 8.42 (d, J�
8 Hz, 1H).


Compound 18 : BuLi (1.6� ; 80 �L, 0.128 mmol) was added at 0 �C to a
solution of compound 10 (50 mg, 0.128 mmol) in dry THF (2 mL). The
reaction mixture was then cooled to �100 �C, a solution of acid chloride 17
(55 mg, 0.142 mmol) in dry THF (1.5 mL) was added dropwise and it was
stirred for 1 h at�100 �C, then allowed to warm up to ca.�20 �C during 2 h
and left overnight in a freezer (�15 �C). The solvent was removed in vacuo
and the residue was taken up in ethyl acetate. The organic layer was
subsequently washed with water, NaHCO3 solution and brine, dried over
MgSO4 and evaporated. Flash chromatography on silica gel eluting with
cyclohexane/ethyl acetate (3:1 v/v) gave a green fraction which was
evaporated, the residue washed with methanol and hexane yielding 18
(70 mg, 75%). M.p. 140 �C; 1H NMR (300 MHz, [D6]acetone): �� 9.02 (d,
J� 2 Hz, 1H), 8.84 (d, J� 2 Hz, 1H), 8.80 (d, J� 2 Hz, 1H), 8.71 (d, J�
2 Hz, 1H), 5.13 (s, 2H), 2.40 (m, 4H), 2.19 (s, 3H), 1.50 (m, 4H), 1.32 (m,
8H), 0.89 (m, 6H); 13C NMR (75 MHz; [D6]acetone, 50 �C): �� 186.0,
165.1, 150.9, 150.8, 147.4, 144.4, 140.4, 140.2, 139.4, 133.8, 132.3, 131.3, 130.0,
126.5, 123.1, 122.7, 122.4, 61.6, 32.05, 32.03, 30.2 (2C), 23.1 (2C), 14.3 (2C),
14.2; [the two central carbons of TTF were not observed (expected as low
intensity peaks at 100 ± 115 ppm), two of CH2 carbons were hidden under
the solvent signal and one signal must be overlapping with another in the
aromatic region]; IR (KBr): �� � 1731 (C�O), 1614, 1593, 1537, 1465, 1342,
1174, 739 cm�1; MS (EI): m/z (%): 729 (100); elemental analysis calcd (%)
for C32H31N3O9S4: C 52.66, H 4.28, N 5.76; found: C 52.38, H 4.24, N 5.73. A
single crystal for X-ray analysis was grown by slow cooling of an acetone
solution.
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Compound 19 : Fluorenone 18 (20 mg, 0.027 mmol) and malononitrile
(12 mg, 0.18 mmol) were dissolved in DMF (0.5 mL) and stirred at 20 �C for
8 h. Then the solvent was distilled off in vacuo and the residue was
triturated with methanol (1 mL). The brown precipitate was filtered off and
washed with methanol giving compound 19 (20 mg, 95%). M.p. 160 �C;
1H NMR (300 MHz; [D6]acetone): �� 9.9 ± 9.3 (br, 2H, fluorene-H), 5.15
(br s, 2H), 2.40 (br s, 4H), 2.19 (br s, 3H), 1.50 (m, 4H), 1.31 (m, 8H), 0.89
(m, 6H); IR (KBr) �� � 2204 (C�N), 1718 (C�O), 1605, 1535, 1340 cm�1; MS
(FAB):m/z (%): 777 (35) [M]� , 371 (100); elemental analysis calcd (%) for
C35H31N5O8S4: C 54.04, H 4.02, N 9.00; found: C 54.24, H 4.37, N 8.55.


2,7-Dinitro-4-chlorocarbonylfluorene-9-one (20) was obtained as descri-
bed.[13] 1H NMR (300 MHz; [D6]acetone): �� 9.11 (d, J� 2 Hz, 1H), 9.04
(d, J� 2 Hz, 1H), 8.84 (d, J� 2 Hz, 1H), 8.83 (d, J� 2 Hz, 1H).


Compound 21: Acid chloride 20 (75 mg, 0.219 mmol) was added to a
solution of TTF-CH2OH (51 mg, 0.218 mmol) in dry MeCN (2 mL)
resulting in the immediate precipitation of a black product. The reaction
mixture was stirred overnight, the precipitate filtered off and thoroughly
washed with boiling MeCN, then with acetone and methanol to give
compound 21 (101 mg, 86%). M.p. �220 �C (decomp); 1H NMR
(200 MHz, [D6]DMSO): �� 8.77 (d, J� 2 Hz, 1H), 8.56 ± 8.48 (m, 3H),
8.38 (d, J� 2 Hz, 1H), 7.07 (s, 1H), 6.71 (s, 2H), 5.31 (s, 2H); IR (KBr): �� �
1725 (C�O), 1609, 1587, 1523, 1451, 1343, 1267, 1223, 1155, 1087, 798,
736 cm�1; MS (EI): m/z (%): 530 (8) [M]� , 314 (100); elemental analysis
calcd (%) for C21H10N2O7S4: C 47.54, H 1.90, N 5.28; found: C 47.39, H 1.83,
N 5.29.


Compound 23 : Silica gel (supplied by LabPro, 0.40 g) and malononitrile
(53 mg, 0.80 mmol) were added to a solution of compound 1 (108 mg,
0.30 mmol) in DMSO (1 mL) and the resulting dark-green reaction mixture
was stirred at 20 �C overnight. It was then filtered from silica gel, washed
with DMF and the filtrate, after evaporation in vacuo, was purified by
chromatography on silica gel, eluting initially with neat ethyl acetate to
remove an intermediate 22 and then with ethyl acetate/acetone (v/v 7:1)
mixture. The dark-blue fraction containing 23 was collected and evapo-
rated. The residue was dissolved in acetone (3 mL), diluted with boiling
toluene (5 mL) and left to crystallize overnight in an open flask (the
acetone partly evaporated). The crystalline precipitate was filtered off and
washed with hot toluene affording compound 23 (40 mg, 26%) as a
potassium salt. M.p. �360 �C; 1H NMR (300 MHz, [D6]acetone) �� 9.30
(d, J� 2 Hz, 2H), 8.63 (d, J� 2 Hz, 2H); IR (KBr): �� � 2209 (C�N), 1625,
1572, 1527, 1494, 1453, 1359, 1314, 1255, 1160, 903, 829, 724 cm�1; MS (ES� ):
m/z (%): 446 (100) [M�K]� ; elemental analysis calcd (%) for
C18H4KN7O8 ¥H2O: C 42.95, H 1.20, N 19.48; found: C 42.65, H 1.35, N
19.05. A single crystal for X-ray analysis was grown from acetone solution
by slow evaporation.


Salt 24 : Anhydrous lithium iodide (4.0 g, 30 mmol) was added to a solution
of compound 22 (200 mg, 0.495 mmol) in dry MeCN (20 mL) and the
resulting dark reaction mixture was left to stand at 0 �C overnight. The
precipitate was filtered in an inert atmosphere, quickly washed with cold
ethyl acetate (2 mL), then with excess CH2Cl2 and, finally, with cold water
(3 mL) to give a black powder of 24 (95 mg, 47%). M.p. �300 �C
(exothermic decomp); IR (KBr): �� � 2182 (C�N), 1590, 1516, 1442, 1398,
1334, 1309, 1248, 1203, 1157, 1083, 981, 827, 779, 729 cm�1; MS (ES� ): m/z
(%): 408 (100) [M�Li]� ; elemental analysis calcd (%) for C16H4LiN6O8 ¥
2H2O: C 42.59, H 1.79, Li 1.54, N 18.63, I 0.0; found: C 42.55, H 1.33, Li 1.48,
N 18.38, I 0.0.


Salt 25 : A copper wire coil (diameter 0.25 mm, 99.999%; 5 cm long) was
dipped in a solution of 22 (22 mg, 0.054 mmol) in dry MeCN (4 mL)
resulting in violet coloration around the wire. After two weeks at 20 �C, the
reaction mixture was cooled to 0 �C, the black precipitate was scratched
from the wire, filtered off, washed with ethyl acetate, and dried in vacuo
(0.1 mbar, 100 �C) affording salt 25 (13 mg, 55%). M.p. �300 �C (exother-
mic decomp); IR (KBr): �� � (cm�1) 2199 (C�N), 1593, 1526, 1438, 1410,
1334, 1313, 1245, 1211, 1155, 1077, 989, 824, 776 cm�1; elemental analysis
calcd (%) for C16H4CuN6O8 ¥ 3³2MeCN: C 42.79, H 1.61, Cu 11.91, N 19.70;
found: C 42.77, H 1.64, Cu 12.08, N 19.82. A single crystal for X-ray analysis
was grown from MeCN solution by slow evaporation.
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Two-Point Self-Coordination of a Dizinc(��) Bispyridylporphyrin Ruthenium
Complex Leading Selectively to a Discrete Molecular Assembly: Solution and
Solid-State Characterization


Elisabetta Iengo,*[a] Ennio Zangrando,*[a] Silvano Geremia,[a] Roland Graff,[b]
Bruno Kieffer,[c] and Enzo Alessio[a]


Abstract: The dizinc(��) bispyridylpor-
phyrin ruthenium complex trans,cis,cis-
[RuCl2(CO)2(Zn ¥ 4�-cisDPyP)2] (1Zn,
4�-cisDPyP� 5,10-bis(4�-pyridyl)-15,20-
diphenylporphyrin) features two donor
(the uncoordinated 4�-N(py) atoms) and
two acceptor (the Zn atoms) sites and is
thus a building block suited for two-
point coordination. 1H NMR spectro-
scopy indicates that 1Zn self-assembles
in solution through Zn ± 4�-N(py) inter-
actions to yield selectively a highly sym-
metrical discrete species, in which all
donor and all acceptor sites of 1Zn are


mutually saturated. Single-crystal X-ray
analysis established that this adduct is a
dimeric species, (1Zn)2, with a global S4
symmetry, in which the four porphyrins
have a propeller-like arrangement. The
dimeric species (1Zn)2 is a meso form
derived from the combination of two
1Zn units with opposite helical chirality.


The geometry of this highly symmetrical
tetraporphyrin assembly in solution, as
determined by NMR spectroscopy, is
essentially the same as that found in the
solid state. Thus 1Zn is an unprecedent-
ed example of metal-containing self-
complementary building block that se-
lectively recognizes itself through four
Zn ±N(py) interactions, and thus yields
a very stable and symmetrical dimeric
species, (1Zn)2, that features four por-
phyrins and six metal atoms (two Ru and
four Zn).


Keywords: porphyrins ¥ metallopor-
phyrins ¥ self-assembly ¥ self-coor-
dination ¥ supramolecular chemistry
¥ zinc


Introduction


There is substantial recent interest worldwide in the con-
struction of multiporphyrin assemblies that can either mimic
naturally occurring multichromophore aggregates, such as the
photosynthetic reaction center and the light-harvesting com-
plex of purple bacteria, or that can be used as electron- and/or
energy-transfer molecular devices for advanced technological
tasks. The metal-mediated self-assembly approach, which


exploits the formation of coordination bonds between pe-
ripheral basic site(s) on the porphyrins and metal centers, has
recently allowed the design and preparation of sophisticated
supramolecular architectures whose complexity and function
begin to approach the properties of naturally occurring
systems.[1]


A particularly fascinating field of investigation within this
general topic concerns the design and construction of ordered
structures formed by a single component interacting with
itself (self-coordination). Most of the examples reported to
date concern the one-point self-coordination of metallopor-
phyrins bearing one peripheral N-donor site, usually a pyridyl
or imidazolyl moiety; with few exceptions,[2] the metal inside
the porphyrin has only one axial coordination site available
(e.g. ZnII or RuII(CO)). The nature of the resulting architec-
tures, either discrete macrocyclic species[3, 4] or linear stairlike
oligomers/polymers,[5] depends mainly on the relative geom-
etry of the porphyrin plane (acceptor site) and of the donor
site in the monomer. Concentration plays also a crucial role in
affecting the equilibria between discrete and polymeric
species.[5a, 6, 7] Only very recently, Kobuke and co-workers
described the two-point self-coordination of a dizinc(��)
bisimidazolylporphyrin dimer, which leads to a mixture of
linear oligomers.[8]
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We report here the first example of two-point self-
coordination that leads to a discrete supramolecule: a
dizinc(��) bispyridylporphyrin ruthenium complex selectively
recognizes itself through four Zn ±N(py) interactions, and
thus yields a very stable dimeric species. The geometry of this
tetraporphyrin assembly in the solid state, determined by
single-crystal X-ray diffraction, is essentially the same as that
deduced by NMR spectroscopy in solution.


Results and Discussion


The bis-(4�-pyridyl)porphyrin ruthenium adduct trans,cis,cis-
[RuCl2(CO)2(4�-cisDPyP)2] (1, Scheme 1, 4�-cisDPyP� 5,10-
bis(4�-pyridyl)-15,20-diphenylporphyrin), which has one re-
sidual unbound 4�-N(py) ring on each of the two cis-


coordinated 4�-cisDPyP units, is a building block suited for
two-point coordination.[9] We anticipated that insertion of
Zn2� into the two porphyrins of 1 would yield an unprece-
dented example of metal-containing building block, trans,-
cis,cis-[RuCl2(CO)2(Zn ¥ 4�-cisDPyP)2] (1Zn), featuring two
donor and two acceptor sites whose relative orientation
depends on the conformational motions of the two zinc
porphyrins about the Ru�N bonds (Scheme 1). Models show
that when in 1Zn the absolute value of the sum of the two
ideal torsion angles N(py)free ¥ ¥ ¥ Zn ¥¥¥ Ru ¥¥ ¥ Zn� (�) and
N�(py)free ¥ ¥ ¥ Zn� ¥ ¥ ¥ Ru ¥¥ ¥ Zn (��) is � 90�, the two 4�-N(py)
atoms have a mutual orientation that we define as convergent
(Figure 1); otherwise their are divergent and are more likely


to generate open-chain polymeric species by self-coordina-
tion. Moreover, for orientations of the two porphyrins other
than �����, 1Zn acquires helical chirality (�/�) and
combination of 1Zn units with either the same or opposite
chirality can occur, generating different species.
In the 1H NMR spectrum of the raw product obtained by


treatment of 1 with excess zinc acetate sharp resonances of a
discrete self-coordinated product (1Zn)n are largely predom-
inant; broad peaks of minor intensities are attributed to
oligomeric species (see Supporting Information). The discrete
product was obtained in pure form by chromatography on a
silica column, where it runs as a single band (it is significantly
less polar than 1, Rf� 0.82 versus 0.28 for 1).
The CDCl3 NMR spectrum of (1Zn)n shows sharp reso-


nance signals in the downfield region and four relatively
broad resonance signals at higher fields, which become sharp


on lowering the temperature
below 0 �C (Figure 2). Attribu-
tions were performed by means
of 2D COSY and NOESY-EX-
SY spectra (see Supporting In-
formation). Overall, the follow-
ing observations and conclu-
sions can be drawn from the
NMR spectra: 1) there are no
signals for uncoordinated pyr-
idyl rings; each 4�-N(py) ring of
1Zn is bound either to Ru or to
the Zn atom inside another
porphyrin (Figure 3); axial co-
ordination to a zinc ± porphyrin
induces typical upfield shifts
due to the anisotropic shielding
cone of the porphyrin ring, in


particular for the protons of the 4�-N(py) ring bound to Zn and
for the neighboring �H protons (Figure 2 and Figure 3).[7, 10±12]


Thus, in agreement with its high mobility on silica gel, (1Zn)n
has all donor and all acceptor sites of each 1Zn unit
mutually saturated through Zn ± 4�-N(py) interactions. 2)
There is only one set of porphyrin resonances, that is all
the porphyrins in (1Zn)n are equivalent to each other,
indicating a highly symmetrical architecture. As anticipated
by the different coordination of the two 4�-N(py) rings on
each 4�-cisDPyP unit (one bound to Ru and the other to Zn),
each single porphyrin is in an asymmetric environment
(Figure 3). Accordingly, eight resolved resonances, connected
pairwise in the H±H COSY spectrum, are found for the
pyrrole protons. 3) With the exception of the meta and para
phenyl protons, each aromatic proton has its own well
resolved resonance. For example, the resonances of H2Ru
and H6Ru are about 0.7 ppm apart from one another
(Figure 2); these twelve resonance signals are pairwise con-
nected by strong exchange cross peaks in the NOESY-EXSY
spectrum.
The high symmetry of (1Zn)n is apparent also from the


13C{1H} NMR spectrum of a 13CO-enriched sample, in which a
single carbon resonance signal for the equivalent CO groups is
observed at �� 195.0 ppm. In the IR spectrum in chloroform
(of the same sample) two carbonyl stretching bands are


Scheme 1. Schematic drawing of trans,cis,cis-[RuCl2(CO)2(4�-cisDPyP)2] (1) and of the zincated derivative 1Zn
(top view along the Cl ±Ru ±Cl bond system, Cl atoms omitted for clarity).


Figure 1. Schematic drawing of 1Zn viewed along the Zn ¥¥¥ Ru bond axis
evidantiating the N(py)free ¥ ¥ ¥ Zn ¥¥ ¥ Ru ¥¥¥ Zn� torsion angle � (��� 0�); only
part of the coordination sphere of the ruthenium atom on the back
(indicated with a circle) is represented. A convergent (left, �� � �� �� 90�)
and a divergent (right, �� � �� � �90�) orientation of the two free 4�N(py)
atoms are shown.
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detected at 2025 and 1968 cm�1, as expected for a cis geometry
of the two CO molecules on each ruthenium unit.
The visible absorption spectrum of (1Zn)n (see Supporting


Information) is quite similar to that of the closest model in
which no self-coordination occurs: the bisporphyrin rutheni-
um complex with zinc monopyridylporphyrin (Zn ¥ 4�-MPyP),
trans,cis,cis-[RuCl2(CO)2(Zn ¥ 4�-MPyP)2] (2Zn).[13] The axial
coordination of 4�-N(py) sites to the zinc porphyrins in (1Zn)n
induces a typical bathochromic shift of about 10 nm for the
Soret band compared to 2Zn, which becomes even larger (ca.
15 nm) for the Q bands.
The single-crystal X-ray analysis of (1Zn)n established that


the compound is actually a dimeric species, in which all four
4�-N(py) and all four Zn sites of two 1Zn units are mutually
saturated. Two crystallographically independent (1Zn)2 ad-
ducts were detected in the unit cell. In each of them the four


porphyrins have a propeller-
like arrangement, with a global
S4 symmetry (the improper ro-
tation axis passes through the
ruthenium ions) (Figure 4 and
Figure 5). The adduct is thus a
meso form derived from the
combination of two convergent
1Zn units with opposite helical
chirality. In each 1Zn unit of
(1Zn)2 the ideal N(py)Zn ¥ ¥ ¥
Zn ¥¥¥ Ru ¥¥ ¥ Zn� and N�(py)Zn ¥ ¥ ¥
Zn� ¥ ¥ ¥ Ru ¥¥ ¥ Zn torsion angles
(� and ��) are close to 40�
(synclinal arrangement), both
of positive sign in one unit,
negative in the other. The four
Zn ions, which have a square-
pyramidal environment, occupy
the vertices of an irregular tet-
rahedron, with an intermetallic
separation in each 1Zn unit of
12.46 ä (mean value), while the
distances involving the zinc of
the two 1Zn units are shorter
and average to 9.83 ä. Each Zn


ion is displaced by about 0.3 ä from the mean porphyrin plane
towards the apical pyridine donor. The Ru ions display a
distorted octahedral geometry and are 19.6 ä far apart. In
order to achieve the two-point self-coordination, the porphyr-
in planes of each 1Zn unit form a dihedral angle in the narrow
range of 42 ± 45�, while the angles between the planes of
axially connected porphyrins vary from 76 to 89�. An
estimation of the molecular size of (1Zn)2 is provided by
the distances between the carbonyl oxygen atoms of the two
Ru ions, of about 24.0 ä, which are comparable with those
between the outmost phenyl carbon atoms. In one of the two
crystallographically independent units the small internal
cavity is partially occupied by two chloroform molecules.
The solid-state structure explains well the NMR spectrum


of (1Zn)2 in CDCl3, indicating that the same architecture is
maintained in solution.[14] The C2 and S4 symmetry axes
passing through the two Ru atoms make all porphyrins
equivalent (and the two Ru complexes as well). Each meso
aromatic ring has one side oriented towards the inside (endo)
and the other towards the outside (exo) of the capsule; thus
the endo protons (and those of the inner pyridyl rings in
particular) are more shielded by the combined effect of the
four porphyrins and therefore resonate more upfield than the
corresponding exo protons. The two sides of each meso
aromatic ring are exchanged by rotation about the Cmeso�Cring


bond, which is slow on the NMR time scale at room
temperature already.
Both NMR and UV/Vis spectra were found to be concen-


tration independent in the range from 10�3 to 10�6 �, indicating
that the disassembly of (1Zn)2 is negligible even at the lowest
concentration examined.
NMR competition experiments were performed by addi-


tion of either acidic or basic building blocks to solutions of


Figure 2. 1H NMR spectra (CDCl3) of (1Zn)n at room temperature (top) and at 0 �C (bottom). See Figure 3 for
labeling scheme. An impurity is marked with X.


Figure 3. Schematic drawing representing the coordination environment
of any zincated porphyrin within (1Zn)n (top view along the Cl ±Ru ±Cl
bond system, Cl atoms omitted for clarity). Side-viewed porphyrins are
represented with a thick line.
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(1Zn)2 in CDCl3. We
showed that titration of
(1Zn)2 with [Pd(dppp)-
(OTf)2] (dppp� 1,3-bis-
(diphenylphosphanyl)-
propane, OTf� trifluoro-
methanesulfonate� tri-
flate) yields quantitatively
the hetero-trinuclear mo-
lecular square [Pd(dppp)-
{trans,cis,cis-[RuCl2(CO)2-
(Zn¥4�-cisDPyP)2}](OTf)2.[9]


Addition of incresing
amounts of 4-picoline
(4-pic) up to 4-pic/(1Zn)2


� 0.8 induced a progressive broadening of the pyridyl
resonances of (1Zn)2, indicating the occurrence of exchange
processes.[15] Further additions of 4-pic left the spectrum
substantially unchanged. Column purification of the final
mixture (4-pic/(1Zn)2� 2) yielded back (1Zn)2.


Conclusion


In conclusion, trans,cis,cis-[RuCl2(CO)2(Zn ¥ 4�-cisDPyP)2]
(1Zn) is an unprecedented example of a bisporphyrin self-
complementary building block that recognizes itself through
four Zn-4�-N(py) axial interactions, and thus yields a discrete
dimeric assembly, (1Zn)2. The high degree of cooperativity of
such interactions accounts for the good selectivity found for
the formation of the discrete species (1Zn)2 over polymeric
products and for its high stability in solution. We aim now to
investige the self-assembling properties of closely related
building blocks featuring two donor and two acceptor binding
sites; in particular we plan to maintain the frame of the
dizinc(��) bispyridylporphyrin ruthenium complex intact, and
assess the effect of a change in the position of the N(py) atom
(3� versus 4� pyridylporphyrins) or in the geometry of the
bispyridilporphyrin (4�-transDPyP instead of 4�-cisDPyP) on
the nature of the self-assembled product.


Experimental Section


Column chromatography was performed on 40 ± 63 �m mesh silica gel
(BDH). A sample of 13CO was purchased from Aldrich. UV/Vis spectra
were obtained on a Jasco V-550 spectrometer in quartz cells, using CH2Cl2
freshly distilled over dry CaCl2 as solvent. 1H NMR and 13C NMR spectra
were recorded at 400 and 100.5 MHz, respectively, on a JEOL Eclipse 400
FT instrument. All spectra were run in CDCl3 (Aldrich). Proton peak
positions were referenced to the peak of residual non-deuterated chloro-
form set at �� 7.26 ppm. Carbon peak positions were referenced to the
central peak of chloroform set at �� 77.0 ppm. Assignments were made
with the aid of 2D correlation spectroscopy (H-H COSY) and of 2D
exchange spectroscopy (EXSY) experiments as detailed in the text; a
mixing time of 500 ms was used for EXSY experiments. Solution (CHCl3)
infrared spectra were recorded in 0.1 mm cells with NaCl windows on a
Perkin-Elmer 983G spectrometer.
Compound 1 was prepared and purified according to the literature
procedure.[9]


1Zn : Compound 1 (10 mg, 5.9� 10�3 mmol) dissolved in CHCl3 (5 mL) was
treated for 48 h with a fourfold excess of zinc acetate dissolved in methanol
(2 mL). After removal of the solvent, the solid residue was washed
throughly with water, methanol, and then with diethyl ether and vacuum-
dried (yield of isolated product about 70%). It was purified by chromatog-
raphy on a silica gel column eluted with chloroform (first band) (yield of
isolated product about 60%); part of the reaction mixture remained
adsorbed on the top of the column. UV/Vis spectrum (�max (�� 105) in
CH2Cl2: 428.0 (Soret, 8.37), 563.0 (0.59), 603.5 nm (0.28 cm�1��1); 1HNMR
spectrum (CDCl3): �� 9.82 (d, 4H; H2Ru, exo), 9.14 (d, 4H; H6Ru, endo),
9.06 (d, 4H; �6), 8.91 (m, 12H; �5� 7� 8), 8.59 (d, 4H; �4), 8.33 (m, 8H;
H3Ru, exo� oH exo), 8.21 (d, 4H; oH, exo), 8.18 (d, 4H; �1), 8.13 (m, 8H;
H5Ru, endo � oH endo), 8.00 (d, 4H; oH, endo), 7.67 (m, 28H; m�pH �
�3), 7.22 (d, 4H; �2), 6.50 (br, 4H; H3Zn, exo), 5.77 (br, 4H; H5Zn, endo),
2.86 (br, 4H; H2Zn, exo), 1.82 (br, 4H; H6Zn, endo).


X-ray crystallography : Crystals of (1Zn)2 were obtained by slow diffusion
of n-hexane into a solution in CHCl3. Crystal data: C186H122N24O4Cl37Zn4-
Ru2, Mr� 4532.35, triclinic, space group P1�‹� , a� 19.634(4), b�
31.311(5), c� 37.627(5) ä, �� 102.72(3), �� 93.86(3), �� 106.18(3)�, V�
21465(6) ä3, Z� 4, 	calcd� 1.403 mgm�3, 
� 1.092mm�1, F(000)� 9100,
2�max� 41.5�. Reflections measured� 71284, unique 41247 [Rint� 0.075],
reflections I� 2.0�(I)� 27136, parameters� 2322, R1 [I� 2�(I)]� 0.1304,
wR2� 0.3573. Data collection performed at the X-ray diffraction beamline
of Elettra Synchrotron, Trieste (Italy), on a 30 cm MAR2000 image plate
with a monochromatic wavelength (�� 0.7100 ä), using the rotating crystal
method. The structure was solved by direct method and Fourier analyses
(SHELXS-97) and refined by full-matrix least-squares based on F 2 using
SHELXL-97.[16a] All the calculations were performed by using the WinGX
System, Version 1.64.[16b] Of the 22 CHCl3 and 0.5 n-hexane solvent


Figure 4. Two perspective views of the solid state molecular structure of (1Zn)2; the right view is along the S4 axis. For clarity the two 1Zn units have different
shades.


Figure 5. Space-filling representation
of the left view of Figure 4.
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molecules per complex unit, most were located on the difference Fourier
map, others were included for density calculation by taking into account the
accessible voids in the unit cell, as obtained through utility VOID included
in the Platon package.[16c]


CCDC-183728 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.can.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Centre,
12 Union Road, Cambridge CB21EZ, UK; Fax: (�44)1223-336033; or
deposit@ccdc.cam.ac.uk).
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The Trifluoromethoxy Carbonyl Peroxy Radical CF3OC(O)OO


Stefan von Ahsen,[a] Helge Willner,*[a] and Joseph S. Francisco[b]


Abstract: CF3OC(O)OO radicals are generated by low-pressure flash thermolysis of
CF3OC(O)OOOC(O)OCF3 highly diluted in inert gases and followed by subsequent
isolation in an inert-gas matrix at low temperatures. The by-products CO2, COF2,
CF3O, and CF3OO are detected. The new peroxy radical is characterized by IR and
UV spectroscopy and by its UV photolytic decay which leads to the formation of
CF3OO and CO2. According to DFT calculations the existence of three stable
rotamers is predicted and two of them are found experimentally.


Keywords: density functional
calculations ¥ IR spectroscopy ¥
matrix isolation ¥ peroxy radicals ¥
UV/Vis spectroscopy


Introduction


Peroxy radicals formed by atmospheric degradation of
chlorofluorocarbons (CFCs) or their alternatives (hydrogen-
containing polyhalogenated alkanes or ethers) are relatively
stable intermediates.[1] The major constituents of the atmos-
phere do not react with such radicals, but fast reactions occur
with trace gas species like CO, NO, NO2, or HOO. Although
the influence of the peroxy radicals on the atmospheric ozone
concentration is seen as negligible today,[2] these radicals have
other effects on air pollution or climate. For example, peroxy
radicals easily form peroxy nitrates,[3] which serve as reservoir
species for nitrogen dioxide. In addition, a potential sink of
some fluorinated peroxy radicals is trifluoro acetic acid, a
compound for which no biological degradation pathway is
known.[4]


An overview of the initial steps of the degradation process
of halogenated hydrocarbons is given by Atkinson,[5] and the
chemistry of alternative halocarbons and their associated
peroxy radicals is reviewed by Francisco and Maricq.[1]


CF3OO and FC(O)OO are the most basic fluorinated
carboperoxy radicals. The IR[6±10] and UV[11, 12] spectroscopic
properties of CF3OO are well documented, as well as several
kinetic studies.[11±17] The radical FC(O)OO is less well studied,
the IR[10] and UV[10, 18, 19] spectra and some kinetic data[18, 19]


are known. While the related species CF3C(O)OO is partly
characterized,[20, 21] to our knowledge no data are available for
CF3OC(O)OO. The peroxy radical CF3OC(O)OO is postu-
lated in studies of the atmospheric degradation of
CF3OCH3,[22, 23] which leads first to CF3OC(O)H [see
Eqs. (1) ± (3)]:


CF3OCH3�X�O2�M�CF3OCH2OO�HX�M (X�OH, Cl) (1)


CF3OCH2OO�NO�CF3OCH2O�NO2 (2)


CF3OCH2O�O2�CF3OC(O)H�HOO (3)


The trifluoromethyl formate can also be attacked by Cl
atoms or OH radicals with subsequent addition of molecular
oxygen as seen in Equations (4) and (5):[22, 23]


CF3OC(O)H�X�CF3OCO�HX (X�OH, Cl) (4)


CF3OCO�O2�M�CF3OC(O)OO�M (5)


This mechanism is also supported by the formation of
CF3OC(O)OONO2 in the presence of NO2.[22] Under labo-
ratory conditions, the catalytic oxidation of CO to CO2 in the
presence of trifluoroacetic acid anhydride (as source for CF3


radicals), oxygen, and UV light has been studied.[24±26]


Recently, in the course of these studies the new trioxide
CF3OC(O)OOOC(O)OCF3 has been isolated and character-
ized.[27] The modified synthesis of CF3OC(O)OOC(O)-
OCF3,[26] at �40 �C instead of 0 �C yields the corresponding
trioxide CF3OC(O)OOOC(O)OCF3 as main product.[27] The
proposed scheme[26, 28] for this reaction includes the radicals
CF3OCO and CF3OC(O)OO. The former species CF3OCO
was the subject of a recent matrix isolation study,[28] which
is now extended in this paper to the elusive CF3OC(O)OO
radical.
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Results and Discussion


Low-pressure flash thermolysis of CF3OC(O)OOOC(O)-
OCF3 in an excess of Ar or Ne and subsequent quenching of
the reaction-gas mixture as a noble-gas matrix at low temper-
atures results, according to IR spectroscopy, in the formation
of a new compound. As no direct structure analysis like X-ray
diffraction is available to identify this compound an identi-
fication is only possible by the use of absorption spectroscopy
and by studying further reactions of the matrix-isolated
species. The observation and spectroscopic identification of
secondary decomposition products of the unknown species
under controlled conditions gives reliable information on the
formula, structure, and connectivity of the new molecule.
Therefore we present first the results of the ™chemical
analysis∫ performed by photolysis experiments of the ma-
trix-isolated thermolysis products of CF3OC(O)OOOC-
(O)OCF3 and by changing the thermolysis conditions. After
the identification of the new compound as CF3OC(O)OO a
spectroscopic characterization of this compound follows.


Formation and identification of CF3OC(O)OO : When treat-
ing the trioxide CF3OC(O)OOOC(O)OCF3 by a low-pressure
flash thermolysis with subsequent quenching of the reaction
products in a Ne or Ar matrix at 6 or 16 K, respectively, the
trioxide does not survive temperatures of the spray on nozzle
above 160 �C. Because in the heated zone the partial pressure
of the trioxide is about 10�3 mbar and the residence time of
the trioxide/noble gas mixtures is about 10�3 s, mainly
monomolecular reactions occur and the weakest bond is
broken according to Equation (6) [reaction enthalpy of the
reaction in Eq. (6) amounts 65.1 kJmol�1, calculated with
B3LYP method and 6-311G(d,p) basis set]:


CF3OC(O)OOOC(O)OCF3�� CF3OC(O)OO� [CF3OCO2] (6)


Besides several new IR bands, the carboxyl radical,
CF3OCO2, is not detected in the matrix IR spectra because
it is very weakly bound and secondary dissociation occurs
[Eq. (7)]:


[CF3OCO2]�CF3O�CO2 (7)


The trifluoromethoxy radical[29] and CO2 are identified by
their known IR spectra and, in addition, a small amount of
COF2 is found. To evaluate which species can be attributed to
the new IR bands, two further experiments were performed.
1) The pyrolysis temperature was increased in order to follow
the thermal decomposition of the new species. At nozzle tem-
peratures above 240 �C the intensities of the new bands de-
creased and at 300 �C only CO2, COF2, CO, and OF together
with an increased amount of CF3O were found. 2) The pyrolysis
products of CF3OC(O)OOOC(O)OCF3 at 160 �C were irra-
diated with UV light of a mercury high-pressure lamp in
combination with a cut off filter (280 nm) or an interference
filter (�� 254 nm). All unidentified IR bands disappeared
simultaneously, while the bands of CF3O showed a slower
decay due to its comparable small absorption cross sections
for the light used.[29] CF3OO[6, 10] was identified as a photolysis


product, together with CO2 and COF2. When using UV light
with wavelength shorter than 254 nm, the photochemically
generated CF3OO is also partially photolyzed. The results can
be rationalized by the following reactions [Eqs. (8) ± (10)]:


CF3OC(O)OO�� COF2�CO2�OF (8)


CF3O�C(O)OO�h��CF3O�O�CO2 (9)


CF3OC(O)OO� h�� [CF3OCO2�O] (9a)


[CF3OCO2�O]� [CF3O�CO2�O] (9b)


[CF3O�CO2�O]�CF3OO�CO2 (9c)


CF3O�h��COF2�F (10)


Equation (8) describes the thermal decay of CF3OC(O)OO
at higher spray on nozzle temperatures. The photolytic
dissociation of the trifluoromethoxy carbonyl peroxy radical
shown in Equations (9a) ± (9c) occurs in the matrix cage. In
the first step the excitation of the radical with UV light leads
to the dissociation and formation of an oxygen atom trapped
in the same matrix cage simultaneously with the carboxyl
radical. The carboxyl radical also dissociates yielding carbon
dioxide and the trifluoromethoxy radical. The final step is the
recombination of CF3O with the oxygen atom.


The new IR absorber in the thermolysis products of
CF3OC(O)OOOC(O)OCF3 can now be attributed to the
CF3OC(O)OO radical. At higher nozzle temperatures up to
300 �C no CF3OCO was found. This indicates a strong
CF3OC(O)�OO bond. Assuming a similarity between the
CF3O group and a fluorine atom, the CF3OC(O)OO radical
should behave similar to FC(O)OO. Indeed, comparable
properties were observed in certain cases:
1) The O2 moiety is strongly bound to carbon and can only be


abstracted by raising the pyrolysis temperature (�500 �C
in the case of FC(O)OO[10] and 300 �C in the case of
CF3OC(O)OO as discussed above).


2) The generation of the peroxy radical from the trioxide
precursors FC(O)OOOC(O)F[10, 30] or CF3OC(O)OOOC-
keo(O)OCF3


[27] is possible by low-pressure flash thermol-
ysis in high yields.


3) The photolytic decays according to Equations (9) and
(11)[10] are similar:


F�C(O)OO� h��F�O�CO2 (11)


Nevertheless, the generation of CF3OC(O)OO from co-
deposition matrix-isolation experiments of CF3O radicals with
CO/O2 mixtures according to Equations (12) and (13) failed.
The only observed product was the adduct CF3O ¥O2, which is
subject of a further study.[31] This result indicates a reaction
between CF3O and O2 that is much faster than the reaction of
CF3O with CO. In the gas phase under laboratory or atmos-
pheric conditions CF3OCO should have similar behavior to
FCO radicals, which add molecular oxygen rapidly.[1, 18, 19]


CF3O�CO (� M)�CF3OCO (� M) (12)


CF3OCO�O2 (� M)�CF3OC(O)OO (� M) (13)
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Calculations : All calculations were performed with the
Gaussian98 software package[32] by using density functional
theory (DFT).[33] The molecular geometries were first opti-
mized to standard convergence criteria by using the DFT
hybrid method with Becke×s nonlocal three-parameter ex-
change,[34, 35] the Lee, Yang, and Parr correction[36] (B3LYP),
and a 6-311G(d,p) basis set. As the three dihedral angles are
independent, one would expect eight rotamers of CF3OC-
(O)OO, starting with trans,trans,trans CF3OC(O)OO; this
implies that the dihedral angles of F-C-O-C, C-O-C-O, and
O-C-O-O are 180� (trans) and that they change independently
of each other to 0� (cis). Full optimizations along with
vibrational frequency analysis revealed that only three of the
eight rotamers are local minima, leading to the rotamers
trans,trans,trans, or trans,trans,cis, or trans,cis,trans CF3OC-
(O)OO, while the other possible isomers have at least one
imaginary vibrational frequency. The all-trans rotamer is most
stable, the trans,trans,cis form is higher in energry (�H) by
4.7 kJmol�1 and the trans,cis,trans isomer by 12.1 kJmol�1. All
given enthalpy values are calculated for standard conditions.
The calculated structures of the three stable rotamers of
CF3OC(O)OO are shown in Figure 1.


Figure 1. Calculated [B3LYP/6 ± 311G(d,p)] structures of three most stable
CF3OC(O)OO rotamers. A) trans,trans,trans-CF3OC(O)OO, B) trans,-
trans,cis-CF3OC(O)OO, and C) trans,cis,trans-CF3OC(O)OO.


The trans,trans,trans isomer has a C-O-C angle of 118.2�, an
O-C-O angle of 102.9�, and a C-O-O angle of 111.8�. The
trans,trans,cis rotamer has a C-O-C angle of 118.0�, an O-C-O
angle of 110.7�, and a C-O-O angle of 116.2�, while the last
isomer in trans,cis,trans conformation gives values of 125.1�,
109.5�, and 112.5�, respectively. Further molecular properties
are collected in Table 1.


Vibrational spectrum : A typical difference IR spectrum of the
thermolysis products of CF3OC(O)OOOC(O)OCF3 isolated
in a Ne matrix before and after UV photolysis is shown in
Figure 2. The bands of the new species point upwards and
those of the photolysis products downwards. The observed IR
absorptions are gathered in Table 2.


Figure 2. Comparison of experimental and calculated spectra. The upper
trace A shows the difference IR spectrum of the pyrolysis products of
CF3OC(O)OOOC(O)OCF3 isolated in Ne matrix before and after UV
irradiation. Trace B represents the simulated IR spectrum of trans,trans,cis-
CF3OC(O)OO, and trace C shows the simulated IR spectrum of trans,-
trans,trans-CF3OC(O)OO in the estimated molar ratio of rotamer trans,-
trans,trans and trans,trans,cis of 4:1.


Assuming CS symmetry for all rotamers of CF3OC(O)OO,
the 18 fundamentals are distributed according to the irredu-
cible representation [Eq. (14)]:


�vib� 12A� (IR, Ra p)� 6A�� (IR, Ra dp) (14)


Comparing the experimental IR spectrum with the calcu-
lated vibrational data, twelve fundamentals of trans,trans,trans
CF3OC(O)OO (given in Table 3) and ten fundamentals of


Table 1. Calculated properties of CF3OC(O)OO[a] rotamers.


trans,trans,
trans


trans,trans,
cis


trans,cis,
trans


�H [kJmol�1] 0.0 4.7 12.1


�HR (CF3OCO[b]�O2


�CF3OC(O)OO)
� 114.5 � 109.8 � 102.4


spin density on Oa 0.79 0.78 0.80
Ob 0.18 0.19 0.18


Mulliken charge [e] on Oa � 0.07 � 0.08 � 0.05
Ob � 0.13 � 0.12 � 0.16
Cc 0.54 0.54 0.54
Od � 0.25 � 0.26 � 0.23
Oe � 0.30 � 0.29 � 0.30


bond length [ä] Oa�Ob 1.325 1.328 1.324
Ob�Cc 1.411 1.406 1.416
Cc�Od 1.175 1.180 1.173
Oe�Cc 1.356 1.349 1.356
Cf�Oe 1.393 1.395 1.392
avg. C�F 1.327 1.327 1.328


[a] Atom labeling CF3OeCc(Od)ObOa. [b] trans,trans-CF3OCO.
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trans,trans,cis CF3OC(O)OO (presented in Table 4) are iden-
tified. Due to similar masses of all atoms and comparable
bond strengths all modes are strongly mixed, except for the
C�O stretching modes. The approximate descriptions of
modes in terms of the dominant coordinate(s) are given in
Tables 3 and 4.


In the carbonyl stretching region there are two IR bands in
both the Ne and Ar matrices, each occurring as a doublet due
to matrix site effects. These bands are assigned to �1 of the all-
trans isomer at 1895 cm�1 and of the trans,trans,cis rotamer at
1868 cm�1 (Ar matrix). The assignment of the stronger band
to the trans,trans,trans CF3OC(O)OO is based on the calcu-
lations that predict only a slightly higher IR intensity for the
C�O stretching mode of the trans,trans,cis isomer. Because


the intensities of �1 of both
isomers are calculated to be
nearly identical, the experimen-
tal ratio of the �1 absorption
bands mirrors the molar ratio of
the two peroxy radicals. Hence
a fourfold excess of the all-trans
form must be present. From the
calculations, the third isomer is
expected to be present only in
traces. The detection limit in
our matrix IR spectra is in the
range of 5% relative to the
main absorber–therefore no
band of the third isomer was
found.


In the region between 1300
and 850 cm�1 for each rotamer,


seven stretching modes are expected, but only nine of these 14
absorptions could be detected. From the calculations, it is
predicted that �2 , �5 , and �15 in the two most stable isomers
have nearly identical wavenumbers and should therefore
overlap in the measured IR spectrum. Nevertheless, the
existence of two rotamers is evident from the significantly
more intensive overlapping bands than one could expect from
the calculations for the all-trans CF3OC(O)OO only. Hence,
the absorptions at 1295, 1254, and 1087 cm�1 are assigned to
both trans,trans,trans and trans,trans,cis CF3OC(O)OO. Theo-
ry predicts a clear separation of �3, �4 , �6, and �7 of each
rotamer. Considering the calculated intensities and energy
difference between trans,trans,trans and trans,trans,cis
CF3OC(O)OO, the fundamentals of the all-trans rotamer


Table 2. Observed vibrational modes of trans,trans,trans- and trans,trans,cis-CF3OC(O)OO isolated in noble gas
matrices.[a]


Ne Ar Ar Assignment Ne Ar Ar Assignment
�� [cm�1] �� [cm�1] rel. Int.[b] ttt ttc �� [cm�1] �� [cm�1] rel. Int.[b] ttt ttc


25804 2579 0.5 2�2 1192 1186 3.8
2382 2379 0.2 �3� �5 1174 1170 75 �4
2064 2062 0.5 �4� �7 1167 1162 sh �4
1907 1903 2.6 �3� �9 1089 1087 59 �5 �5
1903 1895 62 �1 955 955 6.0 �6
1899* 1898* �1 938 936 24 �6
1875 1868 40 �1 894 895 2.0 �7
1865* 1861* �1 740 740 1.2 �8 �8
1298 1295 100 �2 �2 720 717 10 �16 �16
1259 1254 81 �15 �15 697 694 7.7 �9
1228 1223 7.8 �3 544 0.7 �10
1206 1207 35 �3 401 1.5 �11


[a] Band position at the most intensive matrix site, modes marked with an asterisk indicate less intensive matrix
sites. [b] Relative integrated band intensities, the strongest observed band �2 of both rotamers, is set to 100.


Table 3. Experimental and calculated fundamental modes of trans,trans,-
trans-CF3OC(O)OO.


Ar matrix Calcd[a] Approx. description
�� [cm�1] Int.[b] �� [cm�1] Int. of mode


1895 62 1945 43 �1 A� � (C�O)
1295 100* 1286 41 �2 �a (CF3)
1207 35 1206 15 �3 � (O�C)
1170 75 1178 37 �4 � (CF3/C�O)[d]


1087 59* 1115 100[c] �5 � (O�O)
936 24 935 20 �6 � (C�O2)
895 1.9 892 0.41 �7 � (CF3/C�O)[e]


740 1.4* 758 0.43 �8 � (CO3)
694 7.5 692 4.5 �9 � (CF3)


557 0.02 �10 � (CF3)
401 1.4 397 0.34 �11 � (CO3/C-O-O)[e]


376 0.12 �12 � (C-O-O)
308 0.16 �13 � CF3


151 0.14 �14 � (CO3/C-O-O)[d]


1254 81* 1245 49 �15 A�� �a (CF3)
717 10* 723 3.6 �16 � (CO3)


607 0.09 �17 � (CF3)
428 0.05 �18 � (CF3)
138 0.00 �19 � (OOCO)
82 0.06 �20 � (FCOC)
62 0.00 �21 � (COCO)


[a] This work, B3LYP/6 ± 311G(d,p). [b] Relative integrated intensities;
values marked with an asterisk are assigned to overlapping bands with the
trans,trans,cis isomer. [c] Relative intensities; the strongest band has an
intensity of 799 km ¥ mol�1. [d] Off phase. [e] In phase.


Table 4. Experimental and calculated fundamental modes of trans,trans,-
cis-CF3OC(O)OO.


Ar matrix Calcd[a] Approx. description
�� [cm�1] Int.[b] �� [cm�1] Int. of mode


1868 40 1923 44 �1 A� � (C�O)
1295 100* 1287 37 �2 �a (CF3)
1223 8.0 1221 11 �3 � (O�C)
1162 sh. 1144 100[c] �4 � (CF3/C�O)[d]


1087 59* 1115 25 �5 � (O�O)
955 6.1 951 14 �6 � (C�O2)


882 0.12 �7 � (CF3/C�O)[e]


740 1.4* 738 1.6 �8 � (CO3)
610 0.06 �9 � (CF3)


544 0.05 548 3.1 �10 � (CF3)
538 0.23 �11 � (CO3)
377 0.07 �12 � (C-O-O)
258 0.36 �13 � CF3


158 0.07 �14 � (COC)
1254 81* 1247 47 �15 A�� �a (CF3)
717 10* 717 3.7 �16 � (CO3)


608 0.07 �17 �a (CF3)
429 0.06 �18 � (CF3)
124 0.02 �19 � (OOCO)
102 0.06 �20 � (FCOC)
51 0.01 �21 � (COCO)


[a] This work, B3LYP/6 ± 311G(d,p). [b] Relative integrated intensities;
values marked with an asterisk are assigned to overlapping bands with the
trans,trans,trans isomer. [c] Relative intensities; the strongest band has an
intensity of 827 kmmol�1. [d] Off phase. [e] In phase.
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can be located at 1207, 1170, 936, and 895 cm�1 due to their
higher intensity. For the second rotamer �3 , �4, and �6 are
located at 1223, 1162, and 955 cm�1, respectively. �4 is
observed as a shoulder in the strong band at 1170 cm�1, while
�7 is not found.


Electronic spectrum : A typical difference UV spectrum
before and after UV irradiation (�� 254 nm) of the thermol-
ysis products of CF3OC(O)OOOC(O)OCF3 isolated in Ne
matrix is presented in Figure 3. A nearly Gaussian shaped


Figure 3. UV spectrum of CF3OC(O)OO isolated in Ne matrix.


absorption band with its maximum at 240 nm is observed. Its
contour is similar to the fluorinated peroxy radical absorption
bands of CF3OO and FC(O)OO.[10] The transition is therefore
assigned to the 22A���X2A�� excitation leading to subsequent
dissociation of the radical [Eq. (15)]:


CF3OC(O)OO�h�(��254 nm)� [CF3OCO2]�O�CF3OO�CO2 (15)


The photolysis product CF3OO itself absorbs UV light and
this radical partly dissociates during photolysis according to
Equation (16).[10]


CF3OO�h�(�� 254 nm)� [CF3O]�O�COF2�OF (16)


When using a 225 nm cut-off filter for the photolysis
experiment, Equation (16) leads to a complex UV spectrum.
The use of UV light with �� 254 nm (or longer wavelength)
results in CF3OO as the only UV active photolysis product,
which itself is not further affected under the chosen con-
ditions. The also present CF3O radicals show due to their low-
absorption cross section no significant influence on the UV
spectra. Therefore no correction to CF3O was made, while the
CF3OO absorptions, pointing in the direction of negative
absorption in the detected difference raw spectra, required a
correction. For this purpose, the amount of photochemically
generated CF3OO was derived from the IR difference spectra
and the known UV spectrum of CF3OO[10] was added to the
raw spectrum. The final UV spectrum of CF3OC(O)OO is
presented in Figure 3.


In a comprehensive study of fluorinated peroxy radicals, a
large similarity in the contour of the 22A���X2A�� absorption
bands was observed, from which Equation (17), describing the
absorption band profile, was taken[1]:


	(�)� 	max exp {�
[ln (�/�max)2]} (17)


in which 	 is the absorption cross section, 	max is the
absorption cross section at �max, �max is the wavelength of the
absorption maximum, and 
 a measure for the width of the
Gaussian profile. This profile is a consequence of the Franck ±
Condon principle for the transition from a bound ground state
to a repulsive excited state. As result, for the 22A���X2A��
transition of CF3OC(O)OO, the values 240.0(�0.1) nm for
�max, and 70.5(�0.7) for 
 were obtained. We are not able to
calibrate the absorbance to absolute absorption cross sections
as the formation of CF3OC(O)OO is not quantitative.


In the ground state X2A�� of the CF3OC(O)OO radical, the
unpaired electron is mainly located at the terminal oxygen
atom of the peroxy moiety in an A��-type orbital. A simplified
diagram of the molecular orbitals in peroxy species is given in
the literature.[1]


The 22A���X2A�� transition is described by an excitation of
a � electron from the O2 unit into a �*-type orbital. The
energy difference between both involved orbitals of A��
symmetry is influenced only by the other A��-type orbitals.
Such an influence is expected to be small if the carbon ligand
in a radical of the type ROO is CF3, because the filled A��
orbitals of the fluorine atoms give only a marginal interaction
with the OO moiety. In the case of FC(O)OO the carbonyl
group possesses a filled and an unoccupied A�� orbital that
interact more strongly with the peroxy group. The enlarged
number of A�� type orbitals in the energetic region at which
the first electronic transitions occur lowers the energetic
difference between the involved orbitals. As a consequence
the 22A���X2A�� transition of FC(O)OO is observed at
longer wavelength, as it is found in the case of CF3OO.[10] By
replacing the F atom of FC(O)OO by a CF3O group, similar
properties can be expected. The CF3O group behaves in
several cases as a pseudo-fluorine atom.[28] The Gaussian band
profile is found in the UV spectra of the three radicals
CF3OO, FC(O)OO, and CF3OC(O)OO. The red-shift of the
absorbance maximum from CF3OO to FC(O)OO is 26 nm,
while it is only 5 nm when going from FC(O)OO to
CF3OC(O)OO.


An accurate quantum chemical calculation to simulate the
UV spectrum of CF3OC(O)OO is difficult. The Gaussian98
software package[32] offers the CIS-method[37] to calculate
energies for the transition from a molecule×s ground state to
excited states. The absolute energy values show large devia-
tions from the experimental data, but the described trend in
the series CF3OO, FC(O)OO, and CF3OC(O)OO is repro-
duced well by the calculations. While the 22A���X2A��
transition for CF3OO is expected at �� 156 nm in its UV
spectrum, for FC(O)OO and CF3OC(O)OO values of 224 nm
and 225 nm were obtained as theoretical result, respectively.


At the high-energy limit of the UV spectrum, an additional
absorption band is observed as shown in Figure 3. The
maximum intensity is slightly below 200 nm, just at the limit
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of our experimental setup. A computional deconvolution of
the UV spectrum locates this maximum of absorbance at
199 nm.


The first electronic excitation–in which one electron is
shifted from the highest occupied molecular orbital, offering
A� symmetry, into the semi-occupied orbital–realizes the
12A��X2A�� transition. This is expected to give an absorption
in the near-IR spectral region in accordance with other peroxy
radicals like CH3OO[38] and CF3OO.[39, 40]


Experimental Section


Caution! The trioxide CF3OC(O)OOOC(O)OCF3 is potentially explosive,
especially in the presence of oxidizable materials. All reactions should be
carried out in millimolar quantities only and it is important to take safety
precautions when these compounds are handled in the liquid or solid state.


General procedures : Volatile materials were manipulated in glass vacuum
lines that were equipped with two capacitance pressure gauges
(221AHS1000 and 221AHS10, MKS Baratron, Burlington, MA), three
U-traps used for trap-to-trap condensation, and valves with PTFE stems.
The vacuum line was connected to an IR gas cell (20 cm optical path length,
Si windows) inside the sample chamber of a FTIR spectrometer (Impact
400D, Nicolet, Madison, WI). This allowed us to observe the course of
reactions and the purification process. CF3OC(O)OOOC(O)OCF3 was
synthesized according to the literature procedure.[27] Ampoules with
CF3OC(O)OOOC(O)OCF3 can be stored in a long term Dewar vessel
under liquid nitrogen. By using an ampoule key,[41] the ampoules were
opened at the vacuum line, appropriate amounts were taken out for the
experiments, and then they were flame-sealed again.


Preparation of the matrices : Small amounts of CF3OC(O)OOOC(O)OCF3


were transferred in vacuo into a small U-trap immersed in liquid nitrogen.
This U-trap was held at �88 �C by an ethanol bath and connected with the
heated spray on nozzle in front of the matrix support. A gas stream was
directed over the cold sample. For the thermolysis of CF3OC(O)OO-
C(O)OCF3 the oven temperature was adjusted to 160 �C. Photolysis
experiments on the matrices were undertaken in the UV region using a
high pressure mercury lamp (TQ150, Heraeus, Hanau, Germany) in
combination with cut-off or interference filters (Schott, Mainz, Germany).
Details of the matrix apparatus are given elsewhere.[42]


Instrumentation : Matrix IR spectra were recorded on a IFS 66v/S FTIR
spectrometer (Bruker, Karlsruhe, Germany) with a resolution of 1 cm�1 in
the range of 5000 to 400 cm�1 in reflectance mode with a transfer optic. A
DTGS detector and a KBr beam splitter were used and 64 scans were co-
added for each spectrum. Matrix UV spectra were recorded with a Perkin ±
Elmer Lambda 900 UV/VIS spectrometer (Perkin-Elmer, Norwalk, CT,
U.S.) with a resolution of 1 nm (slit 1 nm, integration time 1 s). The spectra
were measured in reflectance using two quartz fibres and special condenser
optics (Hellma, Jena, Germany).
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N1 and N3 Linkage Isomers of Neutral and Deprotonated Cytosine with trans-
[(CH3NH2)2PtII]**
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Abstract: A series of complexes ob-
tained from the reaction of trans-
[(CH3NH2)2PtII] with unsubstituted cy-
tosine (CH) and its anion (C), respec-
tively, has been prepared and isolated or
detected in solution: trans-[Pt(CH3N-
H2)2(CH-N3)Cl]Cl ¥H2O (1), trans-[Pt-
(CH3NH2)2(CH-N3)2](ClO4)2 (1a),
trans-[Pt(CH3NH2)2(C-N3)2] ¥2H2O (1b),
trans-[Pt(CH3NH2)2(CH-N3)2](ClO4)2 ¥
2DMSO (1c), trans-[Pt(CH3NH2)2(CH-
N1)2](NO3)2 ¥ 3H2O (2a), trans-[Pt(CH3-
NH2)2(C-N1)2] ¥ 2H2O (2b), trans-[Pt-
(CH3NH2)2(CH-N1)(CH-N3)](ClO4)2
(3a), trans-[Pt(CH3NH2)2(C-N1)(C-
N3)] (3b), and trans-[Pt(CH3NH2)2(N1-
C-N3)(N3-C-N1)Cu(OH)]ClO4 ¥1.2H2O
(4). X-ray crystal structures of all these
compounds, except 3a and 3b, are
reported. Complex 2a is of particular


interest in that it contains the rarer of
the two 2-oxo-4-amino tautomer forms
of cytosine, namely that with the N3
position protonated. Since the effect of
PtII on the geometry of the nucleobase is
minimal, bond lengths and angles of CH
in 2a reflect, to a first approximation,
those of the free rare tautomer. Com-
pared to the preferred 2-oxo-4-amino
tautomer (N1 site protonated) of CH,
the rare tautomer in 2a differs partic-
ularly in internal ring angles (7 ± 11�).
Formation of compounds containing the
rare CH tautomers on a preparative
scale can be achieved by a detour


(reaction of PtII with the cytosine anion,
followed by cytosine reprotonation) or
by linkage isomerization (N3�N1) un-
der alkaline reaction conditions. Surpris-
ingly, in water and over a wide pH range,
N1 linkage isomers (3a, 2a) form in
considerably higher amounts than can
be expected on the basis of the tautomer
equilibrium. This is particularly true for
the pH range in which the cytosine is
present as a neutral species and implies
that complexation of the minor tauto-
mer is considerably promoted. Depro-
tonation of the rare CH tautomers in 2a
occurs with pKa values of 6.07� 0.18
(1�) and 7.09� 0.11 (1�). This value
compares with pKa 9.06� 0.09 (1�)
(average of both ligands) in 1a.


Keywords: bioinorganic chemistry ¥
nucleobases ¥ platinum ¥ tautomer-
ism


Introduction


Theoretically, neutral cytosine can exist in six tautomeric
forms. If different orientations of the enol and the imino
protons are considered as well, the number of possible


structures is fourteen.[1] According to ab initio calculations,[2]


at least in the gas phase, the two 2-hydroxo-4-amino forms I
and II are slightly more stable (�0.8 kcalmol�1) than the
2-oxo-4-amino form III, which appears to be preferred in the
solid state and in solution.[3] The second 2-oxo-4-amino
tautomer IV is about 7 kcalmol�1 less stable than I and II,
thereby representing a truly minor tautomer of cytosine. The
predominance of the hydroxo-amino tautomer(s) is con-
firmed by IR spectroscopy under matrix isolation conditions
at 15 K.[4] Only these four tautomers are shown in Scheme 1.
As we have demonstrated in a number of cases,[5] metal ion


binding can be applied to stabilize rare nucleobase tautomers
normally present in extremely low concentrations, and to
crystallize them in their metal-complexed forms in reasonable
yields. With an understanding of the effects of a metal ion on
the geometry of a heterocyclic ligand[6] and with precise X-ray
crystal structural data of the metal complex, an estimation of
the geometry of the rare nucleobase tautomer can be
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Scheme 1.


made,[5a,b] thereby enabling a comparison with data derived
from quantum chemical calculations.
We decided to study PtII complex formation with unsub-


stituted cytosine and its monoanion, respectively, for several
reasons: 1) the list of metal complexes of cytosine with a
confirmed X-ray structure is relatively short; [7±13] in fact, for
PtII there are only two examples known.[13] 2) With very few
exceptions (O2 binding of NiII,[9a] N3,O2 bridging of [RhII]2 ,[9b]


N1 and N1,N4 binding of CH3HgII[11, 14]) metal attachment is
always through N3. Specifically, full X-ray data of a N1-bound
complex is not available.[14] Provided N1 linkage isomers are
obtained, they should present a rich potential for molecular
recognition reactions that take advantage of the availability of
O2, N3, and N4 as H bonding sites. 3) We eventually wanted
to explore whether N1,N3 dimetalated complexes of cytosine
could be assembled into cyclic compounds of defined
structures, similar to the situation with uracil anions, with
which we have prepared open molecular boxes.[15]


As a start, we decided to study in detail the complex
forming properties of cytosine with a trans-diamineplatinu-
m(��) species, trans-[Pt(CH3NH2)2(H2O)2]2�. Here we report
the syntheses, X-ray structures, and the solution behavior of
N1 and N3 cytosine linkage isomers.


Results and Discussion


Observation of linkage isomers on the 1H NMR scale :
According to 1H NMR spectroscopy, reaction of trans-
[(CH3NH2)2PtII] with cytosine in D2O (pH* 5.7, 40 �C, 96 h,
Pt:CH 1:3) yields a multitude of products, especially in the
initial phase of the reaction. The large number of resonance
siganls can be rationalized if the formation of different
stoichiometries (Pt:cytosine� 1:1, 1:2, 2:1), linkage isomerism
(N1, N3, N1/N3 and/or other patterns), and in the case of 1:2
complexes the possibility of rotational isomerism are consid-
ered. After long reaction times and with an excess of CH,
essentially only 1:2 complexes are to be expected. For these,
three different species–Pt(CH-N3)2, Pt(CH-N1)2, Pt(CH-N3)-
(CH-N1)–are possible, each of which could exist as pairs of
rotamers (head ± head, hh, or head ± tail, ht). Most of the
resonances were assigned after isolation of the compounds,
and by pH-dependent NMR spectra (vide infra). Figure 1
shows a typical spectrum (aromatic protons only).
Five intensive sets of H6 and H5 doublets, two of the latter


strongly overlapping, were identified and were correlated by a
1H,1H COSYexperiment (see Supporting Information). These
are assigned to unreacted cytosine (CH) and to two rotamers
of the bis(cytosine) complexes containing the N3 linkage
isomers 1a and the mixed N1,N3 linkage isomers 3a each (see
below for the assignment of the latter). Under the conditions
of the experiment, formation of the N1 linkage isomer 2a is
hardly detectable. Only a very weak doublet at �� 8.03 (insert
in Figure 1) can be assigned to this species. Its H5 counterpart
is buried under the other H5 doublets.


X-ray structures of 1, 1a, 1c, and 2a:Crystallographic data for
1, 1a, 1b, 1c, 2a, 2b, and 4 are given in Table 1. Figures 2 and 3
show the cations of trans-[Pt(CH3NH2)2(CH-N3)Cl]Cl ¥H2O
(1), trans-[Pt(CH3NH2)2(CH-N3)2](ClO4)2 (1a), and trans-
[Pt(CH3NH2)2(CH-N1)2](NO3)2 ¥ 3H2O (2a), as well as trans-


Figure 1. Section of a 1H NMR spectrum (400 MHz, D2O, aromatic region only) of a reaction mixture of cytosine (90 m�) and trans-[Pt(CH3NH2)2(D2O)2]2�


(30 m�) after 96 h at 40 �C, pH* 5.7.
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[Pt(CH3NH2)2(CH-N3)2](ClO4)2 ¥
2DMSO (1c). In 1, 1a, and 1c
the predominant oxo-amino
tautomer III of cytosine is coor-
dinated to Pt through N3,
whereas in 2a it is the rare
oxoamino tautomer IV, that is
bound to Pt through N1 (vide
infra). In the two bis(cytosine)
compounds 1a and 2a, which
were crystallized from an aque-
ous solution, the two bases
adopt head ± tail orientations.
This feature even holds up for
trans-[Pt(CH3NH2)2(CH-
N3)2](ClO4)2 ¥ 2DMSO (1c),
which had been isolated from
DMSO instead of H2O. The
reason for also crystallizing 1a
from a DMSO solution resulted
from our previous findings on
the influence of the solvent in the stabilization of different
rotamer forms of bis(nucleobase) complexes of trans-[a2PtII]
(a�NH3 or CH3NH2).[16, 17] Specifically, we had shown that
with trans-[Pt(CH3NH2)2(1-MeC-N3)2]2� (with 1-MeC� 1-
methylcytosine) DMSO stabilizes the head ± head rotamer in
solution, whereas water stabilizes the head ± tail form.[16a]


While we were able to show the same effect in solution for
the CH analogue, the solid-state structure of 1c reveals that, if
H bonding of DMSO is intermolecular, the two bases may still
adopt a head ± tail orientation (Figure 3).


Pt�N bond lengths and angles about the Pt centers are not
unusual and compare well with related compounds containing
N-bonded nucleobases and the trans-[(CH3NH2)2PtII] frag-
ment, respectively.[16] A detailed comparison of the geo-
metries of the cytosine rings in the bis(cytosine) complexes
1a, 1c, and 2a (Table 2) to that of free cytosine[18] reveals the
following: 1) the internal ring angles at the respective non-
coordinating ring N atoms (N1 in 1, 1a and 1c, N3 in 2a) are
consistent with these sites carrying protons, which thus rules
out any 2-hydroxo tautomer structures (I, II). In the latter


Table 1. Crystallographic data for 1, 1a, 1b, 1c, 2a, 2b, and 4.


1 1a 1b 1c 2a 2b 4


formula C6H17N5O2Cl2Pt C10H20N8O10Pt C10H22N8O4Pt C14H32N8O12S2Cl2Pt C10H26N10O11Pt C10H22N8O4Pt C10H21.4N8O8.2ClCuPt
asym. unit C6H17N5O2Cl2Pt C5H10N4O5Pt0.5 C5H11N4O2Pt0.5 C7H16N4O6SClPt0.5 C5H13N5O5.5Pt0.5 C5H11N4O2Pt0.5 C5H10.7N4O4.1Cl0.5Cu0.5Pt0.5
fw 457.23 339.17 256.73 417.29 328.75 256.72 339.51
crystal system monoclinic monoclinic monoclinic monoclinic triclinic monoclinic monoclinic
space group P21/c P21/c P21/c P21/c P1≈ P21/c C2/m
a [ä] 6.360(2) 6.581(1) 8.526(2) 10.127(2) 7.775(2) 8.411(2) 16.7364(6)
b [ä] 26.917(9) 20.495(4) 12.645(3) 13.110(3) 8.368(1) 12.761(3) 14.2511(5)
c [ä] 7.745(3) 7.908(2) 8.115(2) 11.578(2) 9.490(2) 7.847(2) 11.0388(4)
� [�] 65.29(1)
� [�] 94.11(2) 106.07(3) 116.05(3) 101.77(3) 80.60(1) 110.42(3) 117.625(3)
� [�] 76.09(1)
V [ä3] 1322(1) 1024.9(4) 786.0(3) 1504.8(5) 543.0(2) 789.3(3) 2332.7(2)
Z 4 4 4 4 2 4 8
T [K] 173 293 293 293 293 293 91
�(MoK�) [ä] 0.71069 0.71069 0.71069 0.71069 0.71069 0.71069 0.71069
� [g cm� 3] 2.296 2.198 2.169 1.842 2.011 2.160 1.93
� [mm� 1] 10.966 7.174 8.961 5.043 6.535 8.923 7.042
transm. coeff. 0.599 ± 1.000 0.215 ± 0.343 0.999 ± 0.628 0.365 ± 0.560 0.999 ± 0.685 0.999 ± 0.503 0.65 ± 1.00
2	 range [�] 4.0 ± 46.0 9.6 ± 51.3 5.4 ± 60.0 9.5 ± 51.4 4.7 ± 48.0 5.2 ± 54.0 3.0 ± 54.3
no. reflns collected 2076 1912 3799 5546 1838 1836 7816
no. reflns observed[a] 1317 1259 1457 1773 1687 1208 1742
no. of param. 145 178 150 223 180 144 158
R1 (obs. data)[b] 0.0263 0.0270 0.0180 0.0240 0.0237 0.0252 0.044
wR2 (obs. data)[c] 0.0358 0.0606 0.0378 0.0388 0.0587 0.0607 0.065
(�/�)min [eä� 3] � 0.84 � 1.724 � 0.748 � 0.982 � 0.934 � 1.871 � 0.58
(�/�)max [eä� 3] 0.81 1.000 0.524 0.344 0.699 1.964 1.60


[a] Observation criterion for 1, 4 : I� 3�(I); for 1a, 1b, 1c, 2a, 2b : Fo � 4�(Fo). [b] R1����Fo� � �Fc��/��Fo�. [c] For 1, 4 : Rw� [�w(�Fo� � �Fc�)2/�w-
(�Fo�2]1/2; for 1a, 1b, 1c, 2a, 2b : wR2� [�w(F 2


o �F 2
c �2/�w(F 2


o �2]1/2.


Table 2. Bond lengths [ä] and angles [�] for free cytosine and cytosine in the Pt complexes 1, 1a, 1c and 2a.


Cytosine[a]


Anhyd-
rous


Mono-
hydrate


1 1a 1c 2a


N1�C2 1.381(3) 1.371(2) 1.39(1) 1.374(7) 1.368(5) 1.355(7)
C2�N3 1.364(3) 1.350(2) 1.38(1) 1.385(7) 1.381(5) 1.374(7)
C2�O2 1.241(3) 1.251(2) 1.23(1) 1.216(7) 1.224(4) 1.234(6)
N3�C4 1.336(3) 1.341(2) 1.33(1) 1.345(7) 1.355(4) 1.351(7)
C4�C5 1.410(3) 1.425(2) 1.41(1) 1.420(9) 1.408(5) 1.404(7)
C4�N4 1.342(3) 1.326(2) 1.34(1) 1.334(8) 1.315(5) 1.310(7)
C5�C6 1.340(3) 1.333(2) 1.33(1) 1.342(10) 1.314(6) 1.347(8)
C6�N1 1.353(3) 1.353(2) 1.34(1) 1.329(8) 1.354(5) 1.365(7)
C6-N1-C2 121.9(2) 121.5(2) 123.1(8) 123.9(6) 122.1(5) 118.3(4)
N1-C2-N3 118.2(2) 119.6(2) 116(1) 116.2(5) 117.6(4) 117.8(5)
N1-C2-O2 119.5(2) 118.5(2) 121.5(9) 121.4(5) 121.2(4) 122.6(5)
N3-C2-O2 122.2(2) 121.9(2) 123(1) 122.4(6) 121.1(5) 119.6(5)
C2-N3-C4 119.4(2) 119.1(2) 121.9(9) 120.8(5) 119.6(3) 124.8(5)
N3-C4-C5 122.7(2) 121.7(2) 121(1) 120.6(5) 120.8(4) 116.7(5)
C5-C4-N4 120.2(2) 120.2(2) 120(1) 120.4(6) 120.7(4) 123.7(5)
N3-C4-N4 117.1(2) 118.1(2) 119(1) 119.0(6) 118.5(3) 119.6(5)
C4-C5-C6 117.0(2) 117.5(2) 118(1) 117.8(6) 118.5(4) 118.0(5)
C5-C6-N1 120.8(2) 120.5(2) 120(1) 120.6(7) 121.1(4) 124.3(5)


[a] Ref. [18].
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case, these angles should be well below 120�. Intermolecular
H bonding patterns (see below) are in agreement with this
conclusion. 2) Ring geometries of 1a and 1c do not differ
significantly, as expected. 3) The N3 and N1 linkage isomers
essentially differ in nucleobase angles only: internal ring
angles at N3 are larger in 2a than in 1a and 1c (6 ± 9�[19]),
whereas the opposite is true for the internal ring angles at N1
(max. 8�). The other two angles that display differences are


N3-C4-C5 (larger by 6 ± 7� in 1a and 1c) and C5-C6-N1
(larger by 4 ± 5� in 2a). Both angles affected are at the C
atoms adjacent to the metal binding site; excluding C2,
however. 4) Compared to the solid-state structures of cytosine
(anhydrous or monohydrate), which represent tautomer III,
there are no significant changes in bond lengths in 1, 1a and
1c, and the differences in angles do not exceed the 3� level.
These statements are true even if structural parameters of N1-
substituted neutral cytosines[20] are included. Taken together,
this means that the ring geometry of tautomer III is only
insignificantly altered upon binding of PtII to N3, at least on
the basis of the accuracy of the structures of 1a and 1c. This
conclusion is also supported by findings in other PtII


nucleobase systems.[5a,b] 5) A comparison of CH (major
tautomer III, anhydrous or monohydrate) with CH rings in
2a (minor tautomer IV, platinated) reveals a trend to shorter
N1�C2 (max. 3.4�) and shorter C4�N4 bond lengths (max.
4.2�) in 2a. The shortening of the C4�N4 bond is certainly
consistent with the N3 site being protonated. In addition,
there are considerable differences in angles. Of the internal
ring angles, the largest difference exists for N3-C4-C5 (smaller
in 2a by max. 6�, 11�), followed by C2-N3-C4 (larger in 2a by
max. 5.4�, 10�), C6-N1-C2 (smaller in 2a by max. 3.6�, 8�),
and C5-C6-N1 (larger in 2a by max. 3.8�, 7�). External ring
angles at C2 and C4 likewise differ somewhat (5 ± 6�);
however, this feature should not be over-emphasized. The
calculated geometry of tautomer IV in the gas phase[3] agrees
reasonably well with the geometry of the cytosine ring in 2a as
far as ring angles are concerned. This even refers to the tilting
of the exocyclic NH2 group of cytosine toward N3H (C5-C4-
N4, 123.7(5)� in 2a, 125.5� in IV). On the other hand,
agreement of cytosine bond lengths in 2a and the calculated
structure of the uncomplexed rare tautomer is generally poor,
with deviations of up to 0.07 ä.


Hydrogen bond formation: Hydrogen bonding in the solid
state reveals direct contacts between adjacent cations in all
four structures. In 1 cations are arranged in infinite chains
along the crystallographic x axis connected through one H
bond between O2 and one amine group (2.96(1) ä, Figure 1,
Supporting Information), respectively. The motif found in 1a
is very similar. Again, the cations form infinite chains along x,
this time involving both carbonyl oxygens and both amine
groups in hydrogen bonding (2.995(8) ä, Supporting Infor-
mation). In 1c, a structure consisting of parallel layers can be
observed. Those layers, stretched in the y,z direction, are built
up by cations connected through O2 ¥¥¥ N4�H bonds
(2.943(4) ä, Figure 3, and Supporting Information) and
bridging DMSO molecules (N1 ¥¥¥ O20 2.724(5) ä, N4 ¥¥¥
O20 2.848(5) ä). In 2a, the bases of adjacent cations are
involved in base pairing (two N3 ¥¥ ¥ O2 bonds each,
2.820(8) ä) forming infinite chains along the z axis (Figure 4).
Two water molecules participate in base pairing, joining the
carbonyl and amino group (N4 ¥¥¥ O1w 2.871(9) ä, O1w ¥¥¥O2
2.775(7) ä). The interbase H-bonding pattern, seen in 2a, is
remarkable in that it illustrates how, in principle, cytosinium
cations (N3-protonated) could self-associate in an alternative
way to that with anions, as typically seen in cytosinium salts.[21]


Moreover, it can be envisaged that upon hemideprotonation


Figure 2. Cations of trans-[Pt(CH3NH2)2(CH-N3)Cl]Cl ¥H2O (1), trans-
[Pt(CH3NH2)2(CH-N3)2](ClO4)2 (1a), and trans-[Pt(CH3NH2)2(CH-
N1)2](NO3)2 ¥ 3H2O (2a) with atom numbering schemes (from top to
bottom).


Figure 3. Section of solid-state structure of trans-[Pt(CH3NH2)2(CH-
N3)2](ClO4)2 ¥ 2DMSO (1c) with H bonds between the DMSO molecule
and two cations indicated.
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of this CH±CH pair and a slight shift of the two cytosine rings,
a situation is realized which is structurally analogous to that of
hemiprotonated cytosine,[22] displaying three hydrogen bonds
between two cytosine rings.


Comparison of 1H NMR spectra of 1:2 complexes 1a and 2a :
There are three major differences between the two linkage
isomers 1a and 2a. 1) The number of resonances: the N3
linkage isomer 1a displays two sets of cytosine H5 and H6
doublets in D2O, in a ratio of approximately 1:3. The two sets
of resonances are attributed to head ± head and head ± tail
rotamers, with the latter preferred (see also below). The
situation thus is very similar to that of the corresponding
1-MeC-N3 complex.[16a] In contrast, the N1 linkage isomer 2a
gives rise to single sets of H5 and H6 doublets in the 1H NMR
spectrum and likewise to a single 195Pt NMR signal. We
assume that rotation about the Pt�N1 bond, because of the
presence of a single exocyclic group, only (O2) is sufficiently
fast with 2a, resulting in simpler spectra. Similarly, in
[D6]DMSO only a single set of H5 and H6 doublets is
observed for 2a (Supporting Information). In contrast, the
amino protons are split in a 1:1 ratio (�� 7.35 and 8.58). This
feature appears to be a consequence of hindered rotation of
the N4H2 group as a consequence of an increase in the double
bond character of the C4�N4 bond as a result of protonation
at N3. 2) Chemical shifts of the cytosine protons: H5
resonances of the two rotamers of 1a, as well as that of 2a,
occur in a relatively narrow range close to the corresponding
resonance of free cytosine. H6 resonances of 1a are also close
to that of H6 in cytosine, shifted somewhat to lower field.
Only H6 of 2a and H6 of the N1-bound cytosine in 3a are
well-separated from all other cytosine resonances and occur
furthest downfield, in the �� 8 ± 8.2 range. 3) 195Pt coupling:
from previous 1H NMR work,[13a] we had expected to detect
195Pt,1H coupling (4J between 195Pt and H5 in the case of N3
coordination, and 3J coupling with H6 in the case of N1 metal
binding). However, because of the use of high-field instru-
ments,[23] 195Pt satellites were usually not visible. The only 195Pt
coupling clearly resolved was that between Pt and the CH3


resonance of the methylamine ligands (3J� 38 Hz). Moreover,
in the D2O spectrum of 2a, satellites of the H6 doublet are
visible, yet not resolved to the same extent as previously
shown by us.[13a]


Selected chemical shifts of 1a and 1b as well as of their
deprotonated forms are listed in Table 3.


Rotational isomerism of 1a : As mentioned, trans-
[Pt(CH3NH2)2(CH-N3)2](ClO4)2 (1a) occurs in aqueous sol-
ution in a mixture of head ± tail and head ± head rotamers.
When solid 1a is dissolved in D2O, equilibrium is reached


within minutes. The more intense resonance signals are from
the head ± tail species. In the 195Pt NMR spectrum, two
resonance signals of different intensities are also observed
at ���2643 (ht) and ���2594 (hh). As with the analogous
1-methylcytosine compound,[16a] it is remarkable to see that
the two species, which have identical donor atoms and differ
in relative ligand orientation only, give rise to 195Pt NMR
resonances which are 50 ppm apart. Similar splittings of 195Pt
NMR signals, albeit much smaller in magnitude (6 ± 14 ppm),
have occasionally been reported also for complexes of cis-
[a2PtII] , for example, in [Pt(en)(5�-dAMP-N7)2] (5�-dAMP�
2-deoxyadenosine 5�-monophosphate)[24] and [Pt(Me2ppz)G2]
(Me2ppz�N,N�-dimethylpiperazine; G� various guanine de-
rivatives).[25] Signal splitting in these systems has been
assigned to � and � forms of the ht rotamers[24] and hh and
ht isomers,[25] respectively.
Time-dependent 1H NMR spectra of 1a dissolved in


[D6]DMSO reveal that the original head-tail species inter-
converts into the head ± head species and that equilibrium is
reached within �3 h at 22 �C. The ratio of hh :ht is then �9:1
(Figure 5).
As pointed out above, despite the preference of the head-


head rotamer in DMSO solution, the product that crystallizes
from DMSO again displays a head ± tail arrangement of the
two bases (compound 1c).


pH*-Dependent 1H NMR spectra of 1a and 2a : From the pD-
dependent 1H NMR spectra (H5 and H6 chemical shifts
versus pD), only a single pKa value for the two sequential
(de)protonation steps of N1 position of 1a is deduced whereas
for its linkage isomer 2a, two pKa values for the deprotona-
tion of N3 could be calculated. Thus for the N3 linkage isomer
1a, pKa values of 9.17� 0.09 (1�) (ht rotamer), and 9.00� 0.07
(1�) (hh rotamer) for deprotonation of the N1 positions are
obtained; these two values are the same within their error
limits, giving an averaged pKa 9.06� 0.09 (1�) (weighted
mean). The two rotamers of 1a do not behave differently, as
had been the case in a bis(1-methyluracil) complex of
[(tmeda)PtII] ,[26] where differences in the stabilization of
protonated species are possible for steric reasons. With the
assumption that there is no mutual influence of the NH sites


Figure 4. Association of cations of 2a through pairwise H-bond formation
(2.820(6) ä) leading to infinite chains along the z axis.


Table 3. 1H and 195Pt NMR chemical shifts of 1a, 1b, 2a, and 2b in D2O.[a]


H5 H6 195Pt pH*


1a 6.13 (ht)
6.08 (hh)


7.61 (ht)
7.58 (hh)


� 2643 (ht)
�2594 (hh)


5.9


1b 5.95 7.69 ± 12.1
2a 6.09 8.10 � 2559 1.7
2b 5.91 7.93 ± 12.3


[a] 3J (H5,H6) �7.1 Hz each.
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upon subsequent stepwise deprotonation, a difference in
microacidity constants of 0.6 is to be expected for the two
cytosine bases in 1a,[27] hence individual pKa values should be
about pKa1� 9.4 and pKa2� 8.8. For [PtCl3(CH-N3)]� , a drop
in pKa from 12.15[28] to 9.4,[13a] hence an acidification by
approximately 2.8 log units, had previously been determined.
The higher acidities of N3-platinated cytosine nucleobases in
1a are most likely a consequence of the dipositive charge of
1a as compared to the negative charge of [PtCl3(CH-N3)]� .
For complex 2a, the situation is a bit more complicated in that
the change in chemical shifts of H6 from the pD-dependent
1H NMR experiments can be fitted with equations that take
either one or two pKa values into account (Figure 6a). The
first gives a pKa value of 6.73� 0.05 (1�), whereas in the latter


case, values of 6.07� 0.18 (1�) and 7.09� 0.11 (1�) are
obtained. Although the errors are larger when taking two
separated pKa values into account, the fit of the experimental
data is better (reflected by a smaller error-square-sum, factor
of 5). The �pKa of �1 is slightly larger than the statistically
expected one of 0.6, which would be obtained if the two
deprotonation sites are truly independent. This finding can
easily be explained by the change in overall charge of complex
2a upon the first deprotonation from 2� to 1� leading to a
lower acidity of the second deprotonation step. A further
reason might be the formation of CH±C homo basepairs,
which are expected to lead to the formation of long chains and
could have a stabilizing effect on the intermediate singly
deprotonated form.


Figure 5. Section of a 1H NMR spectra of 1a in [D6]DMSO at 22 �C: A) 10 min after sample preparation, and B) 15 h later. The time dependence of the
rotamer distribution of 1a at 22 �C is given in the lower part (� ht, � hh).
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1H NMR spectra provided no evidence for any additional
deprotonation step (N4H2) of the cytosine ligands in 1a and
2a up to pH* 13.


Lowfield resonance signals : The three doublets in the range
�� 8.0 ± 8.2 of the D2O spectrum (Figure 1) are assigned to
H6 resonance signals of N1-platinated cytosine species from a
comparison with 2a (see above). At least the doublet furthest
downfield is of sufficient intensity to unambiguously deter-
mine its pD dependence (Figure 6b). The pKa value of 6.48�
0.05 (1�) clearly identifies it as belonging to a Pt(CH-N1)
species. There is, however, an important difference between
this resonance and that of 2a, in that the former displays a
second pKa� 9.55� 0.12 (1�) (Figure 6b). We propose that
this can be attributed to the N1-bound cytosine in the mixed-
linkage isomer trans-[Pt(CH3-
NH2)2(CH-N1)(CH-N3)]2� (3a)
and that following deprotona-
tion of the N1-bonded cytosine
(pKa� 6.48), deprotonation of


the N3-bonded cytosine (pKa� 9.55) influences the trans-
positioned (C-N1) ligand as well, and hence its H6 resonance
(Scheme 2).
The H6 doublet of the N1-bound cytosine of 3a has its H5


counterpart at �� 6.08 (1H,1H COSY). A second H6 doublet
of an intensity comparable to that of the �� 8.16 doublet is
identified at �� 7.57, in the range typical of N3-bound
cytosine. Its H5 counterpart coincides with the signal of the
N1-bound cytosine at �� 6.08 (1H,1H COSY), thereby dou-
bling the intensity of this doublet. This interpretation is also in
agreement with a linkage isomerization experiment described
below.
The two weak doublets between �� 8 and 8.1 are not


assigned with certainty to specific N1-bound species, although
their pD dependence is consistent with this binding pattern. It
appears that one of the two weak signals could be assigned to
a rotamer of 3a or to 2a.


Relative abundance of mixed tautomer complex 3a and of the
N1 linkage isomer : The cytosine tautomer III (Scheme 1) is
the preferred one in the condensed phase and it has been
estimated that in aqueous solution it exceeds the second most
abundant tautomer IV by a factor of almost 1000.[2a] However,
it is noted that, upon reaction with trans-[(CH3NH2)2PtII], the
species distribution in slightly acidic D2O (Figure 1) does not
reflect this situation, and that the mixed N1,N3 isomer 3a is
formed to an extent that greatly exceeds the natural
abundance of tautomer IV. As stated above, there is even
the chance that one of the two weak H6 resonances between
�� 8.0 and 8.1 can be attributed to 2a with two (CH-N1)
ligands bound to PtII. In fact, this phenomenon is seen over a
wide pH range (�2 ± 10), and it is also confirmed with
[(dien)PtII] (dien� diethylenetriamine).[29] The simplicity of
the latter system–only N1, N3 and mixed N1/N3 species are
formed and they are identified on the basis of the pH*
dependence of their 1H NMR chemical shifts–permits a
direct estimation of linkage isomer abundances. It is found
that the N3 linkage isomer always forms preferentially, yet it
exceeds the N1 linkage isomer only by a factor of 10 ± 20,
depending on the reaction conditions (pH, ratio PtII :cyto-
sine).[29, 30] It needs to be emphasized that this observation is of
particular significance in the pH range where cytosine exists in
its neutral form (�pH 6± 10) and hence the tautomer
equilibrium of cytosine is relevant. What it implies is that a
minor tautomer, estimated to be present in an abundance of
less than 10�3 relative to the preferred one, is ™titrated out∫ by
a metal species to an extent which increases its abundance in
complexed form �100-fold. Any preference for a particular
donor site is less surprising when cytosine is present as an
anion (high pH), hence when both N1 and N3 positions are
deprotonated and the term tautomerism becomes obsolete.
Similar arguments apply to the pH range in which cytosine is
protonated, provided protonation occurs with overwhelming
preference at N3, as is generally assumed.


Figure 6. a) pD dependence of the H6 chemical shifts of trans-
[Pt(CH3NH2)2(CH-N1)2](NO3)2 ¥ 3H2O (2a). The solid line represents the
fit taking two pKa values into account (6.07� 0.18 (1�) and 7.09 (1�)),
whereas the dashed line is the fit with only one pKa� 6.73� 0.05 (1�) (see
also text). b) pD dependence of the H6 chemical shifts of trans-
[Pt(CH3NH2)2(CH-N1)(CH-N3)](ClO4)2 (3a) with the calculated fit of
the experimental data, giving pKa values of 6.48� 0.05 (1�) and 9.55� 0.12
(1�).


trans-[Pta2(CH-N1)(CH-N3)]2+ trans-[Pta2(C-N1)(CH-N3)]+ trans-[Pta2(C-N1)(C-N3)]
+H+


-H+


+H+


-H+


3a 3b


Scheme 2.
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Effects of Pt binding sites on ligand acidity : Neutral cytosine
is present in aqueous solution predominantly in the 2-oxo-4-
amino tautomer form III. The macro acidity constant for
deprotonation of cytosine is 10�12.15 (pKa� 12.15).[28] This
value essentially corresponds to that of the predominant
tautomer III. In 1a this proton becomes more acidic by 3.1 log
units (average of two pKa values of 1a). It is unlikely that
deprotonation of the exocyclic amino group takes place to a
measurable extent considering the high pKa value of this
group (�16.7).[31] If PtII is bound to N1 (compound 2a), the
N3H proton has a pKa of 6.07� 0.18 (1�) and 7.09� 0.11 (1�),
respectively (see above). This means that placing a PtII entity
in the N1 position of cytosine and shifting the proton to N3
increases the acidity of this proton almost a million fold
(factor 105.6) as compared to free cytosine (c.f. macroacidity
constant 10�12.15). On the other hand, comparison with
protonated cytosine (CH2


�, pKa 4.58)[28] reveals the expected
decrease in ligand acidity (2 log units) upon substitution of the
N1H by PtII.
The situation with N1- and N3-linkage isomer complexes of


cytosine contrasts with that found for the corresponding
complexes of the uracil monoanion. There the increase in the
acidity of the platinated monoanion (UH) is virtually identical
for the two binding sites: pKa� 11.4 for N1H in N3�Pt, and
pKa� 11.5 for N3H in N1 ±Pt.[32] In the absence of bound PtII,
the pKa2 for uracil is 14.2,[33] meaning an increase in ligand
acidity by �2.8 log units upon Pt binding. Conversely,
replacement of a proton of the neutral uracil by a PtII entity
reduces the acidity of uracil by 1.7 log units, from 9.7 in the
free ligand to 11.4 ± 11.5 in the two UH±Pt linkage isomers. If,
in a more elaborate treatment, microacidity constants for the
formation of the individual uracil anion tautomers[34] are
considered (�9.4 for N3 deprotonation, �10.0 for N1
deprotonation),[35] the reduction in acidity amounts to 11.5 ±
9.4� 2.1 log units for the N1 linkage isomer and to 11.4 ±
10.0� 1.4 log units for the N3 linkage isomer.


X-ray structures of 1b and 2b : The structures of the neutral
complexes trans-[Pt(CH3NH2)2(C-N3)2] ¥ 2H2O (1b) and
trans-[Pt(CH3NH2)2(C-N1)2] ¥ 2H2O (2b) are given in Fig-
ure 7. While similar to 1a and 2a, as far as the head-tail
arrangement of the nucleobases and the Pt coordination
spheres are concerned, there are also distinct differences
between the four compounds. For example, the Pt ±N(cyto-
sine) bond length in the N1 linkage isomer 2b is shorter than
in the N3 linkage isomer 1b (�� 0.019(4) ä, 4.75�), within
the cytosine the N1 ±C2 bond is longer in 2b (0.047(7) ä, 7�),
and there is a trend to a longer C5 ±C6 bond in 1b
(0.024(8) ä, 3�) (Table 4). The only slight difference in
angles refers to an exocyclic one (N3-C2-O2; trend to larger
value in 2b by 1.6(5)�, 3�); however, it could be influenced by
crystal packing. It thus appears that deprotonation of the two
platinated tautomers markedly levels off structural differ-
ences seen between 1a and 1c on one hand and 2a on the
other (c.f. above). The only significant exception is the N1 ±
C2 bond.
In both compounds, ring deprotonation (N1 in 1b, N3 in


2b) is evident from the large decrease in ring angles as
compared to the complexes carrying neutral cytosine tauto-


mers (1a, 1c, 2a). The largest difference (6.5�, 10�) is between
1a and 1b.
The packing patterns and H bonding schemes of 1b and 2b


are similar as evident from the similar cell constants. In both
compounds the Pt complexes form a network in the y and z
directions and are connected through H bonds between the
amine groups and the N1 and N3 positions of the cytosine
bases, respectively (2.990(4) and 3.047(6) ä, Supporting
Information). The water molecules in each structure are
strongly involved in hydrogen bonding to two donor groups
(N4H2) and two acceptor atoms (O2), respectively, thus
explaining why it was possible to crystallographically locate
and refine their protons (2.722(4) ± 3.089(5) ä for 1b,
2.779(5) ± 3.022(6) ä for 2b, Supporting Information).


Table 4. Comparison of bond lengths [ä] and angles [�] of deprotonated
cytosine ligands in linkage isomers 1b and 2b.


1b 2b


N1�C2 1.340(4) 1.387(6)
C2�N3 1.401(4) 1.384(6)
C2�O2 1.268(4) 1.250(5)
N3�C4 1.363(4) 1.347(6)
C4�C5 1.398(5) 1.400(6)
C4�N4 1.339(4) 1.337(6)
C5�C6 1.340(5) 1.316(6)
C6�N1 1.344(5) 1.365(6)
C6-N1-C2 117.4(3) 116.9(4)
N1-C2-N3 121.9(3) 120.5(4)
N1-C2-O2 120.3(3) 120.2(4)
N3-C2-O2 117.7(3) 119.3(4)
C2-N3-C4 118.1(3) 119.2(4)
N3-C4-C5 119.9(3) 120.6(4)
N3-C4-N4 118.7(3) 117.8(4)
C5-C4-N4 121.5(3) 121.7(5)
C4-C5-C6 117.7(3) 118.2(4)
C5-C6-N1 124.5(3) 124.0(4)


Figure 7. Views of trans-[Pt(CH3NH2)2(C-N3)2] ¥ 2H2O (1b) (top) and
trans-[Pt(CH3NH2)2(C-N1)2] ¥ 2H2O (2b) (bottom).
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Linkage isomerization N3�N1: When a solution of trans-
[Pt(CH3NH2)2(CH-N3)2](ClO4)2 (1a) in D2O is brought to
pH* 11.5 (to give essentially 1b) and kept at 40 �C, the
appearance of new resonances is observed as early as 60 min
after sample preparation. The new resonances are attributed
to an intermediate that reaches its concentration maximum
after �1 d and subsequently diminishes again at the expense
of the final product (Figure 8). The intermediate and the final


Figure 8. Time dependence of 1H NMR spectra (low-field region only) of
1a/1b (pH* 11.5 ± 10.5, D2O, 40 �C, 200 MHz) with H5 and H6 resonances
of 1b (�), of trans-[Pt(CH3NH2)2(C-N1)(C-N3)] (�), and of 2b (�).


product are readily identified on the basis of their chemical
shifts as the deprotonated form of 3a, hence trans-
[Pt(CH3NH2)2(C-N1)(C-N3)] (3b) and trans-(CH3NH2)2-
(C-N1)2] (2b), respectively. The 1H NMR spectra provide no
indication that the interconversion 1b� 3b� 2b takes place
by a dissociative mechanism, since resonances from free
cytosine are not detectable. It tentatively suggests that the
linkage isomerization is an intramolecular migration process,
possibly involving the migration of PtII from N3 to N1 via an
O2 intermediate. Deprotonation of the CH-N3 ligand of 1a to
give C-N3 might indeed increase the nucleophilicity of O2 as
well.
The metal migration process described here is different


from that observed with the PtIV complex trans-
[Pt(NH3)2(OH)2(1-MeC-N3)2]2�.[5a] There, the PtIV moves
from N3 to the adjacent N4 site via an intermediate N3,N4
chelate. This migration is accompanied by a concomitant
switch of a proton from N4 to N3. In contrast, in the present
case PtII moves from N3 to N1, and there is a good chance that
O2 assists in this process.


X-ray structure of heteronuclear derivative 4 of the mixed
tautomer compound trans-[Pt(CH3NH2)2(C-N1)(C-N3)]
(3b): We have demonstrated in numerous cases that trans-
[Pta2(1-MeC-N3)]2� (a�NH3 or CH3NH2) behaves as an
excellent ligand for metal ions M, such as PdII,[36] CuII,[37]


AgI,[38] and HgII,[16a, 16d] to produce heteronuclear complexes
with the heterometal ions substituting protons of the exocyclic
amino group. Strong dative Pt�Mbonds are formed with the
d8 metal ion M�PdII and the d9 metal ion M�CuII.[39] With


this in mind, trans-[Pt(CH3NH2)2(CH-N3)2](ClO4)2 (1a) was
mixed with Cu(ClO4)2 in aqueous NH3 solution. To our
surprise, a polymeric PtCu complex was isolated which
contained the mixed linkage isomer species trans-
[Pt(CH3NH2)2(C-N1)(C-N3)] (3b) as the central building
block. We assume that 3b is formed from 1b in a linkage
isomerization process as described above, although we cannot
rigorously exclude the possibility that the starting material 1a
contained a small amount of 3a as an impurity.


trans-[Pt(CH3NH2)2(N1-C-N3)(N3-C-N1)Cu(OH)]ClO4 ¥
1.2H2O (4) consists of a 1D coordination polymer, in which
trans-[Pt(CH3NH2)2(C-N1)(C-N3)] molecules are crosslinked
by CuII ions through the still available N3 and N1 positions of
the cytosine ligands. A complication arises from the coex-
istence of two bonding arrangements in the unit cell, which
leads to a disorder of the cytosine amino group (Figure 9 and


Figure 9. Section of polymeric arrangement of heteronuclear Cu deriva-
tive 4 of trans-[Pt(CH3NH2)2(C-N1)(C-N3)] (3b). The existence of two
bonding arrangements in the unit cell leads to a superposition of exocyclic
atoms of C with the NH2 group disordered in o and p positions with respect
to the ring N atom carrying the Pt.


the Experimental Section). In addition, CuII is bonded
through two hydroxy bridges to another CuII center of
another infinite strand, related by an inversion center. Pt�N
bond lengths compare well with those of the cytosine
complexes described, and the Cu�N bond length is also
normal.[40] Conformation and metric parameters of the
Cu2(OH)2 unit resemble those found in the bis(�-hydroxo)-
bis[bis(2-methylimidazole)copper(��)]2� cation.[41] Thus, the
Cu�Cu distance of 2.946(3) ä in 4 is very close to that in
the former complex (2.993(1) ä). The Cu centers have
tetrahedrally distorted planar coordination spheres.


Conclusion


Cytosine exists in aqueous solution predominantly in the oxo-
amino tautomer structure III, with the N1 position protonated
and the N3 position unprotonated.[2a, 2c] The situation is
reversed in the minor tautomer IV. Not unexpectedly, trans-
[(CH3NH2)2PtII] reacts in water (weakly acidic pH) primarily
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at the N3 position of tautomer III to give 1:1 and 1:2
complexes (1, 1a). Interestingly, however, the mixed N3,N1
product 3a forms in water to an extent incompatible with the
low abundance of the rare tautomer. This observation, also
confirmed for [(dien)PtII] binding to cytosine,[29] implies that
metal species are, in principle, capable of ™titrating out∫ a rare
tautomer form from a solution containing a large excess of a
preferred tautomer. Even though the specific example studied
here–tautomerism of the parent nucleobase cytosine–is not
of biological relevance, the phenomenon as such is potentially
significant in metal-nucleobase chemistry and the topic of
metal-related mispairing scenarios. A HgII complex of
9-methyladenine previously reported by us, [5f] in which the
metal is coordinated to the exocyclic amino group and the
proton is shifted to N1, represents an extreme case in this
respect in that the rare imino tautomer (normal abundance
10�4 ± 10�5 relative to amino tautomer)[42] has been isolated on
a preparative scale.
With regard to other aspects of this work, the following


three features are pointed out. Firstly, there is the case of PtII


migration from N3 to N1, hence linkage isomerization, under
pH conditions in which N3-bound cytosine is deprotonated at
N1. This indicates a higher thermodynamic stability of the
Pt ±N1 bond over the Pt�N3 bond in the neutral bis(cytosi-
nato) complex of trans-[(CH3NH2)2PtII] . Secondly, geomet-
rical differences between platinated tautomers III and IV are
essentially restricted to internal ring angles at N1, N3, C4, and
C6. Thirdly, the major difference between the two metal-
bonded cytosine tautomers refers to their acid/base behavior:
PtII binding to N3 acidifies the proton at N1 by approximately
3.1 log units, from 12.15 in free cytosine to�9.1 (av.) in the N3
linkage isomer 1a. In contrast, PtII binding to N1 acidifies the
proton (of the metalated rare tautomer IV) at N3 by about 5 ±
6 log units, from 12.15 to 6.07 or 7.09, respectively, in 2a. This
means that at a physiological pH, more than 50% of N1-
platinated cytosine has its Watson ±Crick sites available for
base pairing with guanine.[43] Hoogsteen pairing is possible, in
principle, also in acidic medium, with the N3 position
protonated. We plan to study this aspect as well as potential
applications resulting from it in more detail.


Experimental Section


Instrumentation : IR spectra (KBr pellets) were recorded on a Bruker
IFs113v FT spectrometer and Raman spectra on a CodergT800 with argon
(514.5 nm) or krypton laser (647.1 nm) excitation. 1H NMR spectra were
recorded with Bruker AC200 (200.13 MHz) or Bruker DRX400
(400 MHz) instruments. 195Pt NMR spectra were recorded with a Bruker
AC200 instrument (42.95 MHz, 5 mm tubes, ambient temperature).
Chemical shifts are referenced to internal tetramethylammonium tetra-
fluoroborate (TMA) (1H, �� 3.18 ppm versus TSP), the residual undeu-
terated DMSO signal ([D6]DMSO; 2.50 ppm from TMS) (1H) and external
Na2PtCl6 (195Pt), respectively. The two-dimensional E.COSY experiment
was recorded on the DRX400 spectrometer in the phase-sensitive TPPI
mode. Elemental analyses were performed with a Carlo Erba Model1106
Strumentazione Element-Analyzer.
Starting compounds : Cytosine (CH) was obtained from Fluka. trans-
[Pt(CH3NH2)2Cl2][44] and sodium cytosinate (NaC)[45] were prepared as
previously described. DMF was dried over CaH2 and stored over 4 ä
molecular sieves.[46]


trans-[Pt(CH3NH2)2(CH-N3)Cl]Cl ¥H2O (1): A suspension of trans-
[Pt(CH3NH2)2Cl2] (0.354 g, 1.08 mmol) in H2O (120 mL) was stirred
together with cytosine (120 mg, 1.08 mmol) and NaCl (196 mg, 3.36 mmol)
for 3 d at 40 �C. The mixture was then reduced to a volume of 12 mL by
rotary evaporation and subsequently concentrated further under a flow of
N2. After 7 d at 20 �C, a mixture of deep yellow crystals of trans-
[Pt(CH3NH2)2Cl2] and pale yellow 1 had formed which were manually
separated under a microscope. Crystals of 1 were washed with a minimum
of ice water and allowed to dry in air. The yield was only 5%. Elemental
analysis (%) for C6H15N5OCl2Pt (439.2; anhydrate): C 16.41, H 3.44, N
15.94; found: C 16.3, H 3.4, N 16.0. X-ray crystallography revealed the
presence of one molecule of water of crystallization.


trans-[Pt(CH3NH2)2(CH-N3)2](ClO4)2 (1a): trans-[Pt(CH3NH2)2Cl2]
(1.64 g, 5 mmol) was suspended in H2O (250 mL) and AgClO4 ¥H2O
(2.229 g, 9.89 mmol) in H2O (50 mL) was added. The suspension was stirred
for 72 h at 40 �C with daylight excluded. After the solution had been cooled
to room temperature, AgCl was filtered off and cytosine (1.113 g, 10 mmol)
was added. The solution was then stirred at 80 �C for 5 h, evaporated to
near dryness, and the precipitate filtered and recrystallized twice from
0.01� HClO4. Crystals that formed were filtered off, briefly washed with
cold water and dried in air. The compound was isolated in 32% yield.
Elemental analysis (%) for C10H20N8O10Cl2Pt (678.3): C 17.71, H 2.97, N
16.52; found: C 17.7, H 2.9, N 16.5.


trans-[Pt(CH3NH2)2(C-N3)2] ¥ 2H2O (1b): This was obtained by dissolving
1a (600 mg, 0.885 mmol) in 0.055� LiOH (32 mL). The solution was
concentrated to a volume of 15 mL. Slow evaporation at 4 �C gave colorless
crystals of 1b, which were filtered off, briefly washed with ice water and
dried in air. The yield was 62%. Elemental analysis (%) for C10H22N8O4Pt
(513.4): C, 23.39, H 4.32, N 21.83; found: C 23.1, H 4.7, N 21.7.


trans-[Pt(CH3NH2)2(CH-N3)2](ClO4)2 ¥ 2DMSO (1c): This was obtained
by evaporation of a DMSO solution of 1a (100 mg) in DMSO (2 mL).
Within six months, a small amount of colorless cubes of 1c appeared, which
were filtered off and characterized by X-ray diffraction.


trans-[Pt(CH3NH2)2(CH-N1)2](NO3)2 ¥ 3H2O (2a): trans-[Pt(CH3NH2)2-
Cl2] (0.5 g, 1.52 mmol) was dissolved in dry DMF (30 mL) and stirred
under nitrogen with AgNO3 (0.5123 g, 3.01 mmol) at 40 �C for 3 d with
daylight excluded. After the solution had been cooled to room temper-
ature, AgCl was filtered off and NaC (0.3649 g, 2.74 mmol) was added. The
suspension was stirred for 3 d at 40 �C under nitrogen. Then the solution
was evaporated to dryness and the light yellow precipitate redissolved in
H2O (10 mL). The pH of the solution was brought to�7 by addition of 0.1�
HNO3. The mixture was cooled to 4 �C and left overnight. The precipitate
that formed, presumably an adduct between 2a and 2b, was filtered off,
briefly washed with small amounts of water and recrystallized twice
from 0.01� HNO3. The yield was 21%. Elemental analysis (%) for
C10H26N10O11Pt (657.5): C 18.27, H 3.99, N 21.30; found: C 18.4, H 4.0, N
21.3.


trans-[Pt(CH3NH2)2(C-N1)2] ¥ 2H2O (2b): This was obtained by dissolving
2a (100 mg) in 1� NaOH (3 mL) and evaporating the solution in a stream
of nitrogen. Colorless crystals of 2b, which formed within a few hours, were
filtered off, briefly washed with water, and dried in air. The compound was
isolated in 67% yield. Elemental analysis (%) for C10H22N8O4Pt (513.4): C,
23.39, H 4.32, N 21.83; found: C 23.2, H 4.2, N 21.8.


trans-[Pt(CH3NH2)2(CH-N1)(CH-N3)](ClO4)2 (3a): This was obtained as
a by-product during the preparation of 1a. Prior to recrystallization of 1a,
the 1H NMR spectrum indicates the presence of this product (vide infra).
Pure samples of 3a could not be obtained. The neutral species trans-
[Pt(CH3NH2)2(C-N1)(C-N3)] (3b) was also detected only in solution (c.f. ,
however, 4).


trans-[Pt(CH3NH2)2(N1-C-N3)(N3-C-N1)Cu(OH)]ClO4 ¥ 1.2H2O (4):
Compound 1a (100 mg; not recrystallized from HClO4, vide supra) was
dissolved in a mixture of concentrated NH3 (5 mL) and H2O (15 mL), and
Cu(ClO4)2 ¥H2O (41 mg, 0.147 mmol) was added. The blue solution was
slowly evaporated in a stream of nitrogen at ambient temperature. After
filtering from some unidentified black precipitate, blue crystals (13 mg)
appeared after 11 days. They were filtered off and dried in air. The
composition of 4 was established by X-ray diffraction.


X-ray data collection, structure solutions, and refinements : Diffraction
data of 1 were collected on a RigakuAFC6S diffractometer with MoK�


radiation (�� 0.71069 ä). Calculations were performed on a VAX
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station3520 computer by applying the teXan 5.0 software.[47] Unit cell
dimensions were determined by applying the setting angle of 25 high-angle
reflections. Three standard reflections were monitored during the data
collection; they showed no significant variance. The intensities were
corrected for absorption by applying 
 scans of several reflections with the
transmission factors in the range 0.60 ± 1.00. The structure was solved by
Patterson and Fourier techniques. Full-matrix least-squares refinement was
carried out with anisotropic thermal parameters for all non-hydrogen
atoms. The final difference map was essentially featureless.


Diffraction data of 1b, 2a, and 2b were collected at room temperature on
an Enraf-Nonius Mach3 diffractometer with graphite-monochromated
MoK� radiation (�� 0.71069 ä). The �/2� scan mode was employed with
variable scan speed (1.2 ± 4.1 �min�1), and stationary background counts
were recorded on each side of the reflection, the ratio of peak counting
time vs. background counting time being 2:1. Three standard reflections
measured every 100 data points showed no systematic variation in intensity.
The data have been corrected for absorption, Lorentz, and polarization
effects with the NRCVAX system.[48] An empirical absorption correction
was carried out by means of azimuth (
) scans. For the data collection of 1a
and 1c, an Enraf-Nonius KappaCCD[49] (MoK� , �� 0.71069 ä, graphite
monochromator) was used. Sample-to-detector distances were 27.7 (1a)
and 26.7 mm (1c), respectively. They covered the whole sphere of
reciprocal space by measurement of 360 frames rotating about � in steps
of 1�. Exposure times were 7 s (1a) and 26 s (1c) per frame. Preliminary
orientation matrices and unit cell parameters were obtained from the peaks
of the first ten frames, respectively, and refined with the whole data set.
Frames were integrated and corrected for Lorentz and polarization effects
with DENZO.[50] The scaling as well as the global refinement of crystal
parameters were performed by SCALEPACK.[50] Reflections, which were
partly measured on previous and following frames, are used to scale these
frames on each other. Merging of redundant reflections in part eliminates
absorption effects and also considers a crystal decay, if present.


Structures of 1a, 1b, 1c, 2a, and 2b were solved by standard Patterson
methods[51] and refined by full-matrix least-squares based on F 2 with the
SHELXTL-PLUS[52] and SHELXL-93 programs.[53] The scattering factors
for the atoms were those given in the SHELXTL-PLUS program.
Transmission factors were calculated with SHELXL-97.[54] All of the non-
hydrogen atoms were refined anisotropically except for the disordered
oxygen atoms of the anions in 1a and 2a. Hydrogen atoms could be found
with difference Fourier synthesis and freely refined including water
protons. Exceptions are the N1 proton in 1a, all hydrogens in 1c, and the
methyl protons in 2a, which were included in calculated positions and
refined with isotropic displacement parameters according to the riding
model. No protons were detectable for the half-occupied water molecule in
2a.


X-ray measurements of 4 were carried out on a QuantumCCD detector
using MoK� radiation (�� 0.71069 ä). Calculations were performed by with
the teXsan1.7 crystallographic software package.[47] The data were
collected with 0.25� scans with an exposure time of 104 s per image. Three
standard reflections were monitored during the data collection showing no
significant variance. The intensities were corrected for absorption by
applying 
 scans of several reflections with the transmission factors in the
range 0.65 ± 1.00.


The structure of 4 was solved by Patterson and Fourier techniques. One of
the Fourier maps revealed a peak with a height of �5 eä3 that was close to
the C6 atom of the cytosine ligand. The existence of this peak led to the
conclusion that the ligand is disordered between two orientations. In one of
them, cytosine binds to Pt and Cu via the N1 and N3 atoms, respectively. In
the other orientation, Pt is bonded to N3 and Cu to N1. There exists a
significant overlap of the two orientations resulting in two locations of the
amino N4 atom, labeled as N4a and N4b. The two positions were refined
anisotropically with the population parameters of 0.5. The thermal
vibration parameters of the methylamine ligand were high indicating a
possible disorder. However, in spite of many efforts, this disorder could not
be resolved. The perchlorate anion is disordered between two locations,
refined as rigid bodies with isotropic thermal parameters. The solvent water
molecules O4 and O6 are also disordered and were refined with isotropic
temperature factors and the population parameters of 0.7 and 0.5,
respectively. Full-matrix least-squares refinement yielded an R factor of
0.044 (Rw� 0.065). The final difference Fourier map showed a peak of
1.60 eä3 located near the disordered ClO4


� ion.


CCDC-179624 ±CCDC-179630 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).


Relevant X-ray data for all compounds are listed in Table 1.


Determination of acidity constants : The pKa values of complexes 1a, 2a,
and 3a,b were determined by means of pH-dependent 1H NMR measure-
ments in D2O (20 �C). Changes in chemical shifts of nonexchangeable
protons in the complexes that result from the change in pD were evaluated
with a nonlinear least-squares fit after Newton ±Gauss, taking either one or
two pKa values into account.[55] The obtained acidity constants were then
transformed to the values valid for water according to the literature.[56] For
all calculations, only the signal of a single proton per complex could be
evaluated, as the others could not be followed over the whole pD range
because of the overlap with other signals; that is for 1a (ht) H6, for 1a (hh)
H5, for 2a H6, and for 3a H6 were evaluated.
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Structures, Bond Energies, Heats of Formation, and Quantitative Bonding
Analysis of Main-Group Metallocenes [E(Cp)2] (E�Be ±Ba, Zn, Si ±Pb)
and [E(Cp)] (E�Li ±Cs, B ±Tl)**
VÌctor M. Rayo¬n and Gernot Frenking*[a]


Abstract: The geometries, metal ± li-
gand bond dissociation energies, and
heats of formation of twenty sandwich
and half-sandwich complexes of the
main-group elements of Groups 1, 2,
13, and 14, and Zn have been calculated
with quantum chemical methods. The
geometries of the [E(Cp)] and [E(Cp)2]
complexes were optimized using density
functional theory at the BP86 level with


valence basis sets, which have DZP and
TZP quality. Improved energy values
have been obtained by using coupled-
cluster theory at the CCSD(T) level. The


nature of the metal ± ligand bonding has
been analyzed with an energy-partition-
ing method. The results give quantita-
tive information about the strength of
the covalent and electrostatic interac-
tions between En� and (Cp�)n (n� 1, 2).
The contributions of the orbitals with
different symmetry to the covalent
bonding are also given.


Keywords: bond energy ¥ bonding
analysis ¥ density functional
calculations ¥ heats of formation ¥
metallocenes


Introduction


The synthesis of the first sandwich complex ferrocene
[Fe(Cp)2], which was published by Kealy and Pauson fifty
years ago,[1, 2] is considered as a landmark event in organo-
metallic chemistry.[3] It was the starting point for a new class of
compounds called metallocenes that became ubiquitious in
synthetic[4] and industrial[5] applications. The initial suggestion
of the structure having two Fe�C5H5 � bonds[1] was soon
corrected in two independent publications by Fischer and
Pfab[6] and by Wilkinson, Rosenblum, Whiting, and Wood-
ward,[7] who showed that the molecule has a �-bonded
sandwich structure. A bonding model for ferrocene using
symmetry-adapted molecular orbitals, which is also valid for
other metallocenes of the transition metals, was introduced by
Shustorovich and Dyatkina.[8] The orbital correlation model is
now generally accepted and used as a standard in many
textbooks.[9] The metal ± ligand bonding is explained in terms
of donor ± acceptor interactions between Fe2� (t2g, d6) and two
Cp� ligands. A recent energy-partitioning analysis of ferro-
cene showed that the [Fe2�(Cp�)2] bonding is �51% electro-
static and �49% covalent, and that two thirds of the covalent
interactions come from (Cp�)2�Fe2� � donation of the


e1g MO of the ligand into the degenerate d(�) metal
orbitals.[10]


Metallocenes have in the meantime also been synthesized
with main-group elements E, which may be metals or other
atoms. Although the term metallocene was originally defined
for sandwich compounds [E(Cp)2], in which E is a metal, it is
now also used for compounds with only one Cp ligand [E(Cp)]
and for complexes with main-group elements E such as silicon
and boron. Recent reviews of main-group metallocenes show
that a large number of compounds with the formula [E(Cp)]
and [E(Cp)2], particularly with elements E of the Groups 1, 2,
13, 14, and 15, have been synthesized and structurally
characterized by X-ray analysis.[11] Numerous quantum chem-
ical calculations of main-group metallocenes have also been
published in recent years. The theoretical knowledge, which
has been gained in these studies, was recently reviewed by
Kwon and McKee.[12] Many calculations have been aimed at
determining the equilibrium geometry of [E(Cp)2] com-
pounds which may have parallel (D5d, D5h) or bent (C2v, Cs,
C2) structures (Scheme 1). The bonding situation in the
compounds has also been analyzed with qualitative bonding
models. There is general agreement that, in main-group
metallocenes, �-type interactions are weaker than in transi-
tion-metal metallocenes because the main-group elements do
not have d-type valence orbitals.[11, 12] The bonding of the
Cp ligand to the s-block elements (Groups 1, 2) is considered
to be mainly ionic, while complexes of the p-block elements
should be predominantly covalent. Therefore, orbital corre-
lation diagrams of main-group metallocenes use only the s and
p orbitals of E for a discussion of the covalent bonding in
[E(Cp)] and [E(Cp)2] complexes.[11, 12]


[a] Prof. G. Frenking, Dr. V. M. Rayo¬n
Fachbereich Chemie, Philipps-Universit‰t Marburg
Hans-Meerwein-Strasse, 35032 Marburg (Germany)
Fax: (�49)6421-2825566
E-mail : frenking@chemie.uni-marburg.de


[**] Theoretical Studies of Organometallic Compounds, Part 47; For
Part 46 see: A. Kovacs, G. Frenking, Organometallics 2001, 20, 2510.
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It would be very helpful if the covalent and electrostatic
contributions to the E�Cp bonding and the strength of the
different orbital terms could be quantitatively given. The
recent review by Kwon and McKee recognized this by saying:
™there is not enough data from high-level theoretical calcu-
lations to have a quantitative understanding of the factors
involving covalent or ionic bonding between the Cp ligand
and the main-group element∫.[13] We have given such data for
transition-metal metallocenes in our analysis of the bonding
in ferrocene [Fe(Cp)2] and isoelectronic iron bispentazole
[Fe(�5-N5)2][10a] and in the homoleptic and heteroleptic com-
plexes with the heavier Group 15 analogues [Fe(�5-E5)2] and
[Fe(Cp)(�5-E5)].[10b] The studies are part of our ongoing
theoretical work, which aims at a systematic quantitative
analysis of chemical bonding in main-group and transition-
metal compounds that gives the strength of the covalent and
electrostatic bonding and of the contributions by the orbitals
having different symmetry.[10, 14] It is our goal to compare the
chemical bonds of different elements and different structures
in a quantitative fashion by using accurate quantum chemical
methods. In this paper we present results for the main-group
metallocenes [E(Cp)2] (E�Be ±Ba, Si ± Pb) and [E(Cp)]
(E�Li ±Cs, B ±Tl). We present for the first time bond
dissociation energies and heats of formation of all molecules.
The bonding analysis uses the energy-partitioning scheme in
the programADF,[15] which is based on the methods suggested
by Morokuma[16] and Ziegler.[17] A short outline is given in the
method section.


The following theoretical results are presented for the first
time in this paper.
1) A complete set of bond dissociation energies.
2) A complete set of heats of formation.
3) Quantitative analyses of the metal ±Cp bonds.


Methods : Nonlocal density functional theory (DFT) using
Becke×s exchange functional[18] and the correlation functional
of Perdew[19] (BP86) was employed to carry out the geometry
optimizations. An extra tight grid having 99 radial shells and
590 angular points per shell was used throughout. All the
structures located on the potential energy surface (PES) have
been characterized by checking the number of negative
eigenvalues of the corresponding Hessian matrix. A conver-
gence in the maximum gradient of, at least, 5�
10�5 hartreebohr�1 was achieved. The following basis sets
which are labeled in the papers as basis set A have been used.
For main-group elements up to the fourth period a standard
6-31G(d) basis set with six cartesian d-type polarization
functions was employed.[20, 21] Notice that the 3d shell is
included in the valence space of the elements of the fourth
period.[21] For the heavier elements of Group 1 (Rb, Cs) a


quasirelativistic 9-valence electron (VE) pseudopotential has
been used with a (31111/3111/1) valence basis set.[22] We have
also used this basis set for K in order to compare the results
with the pseudopotential and the 6-31G(d) full electron basis
set. The exponents for the six cartesian d-type polarization
functions have been optimized in conjunction with the small-
core effective core potentials (ECPs) for the interaction of the
metal with a cyclopentadienyl ligand, [M(C5H5)]. The energy-
optimized exponents are: �d(K)� 0.31, �d(Rb)� 0.22, and
�d(Cs)� 0.18. For the heavier atoms of Group 2 (Ca, Sr, Ba), a
quasirelativistic 10-valence electron pseudopotential has been
used with a (3111/3111/32) valence basis set for Ca and Sr and
a (3111/3111/32/1) valence basis set for Ba.[23] A quasirelativ-
istic 3-VE-ECP has been used for the elements Ga, In, and Tl,
and a 4-VE-ECP for the atoms Ge, Sn, and Pb. The valence
basis sets for these six elements have (31/31/1) quality.[24] The
exponents of the cartesian d-type polarization functions in
Ga, In, Ge, and Sn are taken from Huzinaga.[25] For the Zn
atom, a relativistic 20-VE ECP has been employed with a
(311111/22111/411) basis set.[26] The geometry optimizations
have been carried out using the program package Gauss-
ian98.[27]


In order to improve the calculated energies, CCSD(T)[28, 29]


single point calculations were accomplished with a larger basis
set B at BP86/A optimized geometries by using the program
MOLPRO.[30] In the case of open-shell fragments, we used the
RHF-UCCSD(T)[31] method. Basis set B has 6-311G(2d) basis
sets[32, 33] for H, Li, Be, B, C, Na, Mg, Al, and Si. Three and four
valence electrons have been correlated on atoms belonging to
Groups 1 and 13, and 2 and 14, respectively, except Na and
Mg, for which nine and ten electrons have been considered.
On the other hand, the ten 1s core orbitals of the carbon
atoms in the Cp rings have been ™frozen∫ in the correlated
calculations. The valence basis sets of the 9-VE-ECP for K,
Rb, and Cs have (311111/31111/11) quality, in which the
exponents of the outermost s and p valence orbitals are 65%
of the former outermost ones. One set of spherical d-type
polarization exponents has been optimized for the 9-valence
electron pseudopotential at the CISD level in atomic calcu-
lations. The exponents are: �d(K)� 1.02, �d(Rb)� 0.57, and
�d(Cs)� 0.38. For the CCSD(T) calculations, each exponent
has been split into two following the pattern 2 ¥�d, �d/2. The
10-VE basis sets for Ca and Sr have (31111/31111/21111)
quality. Again, the outermost s and p valence orbitals have
exponents, which are 65% smaller than the former outermost
ones. The d orbital space, on the other hand, has been re-
contracted as indicated, and the outermost d valence orbitals
have been split as described above. The valence basis set of Ba
has the same contraction scheme and has been augmented
with one set of f-type polarization functions. For the atoms of
Groups 13 and 14 (Ga, In, and Tl, and Ge, Sn, and Pb), a (211/
211/11) basis set has been used. Finally, the basis set employed
for the Zn atom has (311111/22111/3111/1) quality, for which
we have employed one set of f-type polarization functions
with exponent �f(Zn)� 4.3 optimized at the CISD level. All
valence electrons apart from the 1s carbon orbitals of the Cp
rings have been correlated in the CCSD(T) calculations when
using ECPs. Unless otherwise noted, energies will be dis-
cussed at CCSD(T)/B and geometries at BP86/A.


Scheme 1. Representation of the parallel (also called linear) and bent form
of metallocenes [E(Cp)2]. Depending on the rotation about the E�Cp bond
axis, the parallel form may haveD5d (staggered) orD5h (eclipsed) symmetry,
and the bent form may have C2v, Cs, C2, or C1 symmetry.
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In order to carry out the energy-partitioning analysis, which
is described below, the geometries were also optimized with
the program packageADF(2000.02)[15, 34] using the BP86
functionals. A convergence threshold for the maximum
gradient of 5� 10�5 hartreebohr�1 has been used throughout.
Relativistic effects were considered in those compounds
having elements of the fifth and sixth period by means of
the zero-order regular approximation (ZORA).[35] Uncon-
tracted Slater-type orbitals (STO) were employed as basis
functions for the SCF calculations.[36] The (full) basis sets for
the main-group elements up to the fourth period have triple-�
quality augmented by one set of d-type polarization functions.
One set of p polarization functions has been added to H.
Regarding the main-group atoms of the fifth period, the
(1s2s2p3s3p3d)28 core electrons of Rb and Sr were treated
by the frozen core approximation, whereas for In and Sn
the frozen core approximation was applied to the
(1s2s2p3s3p3d4s4p)36 core electrons. This gives 9, 10, 13, and
14 valence electrons for the Groups 1, 2, 13, and 14, respec-
tively. Extending the valence space in Group 13 and Group 14
to 13 and 14 electrons, respectively, was necessary to achieve
results of the same quality as the ones obtained with 3 and
4 valence electrons in G98. The same number of valence
electrons was considered for the Group 1, Group 2, Group 13,
and Group 14 elements of the sixth period. This gives a
(1s2s2p3s3p3d4s4p4d)46 core for Cs and Ba and a
(1s2s2p3s3p3d4s4p4d4f5s5p)68 core for Tl and Pb. Basis sets
of triple-� quality have been used for elements of the fifth and
sixth period. These basis sets have been augmented with one
set of d- and f-type polarization functions except for In, Sn,
and Tl, for which only f-type functions are available. An
auxiliary set of s, p, d, f, and g STOs was used to fit the
molecular densities and to represent the Coulomb and
exchange potentials accurately in each SCF cycle.[37]


For the energy-partitioning analysis the interaction energy
�Eint was calculated and decomposed for the bonding
between the metal ions E2� and two Cp� ligands in [E(Cp)2]
and between E� and Cp� in [E(Cp)] in the electronic ground
state, respectively. The instantaneous interaction energy �Eint


can be divided into three components [Eq. (1)].


�Eint��Eelstat��EPauli��Eorb (1)


�Eelstat gives the electrostatic interaction energy between
the fragments which are calculated with a frozen-electron-
density distribution in the geometry of the complex. It can be
considered as an estimate of the electrostatic contribution to
the bonding interactions. The second term in Equation (1)
�EPauli gives the repulsive four-electron interactions between
occupied orbitals. The last term gives the stabilizing orbital
interactions �Eorb, which can be considered as an estimate of
the covalent contributions to the bonding. Thus, the ratio
�Eelstat/�Eorb indicates the electrostatic/covalent character of
the bond. The latter term can be partitioned further into
contributions by the orbitals which belong to different
irreducible representations of the interacting system. This
makes it possible to calculate, for example, the contributions
of � and � bonding to a covalent multiple bond. Technical


details about the energy partitioning method can be found in
the literature.[15, 34]


The bond dissociation energy (BDE) �Ee is given by the
sum of �Eint and the fragment preparation energy �Eprep


[Eq. (2)].


�Ee��Eprep��Eint (2)


�Eprep is the energy which is necessary to promote the
fragments from their equilibrium geometry and electronic
ground state to the geometry and electronic state which they
have in the optimized structure.


Geometries, bond energies, and heats of formation : The
geometry optimization of the complexes was carried out first
with restricted symmetry-enforcing C5v symmetry for the
[E(Cp)] molecules and D5d symmetry for [E(Cp)2] species.
The calculation of the vibrational frequencies revealed that
most structures are minima on the PES (number of imaginary
frequencies i� 0), while some of them are higher order saddle
points with i� 2 or in the case of [Zn(Cp)2] with i� 4. In those
cases we located the energy minima by lowering the symmetry
constraints in the geometry optimization. All Group 1 and
Group 13 halfsandwich complexes [E(Cp)] have an equilib-
rium geometry, which has C5v symmetry (structure type 1).
Seven different structure types 2 ± 8 were found by us as
energy minima for the sandwich complexes [E(Cp)2]. They
are shown in Figure 1. Structures 2 and 3 are the high


Figure 1. Schematic representation of the structure types 1 ± 8, which have
been found as energy minima in this work.







FULL PAPER G. Frenking and V. M. RayÛn


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0820-4696 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 204696


symmetry forms of [E(Cp)2] with parallel Cp rings, which are
staggered (2) or eclipsed (3). In structures 4 ± 6 the Cp rings
are bent, that is, the angle X�E�X� (X, X� being the center of
the Cp rings) is �180�. Different rotation of the Cp rings
around the E�X and E�X� axes leads to structures which have
C2 (4), Cs (5), or C1 (6) symmetry. A bent structure with
C2v symmetry was not found as an energy minimum for any of
the molecules in this investigation. The binding mode
between the metal and the Cp ligands in 1 ± 6 is �5, that is,
atom E is bonded to the five carbon atoms. Structures 7 and 8
show ™slipped∫ sandwich complexes [E(Cp)2], in which the
metal binds �5 to only one ring but in an �3 to �1 fashion to the
other (7) or it binds �3/�1 to both rings (8). Further details are
discussed below.


Table 1 gives the calculated geometries and bond disso-
ciation energies of the investigated metallocenes. The dis-
sociation products have the metal atoms in the respec-
tive electronic ground state and the Cp ligand in the 2B1


state. Since the experimental heats of formation of the
atoms E and the Cp ligand are known,[38] we took the data
and the calculated bond energies in order to predict the �Ho


f


values of the metallocenes. The results are also shown in
Table 1.


We begin the discussion of the results with the alkaline
complexes [E(Cp)] (E�Li ±Cs). All molecules belong to
structure type 1, that is, they have geometries with C5v sym-
metry. The calculated bond lengths are very similar to
previously reported values of [Li(Cp)][39] and [Na(Cp)],[40]


which come from accurate quantum chemical methods.[12] The
complexes with E�K, Rb, and Cs have not been calculated
by ab initio or DFT methods before. Thus, the data in Table 1
are the first complete set of theoretically predicted geometries
and bond energies of Group 1 metallocenes [E(Cp)]. A
comparison of the calculated bond lengths with experimental
values is not very meaningful because the latter data have
been obtained from polymeric compounds or from molecules
which carry additional solvent molecules at the metal atom.[11]


For example, the measured Cs�X distance (X being the center
of the Cp ring) of polymeric [Cs(Cp)] (2.82 ä)[41] is similar to
the BP86/A value (2.874 ä), but the agreement is fortuitous
and misleading because the measured K�X distance of
[K(Cp)] (2.82 ä)[42] is the same as for Cs�X, while the
calculated value (2.566 ä) is as expected much shorter.


An interesting result of the energy calculations is that the
E�Cp bond strength from Na±Cs remains nearly constant.
The cesium complex is predicted to have a rather strong
Cs�Cp bond (De� 61.8 kcalmol�1), which is as strong as the
Na�Cp bond (De� 60.8 kcalmol�1). The Li�Cp bond (De�
86.0 kcalmol�1) is significantly stronger than the bonds of the
heavier analogues. [Li(Cp)] is the only metallocene complex
of this work for which the E�Cp bond dissociation energy for
the formation of the neutral fragments has been calculated
before. Blom et al.[39d] reported the valueDe� 72.2 kcalmol�1,
which was obtained at the Hartree ±Fock level of theory. The
calculated bond energy which is given here should be more
reliable because the earlier data do not include correlation
contributions. We want to point out that the calculated bond
energies at BP86/A are very similar to the CCSD(T)/B results.
This is gratifying because CCSD(T) calculations are much


more expensive to carry out than BP86. The calculated heats
of formation of the metallocenes have always positive values.
The somewhat irregular trend of the �Ho


f values from Li to Cs
comes from the data of the atoms E.[38]


Next we discuss the results of the alkaline-earth metal-
locenes [E(Cp)2] (E�Be±Ba). Several theoretical studies
which report the geometries and electronic structure of the
molecules have already been published.[43] The wide variety of
experimental and theoretical studies of 14-electron metal-
locenes has been comprehensively reviewed by Hanusa.[44]


The geometry optimization of the D5d geometries at BP86/A
yielded structures which are energy minima (i� 0) for E�Be,
Mg, and Ca but second-order saddle points (i� 2) for E� Sr
and Ba (Table 1). The calculated geometry of [Be(Cp)2] is
particularly interesting because of experimental data which
suggest a rather unusual structure that is still somewhat
uncertain.[45] [Be(Cp)2] has a permanent dipole moment of
2.24 D which clearly shows that the Cp rings cannot be
equivalent.[46] The 1H NMR spectrum shows only one signal,
however, which indicates a fast exchange of the hydrogen
atoms on the NMR timescale.[47] The results of electron
diffraction measurements have at first been interpreted as a
structure with C5v symmetry which has two �5-bonded Cp
ligands that have different Be�X distances.[48a] A later X-ray
structure analysis gave a ™slipped sandwich∫ geometry with
approximate Cs symmetry, in which one Cp ligand is �5-
bonded, while the second ring does not lay on top of the first
one but it has one short Be�C bond (1.81 ä).[49] A reinter-
pretation of the electron diffraction data led us to the
conclusion that [Be(Cp)2] may indeed have a slipped-sand-
wich structure.[48b]


We also optimized the geometry of [Be(Cp)2] without
symmetry constraints by using the experimental geometry as
starting point. The calculation yielded a structure with
Cs symmetry (Figure 2), which is a minimum on the PES
(i� 0). At the BP86/A level, the Cs form of [Be(Cp)2] is
0.1 kcalmol�1 lower in energy than the D5d structure. Energy
calculations at CCSD(T)/B//BP86/A predict that the former
structure is 0.6 kcalmol�1 more stable than the latter form.
The calculations indicate that the [Be(Cp)2] PES around the
Cs/D5d form is very flat which means that the molecule has a
fluxional structure. This is in agreement with the experimental
observations.[46±49] The floppiness of the PES must be taken
into account when the calculated bond lengths are compared
with the experimental values (Figure 2). The calculation
suggests that the rings are not coplanar. This may be the
reason why the short Be�C distance of the slipped Cp ring is
calculated to be much shorter (1.774 ä) than the gas-phase
value (1.99 ä). Note that the value from the X-ray structure
analysis (1.81 ä) is in much better agreement with the
theoretical number than the gas-phase value. The calculated
structure shown in Figure 2 suggests that the Be�Cp bonding
in [Be(Cp)2] is best described as �5/�1 (structure type 7). This
is in agreement with the latest discussion of the experimental
structure.[11b]


We calculated the geometry of [Mg(Cp)2] with eclipsed Cp
rings (D5h symmetry) in addition to the D5d form, because it
has been reported that the former conformation prevails in
the gas phase,[50] while an X-ray structure analysis identified
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Table 1. Calculated bond lengths [ä] and angles [�] at BP86/A. Values at BP86/TZP are given in parentheses. Relative energies Erel of the isomers and
theoretically predicted bond dissociation energiesDe and ZPE corrected valuesD0 [kcalmol�1] at CCSD(T)/B//BP86/A in italics and at BP86/A. Calculated
heats of formation �Ho


f [kcalmol�1] at CCSD(T)/B//BP86/A.


Molecule Symm. E�C E�X[d] C�C �(X�E�X�)[d] i[g] Erel De
[e] D0


[e] �Ho
f


[Li(Cp)] 1 (C5v) 2.123 1.740 1.430 ± 0 ± � 86.0 � 82.3 13.4
(2.142) (1.767) (1.425) � 82.7 � 79.0


[Na(Cp)] 1 (C5v) 2.512 2.197 1.430 ± 0 ± � 60.8 � 58.6 25.1
(2.524) (2.214) (1.425) � 56.6 � 54.4


[K(Cp)] 1 (C5v) 2.839 2.566 1.427 ± 0 ± � 59.9 � 57.9 21.6
(2.842) (2.572) (1.423) � 52.5 � 50.4


[Rb(Cp)] 1 (C5v) 3.007 2.751 1.427 ± 0 ± � 57.0 � 55.3 22.3
(3.052) (2.802) (1.422) � 52.1 � 50.4


[Cs(Cp)] 1 (C5v) 3.119 2.874 1.426 ± 0 ± � 61.8 � 60.0 16.5
(3.258) (3.026) (1.422) � 57.8 � 56.1


[Be(Cp)2] 2 (D5d) 2.058 1.661 1.427 180.0 0 0.0 � 161.1 � 153.9 38.6
(2.078) (1.689) (1.424) (180.0) � 153.9 � 146.6


[Be(Cp)2] 7 (Cs) 1.915 ± 1.958[a] 1.504[a] 1.430 ± 1.432[a] 152.7 0 � 0.6 � 161.7 � 154.0 38.5
(1.934 ± 1.965)[a] (1.524)[a] (1.425 ± 1.427)[a] (153.4) � 0.1 � 154.0 � 146.3
1.774 ± 3.064[b] 2.261[b] 1.393 ± 1.437[b]


(1.777 ± 3.189)[b] (2.355)[b] (1.383 ± 1.437)[b]


[Mg(Cp)2] 2 (D5d) 2.368 2.030 1.432 180.0 0 0.0 � 127.2 � 121.1 29.9
(2.371) (2.037) (1.426) (180.0) � 118.7 � 112.5 Exp.: 31� 2[f]


[Mg(Cp)2] 3 (D5h) 2.368 2.030 1.432 180.0 0 �� 0.01 � 127.2 � 121.0 30.0
(2.371) (2.038) (1.426) (180.0) �� 0.01 � 118.7 � 112.5 Exp.: 31� 2[f]


[Ca(Cp)2] 2 (D5d) 2.645 2.350 1.428 180.0 0 0.0 � 160.3 � 154.9 3.6
(2.668) (2.377) (1.423) (180.0) � 160.6 � 155.2


[Sr(Cp)2] 2 (D5d) 2.819 2.544 1.429 180.0 2 0.0
(2.869) (2.601) (1.423) (180.0)


[Sr(Cp)2] 6 (C1) 2.815 ± 2.818[a] 2.541 1.428 ± 1.429[c] 167.1 0 � 0.1 � 154.3 � 149.3 5.7
(�)[c] (�)[c] (�)[c] (�)[c] � 0.02 � 150.3 � 145.3


[Ba(Cp)2] 2 (D5d) 2.998 2.741 1.428 180.0 2 0.0
(3.093) (2.847) (1.423) (180.0)


[Ba(Cp)2] 5 (Cs) 2.955 ± 3.001[a] 2.719 1.427 ± 1.428[c] 140.0 0 � 0.2 � 166.0 � 161.1 � 2.1
(�)[c] (�)[c] (�)[c] (�)[c] � 1.2 � 159.2 � 154.3


[Zn(Cp)2] 2 (D5d) 2.319 1.971 1.436 180.0 4 0.0
(2.334) (1.991) (1.431) (180.0)


[Zn(Cp)2] 8 (Cs) 2.116 ± 2.531[a] 2.011[a] 1.425 ± 1.450[a] 172.2 0 � 3.7 � 74.9 � 69.6 72.1
(2.048 ± 2.862)[a] (2.218)[a] (1.403 ± 1.457)[a] (177.8) � 8.8 � 66.2 � 60.9
1.986 ± 3.332[b] 2.531[b] 1.386 ± 1.480[b]


(1.998 ± 3.307)[b] (2.520)[b] (1.382 ± 1.473)[b]


[B(Cp)] 1 (C5v) 2.012 1.607 1.423 ± 0 ± � 91.3 � 87.3 104.0
(2.002) (1.597) (1.419) � 99.5 � 94.5


[Al(Cp)] 1 (C5v) 2.390 2.059 1.428 ± 0 ± � 90.7 � 87.4 49.4
(2.396) (2.068) (1.423) � 91.8 � 88.4


[Ga(Cp)] 1 (C5v) 2.476 2.157 1.429 ± 0 ± � 81.3 � 78.3 44.5
(2.471) (2.154) (1.424) � 82.2 � 79.2


[In(Cp)] 1 (C5v) 2.631 2.333 1.430 ± 0 ± � 80.8 � 78.0 38.2
(2.662) (2.370) (1.424) � 79.5 � 76.7


[Tl(Cp)] 1 (C5v) 2.782 2.502 1.430 ± 0 ± � 68.4 � 66.0 35.7
(2.761) (2.481) (1.424) � 69.5 � 67.0


[Si(Cp)2] 2 (D5d) 2.513 2.201 1.425 180.0 2 0.0
(2.532) (2.225) (1.420) (180.0)


[Si(Cp)2] 4 (C2) 2.260 ± 2.781[a] 2.215 1.415 ± 1.440[c] 154.7 0 � 4.6 � 130.7 � 124.3 99.7
(2.276 ± 2.790)[a] (2.235) (1.410 ± 1.435)[c] (155.8) � 2.8 � 137.4 � 131.0


[Ge(Cp)2] 2 (D5d) 2.582 2.279 1.427 180.0 2 0.0
(2.597) (2.298) (1.422) (180.0)


[Ge(Cp)2] 5 (Cs) 2.428 ± 2.737[a] 2.282 1.419 ± 1.435[c] 159.0 0 � 1.0 � 123.2 � 117.4 87.9
(2.475 ± 2.744)[a] (2.299) (1.414 ± 1.429)[c] (162.0) � 0.6 � 129.3 � 123.4


[Sn(Cp)2] 2 (D5d) 2.775 2.495 1.428 180.0 2 0.0
(2.758) (2.479) (1.422) (180.0)


[Sn(Cp)2] 5 (Cs) 2.635 ± 2.904[a] 2.490 1.420 ± 1.435[c] 151.6 0 � 1.7 � 116.8 � 111.3 76.9
(2.623 ± 2.882)[a] (2.473) (1.414 ± 1.428)[c] (154.0) � 0.9 � 121.5 � 116.0


[Pb(Cp)2] 2 (D5d) 2.860 2.589 1.429 180.0 2 0.0
(2.833) (2.561) (1.423) (180.0)


[Pb(Cp)2] 6 (C1) 2.755 ± 2.959[a] 2.586 1.423 ± 1.433[c] 156.3 0 � 0.5 � 111.3 � 106.2 56.6
(2.756 ± 2.899)[a] (2.557) (1.420 ± 1.426)[c] (163.0) � 0.3 � 113.0 � 107.9


[a] Values for the �5-bonded ring, see Figure 2. [b] Values for the �1-bonded ring, see Figure 2. [c] Geometry optimization at BP86/TZP leads to theD5d form.
[d] X is the center of the ring. [e] Dissociation into atom E and one or two Cp ligands. [f] Reference [55]. [g] Number of imaginary frequencies.
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Figure 2. Calculated bond lengths [ä] and angles [�] of [Be(Cp)2] and
[Zn(Cp)2] at BP86/A. Experimental values are given in brackets.


the latter form in the solid state.[51] The calculations predict
that the D5h and D5d forms of magnesocene are energetically
nearly degenerate (Table 1). Both conformations are found as
minima on the PES. The energy difference between the two
forms is only �0.01 kcalmol�1. The heavier metallocenes
[Ca(Cp)2], [Sr(Cp)2], and [Ba(Cp)2] in the solid state have
bent polymeric structures,[11] and thus, the experimental
geometries shall not be compared with the calculated values.
Gas-phase values are not available for them. The decamethyl-
substituted analogues [Ca(Cp*)2], [Sr(Cp*)2], and [Ba(Cp*)2]
are monomeric species, the geometries of which have been
measured by electron diffraction[43e, 52] and X-ray structure
analysis.[53] The analysis of the recorded data indicated bent
sandwich structures with two �5-bonded Cp rings, but it was
pointed out that the molecules might haveD5d structures if the
energy difference between the parallel and the bent form is
�0.5 kcalmol�1.[52] The reported bending angle �(X�E�X�)
decreases from E�Ca (�� 154�) to E� Sr (�� 149�) and
E�Ba (�� 148�). Table 1 shows that the BP86/A calculations
give the same trend for the [E(Cp)2] species albeit with a
steeper decrease. [Ca(Cp)2] has a linear (D5d) structure, while
[Sr(Cp)2] (�� 167�) and [Ba(Cp)2] (�� 140�) are predicted to
be bent. The energy differences between theD5d form and the
bent equilibrium structures are very small however. The
CCSD(T)/B calculations favor the bent structure of [Ba(Cp)2]
only by 0.2 kcalmol�1, while for [Sr(Cp)2], the bent form is
even 0.1 kcalmol�1 higher in energy than theD5d structure. At
BP86/TZP, the linear forms of both molecules are found as the


energetically lowest lying structures. The geometry optimiza-
tion of [Sr(Cp)2] and [Ba(Cp)2] at BP86/TZP using the bent
equilibrium structures as starting points led to the D5d struc-
tures. The results presented here agree with previous exper-
imental[4, 11, 44] and theoretical[54] work which suggests that that
the alkaline-earth metallocenes have a parallel or quasipar-
allel structure.


The theoretically predicted bond energies of the alkaline-
earth metallocenes are very interesting. The CCSD(T)/B
values suggest that [Ba(Cp)2] has the highest bond
energy (De� 166.0 kcalmol�1) and that [Be(Cp)2] (De�
161.7 kcalmol�1) and [Ca(Cp)2] (De� 160.3 kcalmol�1) have
slightly weaker bonds. Smaller bond energies are calculated
for [Sr(Cp)2] (De� 154.3 kcalmol�1), but the lowest value is
predicted for [Mg(Cp)2] (De� 127.2 kcalmol�1). Thus, the
trend of the bond energies of the alkaline-earth metallocenes
is different from the alkali-metal metallocenes, for which the
strongest bond was calculated for the lightest element
[Li(Cp)]. The calculated heats of formation of the sandwich
complexes of the lighter elements Be and Mg are clearly
positive, while the �Ho


f values of the heavier metallocenes
[Ca(Cp)2], [Sr(Cp)2], and [Ba(Cp)2] are close to zero (Ta-
ble 1). The experimental heat of formation of magnesocene is
known.[55] The measured value �Ho


f ([Mg(Cp)2])� 31�
2 kcalmol�1 is in perfect agreement with the calculated result
(29.9 kcalmol�1). This means that the theoretical �Ho


f values
and the bond dissociation energies at CCSD(T) should be
quite reliable. We want to mention that the heat of formation
of magnesocene has previously been calculated by Cioslowski
et al. at the B3LYP/6-311��G(d,p) level.[43l] The authors
reported the value �Ho


f ([Mg(Cp)2])� 32.9 kcalmol�1, which
agrees with the experimental result and with our data. The
calculated bond dissociation energies of the alkaline-earth
metallocenes at BP86/A are always up to 8.5 kcalmol�1 lower
than the CCSD(T)/B values except for [Ca(Cp)2], for which
theDe value at the former level is 0.3 kcalmol�1 higher than at
the latter level (Table 1).


We calculated the structure of [Zn(Cp)2] which may be
compared with the alkaline-earth metallocenes because the
electron configuration of Zn (d10s2p0) resembles those of the
elements Be ±Ba (s2p0). [Zn(Cp)2] is polymeric in the solid
state.[4] Experimental studies suggest that isolated [Zn(Cp*)2]
has a slipped sandwich geometry and a fluxional structure
similar to that found for [Be(Cp)2].[56] The only previous
theoretical work on the geometry of [Zn(Cp)2] was carried out
at the MP2 level of theory.[57a] The optimization was per-
formed with the constraint of D5h symmetry. The vibrational
frequencies were not reported, and thus, it is not clear if it is a
minimum on the PES. The geometry optimization of the
D5d form at BP86/A yielded a structure which has four
imaginary frequencies. Calculations with less symmetry con-
straints indicated a Cs symmetric structure as an energy
minimum form (i� 0), which is 8.8 kcalmol�1 lower in energy
than the D5d species. The optimized equilibrium structure is
shown in Figure 2. The Cp rings of [Zn(Cp)2] are not
equivalent. The Zn atom has three short (2.116 ä, 2�
2.290 ä) and two long (2� 2.531 ä) Zn�C distances to one
Cp ring, while the other Cp ring has one short (1.986 ä) and
four long (2� 2.640 ä, 2� 3.332 ä) Zn�C distances. The
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Zn�Cp2 bonding situation may thus be interpreted as �3-
bonded to one Cp ring and �1-bonded to the other (struc-
ture 8). However, the distances Zn�C� 2.531 ä of the first
ring could still be considered as weak bonds, and this would
give one �5-bonded ring and thus, an 18 electron configuration
for Zn. Figure 2 gives also the gas-phase values of
[Zn(Cp*)2].[56] A comparison of the calculated structure of
[Zn(Cp)2] with the experimental geometry of [Zn(Cp*)2]
shows a stronger �5/�1-bonding situation for the latter com-
plex. The calculated bond energy shows that the Zn�Cp2 bond
strength (De� 74.9 kcalmol�1) is much less than those of the
alkaline-earth metallocenes (De� 127.2 ± 166.0 kcalmol�1).
The calculated heat of formation of [Zn(Cp)2] has a strongly
positive value (72.1 kcalmol�1).


Now we turn to the Group 13 metallocenes [E(Cp)] (E�
B±Tl). The calculations of the geometries gave �5-bonded
structures (C5v symmetry) for all molecules, and this is in
agreement with experimental work and with previous theo-
retical studies.[11, 12, 58] The geometries of the heavier species
[In(Cp)] and [Tl(Cp)] have been determined by gas-phase
electron diffraction. The experimental In�X distance (2.32 ä)
is in excellent agreement with the calculated value (2.333 ä),
while the experimental Tl�X value (2.41 ä) is somewhat
shorter than the theoretical result (2.502 ä).[11a] Experimental
data of the lighter homologues are not known to us, but the
geometries of monomeric [Al(Cp*)] and [Ga(Cp*)] have
been measured by gas-phase electron diffraction. The report-
ed Al�X value of the former compound (2.06 ä)[59] is the
same as the calculated Al�X value of [Al(Cp)] (2.059 ä). The
experimental Ga�X bond length of [Ga(Cp*)] (2.08 ä),[60]


which is nearly the same as the Al�X bond length in
[Al(Cp*)], is shorter than the calculated value for [Ga(Cp)]
(2.157 ä). This is reasonable because Cp* is a stronger donor
than Cp. However, it is puzzling that [Al(Cp*)] and
[Ga(Cp*)] should have nearly the same E�X distances. The
calculations predict that the Ga�X bond of [Ga(Cp)] is 0.1 ä
longer than the Al�X bond of [Al(Cp)].


The calculated energies (Table 1) predict that [B(Cp)] and
[Al(Cp)] have the strongest E�Cp bonds (De� 91 kcalmol�1)
followed by [Ga(Cp)] and [In(Cp)] (De� 81 kcalmol�1) and
[Tl(Cp)] (De� 68 kcalmol�1). The calculations indicate that
the Group 13 metallocenes [B(Cp)] ± [Tl(Cp)] have slightly
stronger bonds than the Group 1 metallocenes [Li(Cp)] ±
[Cs(Cp)] of the same period. The theoretically predicted
heats of formation of the former species are much more
positive particularly for [B(Cp)] because the �Ho


f (E) values
of the Group 13 atoms have large positive values.[38]


Finally we discuss the results of the Group 14 metallocenes
[E(Cp)2] (E� Si ± Pb). We left out carbocene because a recent
theoretical study of [C(Cp)2] and [Si(Cp)2] by Schoeller
et al.[61] showed that carbocene prefers a classical dicyclopen-
tadienylcarbene structure, and thus, a discussion in terms of a
donor ± acceptor metallocene complex is not appropriate. The
heavier analogues [Si(Cp)2] ± [Pb(Cp)2] have been studied
before theoretically,[61±63] but the bond energies and heats of
formation have not been reported yet.[64] A very recent DFT
study about [Si(Cp)2] ± [Pb(Cp)2] by Smith and Hanusa[63]


focussed on the equilibrium geometries and electronic
structure of the molecules.


We optimized the geometries of the molecules [Si(Cp)2] ±
[Pb(Cp)2] first with enforcedD5d symmetry. TheD5d forms are
second-order saddle points (i� 2). Geometry optimization
with less symmetry constraints gave energy minima, which
have a bent sandwich structure with C2 symmetry for
[Si(Cp)]2, Cs symmetry for [Ge(Cp)2] and [Sn(Cp)2], and
C1 symmetry for [Pb(Cp)2] (Table 1). The same energy mini-
ma were found by Smith and Hanusa, except that they report
a Cs form as energy minimum for [Pb(Cp)2].[63] The energy
difference between the Cs and C1 form is very small
(�0.01 kcalmol�1), and thus, it is not significant. The calcu-
lated geometries are in good agreement with experimental
values, which have been reported for [Ge(Cp)2], [Sn(Cp)2],
and [Pb(Cp)2]. For germanocene, the measured Ge�X
distance is 2.23 ä, and the bending angle �(X�Ge�X�) is
152�.[65] The calculated values are Ge�X� 2.282 ä and
�(X�Ge�X�)� 159.0�. The X-ray structure analysis of stan-
nocene gave two crystallographically independent molecules,
which have Sn�X distances between 2.37 ± 2.45 ä and bend-
ing angles �(X�Sn�X�) of 144 and 148�.[66] The calculated data
in Table 1 are Sn�X� 2.490 ä and �(X�Sn�X�)� 151.6�. The
experimental values for plumbocene are Pb�X� 2.55 ä and
�(X�Pb�X�)� 135� 15�.[11a] The calculations give a larger
bending angle �(X�Pb�X�)� 156.3�, while the distance
Pb�X� 2.586 ä concurs with experimental values.


The calculations predict that the bond energies of the
Group 14 metallocenes [E(Cp)2] have the trend Si�Ge�
Sn�Pb, but the differences between the calculated De values
are not very big. The comparison of the Group 14 sandwich
complexes with the alkaline-earth species [Mg(Cp)2] ±
[Ba(Cp)2] shows interesting differences between the trend of
the BDE values. The calculated bond energy of [Si(Cp)2]
(De� 130.7 kcalmol�1) is slightly higher than that of
[Mg(Cp)2] (De� 127.2 kcalmol�1), but the heavier analogues
[Ge(Cp)2] ± [Pb(Cp)2] have significantly weaker bonds (De�
111.3 ± 123.2 kcalmol�1) than those of [Ca(Cp)2] ± [Ba(Cp)2]
(De� 154.3 ± 166.0 kcalmol�1). The calculated heats of for-
mation of the Group 14 metallocenes are always strongly
positive (Table 1). We want to point out that the heat of
formation of silicocene has previously been calculated by
Baxter et al.[62a] at a semiempirical level using MNDO.[67] The
reported value �Ho


f ([Si(Cp)2])� 50.8 kcalmol�1 is much low-
er than our result �Ho


f ([Si(Cp)2])� 99.7 kcalmol�1. It is
possible that the unusual bonding situation of Si in [Si(Cp)2]
may not be correctly described by MNDO, and therefore, the
semiempirical value could have a significant error.


Figure 3 shows the trend of the theoretically predicted bond
dissociation energies of the half-sandwich and sandwich
complexes at CCSD(T)/B. It becomes evident that the
De values of the four groups of metallocenes change differ-
ently when the metal becomes heavier. The Group 1 com-
plexes [Li(Cp)] ± [Cs(Cp)] exhibit a significant decrease in
bond energy from the first period (Li) to the second period
(Na), but then the De values remain nearly the same. The
Group 2 complexes [Be(Cp)2] ± [Ba(Cp)2] show also a de-
crease from the first period (Be) to the second period (Mg),
but then the bond energies increase for the next element (Ca)
and remain at rather high values for Sr and Ba. The bond
energies of the Group 13 complexes [B(Cp)] ± [Tl(Cp)] do not
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Figure 3. Trend of the theoretically predicted bond dissociation energies
De at CCSD(T)/B//BP86/A of the sandwich and half-sandwich complexes.


change much from the first period (B) to the second (Al), but
the De values of the next members of the series are smaller.
The Group 14 metallocenes show a smooth trend of decreas-
ing bond energies from [Si(Cp)2] to [Pb(Cp)2].


Bonding analysis : The bonding model which is generally used
for describing the metal ± ligand interactions in metallocenes
[E(Cp)] and [E(Cp)2] correlates the atomic orbitals of En�


with the � orbitals of Cp�. The covalent bonding is then
frequently discussed in terms of donor± acceptor interactions
between Cp� and E� or E2�, in which electronic charge is
donated from the occupied orbitals of Cp� into vacant orbitals
of En�, and, in the case of transition metals En�, backdonation
takes place between occupied d orbitals of the metal and
empty ligand orbitals.[3b, 9b, c, 10±12] Themodel is very convenient
because it considers the bonding between closed-shell species
which avoids the problem that arises from assigning three
electrons to the degenerate 2� orbital of (D5h) Cp.[68] It should
be pointed out that the interactions between Cp� and En�


must not be confused with the actual driving force of the
chemical bonds in metallocenes. The latter arises from the
attraction between neutral E and Cp. The conceptually simple
donor ± acceptor model may legitimately be used, however,
for a comparison of the bonding between different metal-
locenes. We will do this in the following section in a
quantitative way by using the results of the energy-partition-
ing analysis.[15±17]


We begin the discussion with
the Group 1 metallocenes
[E(Cp)] (E�Li ±Cs). Figure 4
shows qualitatively the orbital
correlation diagram between
the valence orbitals of a main-
group element and the � orbi-
tals of Cp� in (C5v) [E(Cp)].
The six E�Cp bonding valence
electrons of the alkali-metal
metallocenes occupy the lowest
lying a1 and the degenerate
e1 orbitals. Which of the two
orbital interactions is stronger


Figure 4. Orbital correlation diagram for half-sandwich complexes [E(Cp)].


than the other and how important are they compared with the
electrostatic attraction? Table 2 gives the results of the energy
analysis. The bonding between E� and Cp� has between 80 ±
90% electrostatic character. Thus, the breakdown of the
energy contributions supports the classification of the metal ±
ligand bonding in alkali-metal metallocenes as mainly ionic.
As expected, the largest covalent contributions are calculated
for [Li(Cp)] (�Eorb� 20.4%) and the lowest for [Cs(Cp)]
(�Eorb� 10.9%). The larger part of the orbital interaction
comes always from the e1 orbital which gives 58 ± 64% of the
total �Eorb value. The a1 contributions are clearly smaller than
the e1 interactions because the overlap of the a1 orbitals of E
and Cp is not very large. The small contributions by the
e2 term come from the relaxation of the lower lying e2
� orbitals of the ligand.


It may be argued that the calculated high percentage of
�Eelstat is caused by the choice of charged fragments rather
than neutral species as interacting moieties. Table 2 gives also
the calculated atomic partial charges at atom E. The data
show that the alkali-metal atoms E carry always a large
positive charge, which is close to �1. Thus, the partitioning of
[E(Cp)] into E��Cp� for analyzing the interactions in
[E(Cp)] is quite realistic.


Table 2. Energy-decomposition analysis of Group 1 metallocenes [E(Cp)] (E�Li ±Cs) at BP86/TZP. The
symmetry point group is C5v. All values in kcalmol�1. NBO (natural bond orbital) atomic partial charges q(E) at
BP86/A.


Term Li Na K Rb Cs


�Eint � 164.1 � 138.0 � 120.8 � 113.9 � 105.9
�Epauli 22.6 21.5 27.5 24.1 22.9
�Eelstat � 148.7 (79.6%) � 138.0 (86.6%) � 128.2 (86.4%) � 121.0 (87.7%) � 114.7 (89.1%)
�Eorb � 38.1 (20.4%) � 21.4 (13.4%) � 20.1 (13.6%) � 17.0 (12.3%) � 14.1 (10.9%)
A1 � 9.6 (25.2%) � 6.4 (29.9%) � 5.2 (25.7%) � 4.8 (28.4%) � 4.2 (30.0%)
A2 0.0 0.0 0.0 0.0 0.0
E1 � 24.0 (63.0%) � 12.3 (57.5%) � 13.0 (64.4%) � 10.5 (62.1%) � 8.5 (60.7%)
E2 � 4.5 (11.8%) � 2.7 (12.6%) � 2.0 (9.9%) � 1.6 (9.5%) � 1.3 (9.3%)
q(E) � 0.90 � 0.91 � 0.91 � 0.94 � 0.93
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We want to mention two other important points when the
effect of charges on �Eelstat and �Eorb is considered. Our
recent energy analysis of the chemical bonding in isoelec-
tronic metal hexacarbonyls [TM(CO)6q] (TMq�Hf2�, Ta�, W,
Re�, Os2�, Ir3�) has shown that the bonding between the
highest charged metals Hf2� and Ir3� and the ligand cage
(CO)6 has the lowest degree of electrostatic bonding and the
highest degree of covalent bonding.[14a] The counterintuitive
result could be explained by the influence of the atomic
charge on the energy level of the orbitals. A positive charge
lowers the orbital energy levels, which enhances the acceptor
strength, while a negative charge raises the orbital levels,
which enhances the donor strength. Thus, atomic charges may
also strongly enhance the covalent bonding through changing
the energy levels of the interacting orbitals. The second point
concerns the change in the hybridization which occurs in the
fragment orbitals when they relax in the final step of the
energy analysis. This leads to an energy decrease of the
occupied orbitals even when there is no orbital with the same
symmetry in the other fragment because the electrostatic
forces change the charge distribution in the fragments. In
metallocenes, the relaxation effect of the metal cations should
be stronger for the � electrons of the Cp� ligand than for the
� electrons.


Next we discuss the chemical bonding in the alkaline-earth
metallocenes [E(Cp)2] (E�Be±Ba). The qualitative orbital
correlation diagrams between the valence orbitals of a main-
group element and the � orbitals of (Cp�)2 in [E(Cp)2]
complexes with parallel (D5d) and bent (C2v) structures are
shown in Figure 5. The orbital diagram for main-group


metallocenes is usually given without the d orbitals because
they are considered unimportant for the covalent bond-
ing.[11, 12] For reasons which are given below we include the
vacant d orbitals of E in Figure 5.


We first discuss the D5d structures. The Group 2 complexes
[E(Cp)2] have 12 valence electrons for E�Cp2 bonding which
occupy the 1a1g, 1a2u, 1e1u, and 1e1g orbitals. Electron donation
from the occupied ligand orbitals of (Cp�)2 into the vacant
AOs of E2� takes place via (1a1g)� s(E2�), (1a2u)� pz(E2�),
and (1e1u)� px,y(E2�), in which z is the bonding axis. There is
no valence s or p orbital which has e1g symmetry, and thus, the
highest occupied e1g orbital of the ligand should not signifi-
cantly contribute to the covalent bonding. The only AOs of E
which have e1g symmetry are the dxz and dyz orbitals. The
covalent bonding in transition-metal (TM) metallocenes may
have significant contributions from (Cp�


2 �e1g� d(TM2�) don-
ation because the d AOs of transition metals are valence
orbitals. A recent energy analysis of ferrocene showed that
64.7% of the covalent bonding comes from (Cp�


2 �e1g�
d(Fe2�) donation.[10a]


Table 3 gives the results of the energy-partitioning analysis
of the alkaline-earth metallocenes with D5d symmetry. The
attractive interactions between E2� and (Cp�)2 have more
electrostatic than covalent character, but the covalent con-
tributions are larger than in the alkali-metal metallocenes
[E(Cp)]. The covalent bonding in beryllocene is 41% of the
total attraction which means that the nature of the metal ±
ligand interactions in [Be(Cp)2] has a significantly covalent
character. The contributions of the �Eorb term in the heavier
analogues [Mg(Cp)2] ± [Ba(Cp)2] are only between 17 ± 28%


Figure 5. Orbital correlation diagram for sandwich complexes [E(Cp)2] that includes the d orbitals of the main-group elements.
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of the total bonding. The positive partial charges at E are
between �1.68 (Be) and �1.77 (Ba) which means that the
partitioning into E2�� (Cp�)2 is reasonable. Note that the
small differences between the positive charge of Be (�1.68)
and Mg (�1.74) do not indicate the substantial difference in
covalent bonding between beryllocene and magnesocene.


The breakdown of the �Eorb term into contributions by the
different orbitals shows that, in beryllocene, the strongest
interaction comes from the e1u orbitals (39.8%) followed by
the a1g and a2u orbitals (17.6% each). The small contributions
by the e2g (4.7%) and e2u (4.2%) orbitals come from the
relaxation of ligand � orbitals through the electrostatic effect
of Be2� and by mixing of the d(e2g) AOs of the metal with
those of the former. There is a somewhat stronger contribu-
tion by the e1g orbitals (16.0%) which arises from the
relaxation of the ligand �HOMO and some mixing with the
d(e1g) polarization function of beryllium.We want to point out
that the d(e1g) functions of Be have a perfect shape for
overlapping with the e1g HOMO of (Cp�)2.


The change of the orbital contributions of the different
alkaline-earth elements to the �Eorb term is very interesting.
Table 3 shows that the stabilization through the e1g orbitals
increases relative to the other orbitals when the atom E
becomes heavier. In [Ca(Cp)2], [Sr(Cp)2], and [Ba(Cp)2], the
contribution of the e1g orbitals becomes the largest compo-
nent of the �Eorb term. It is interesting to note that the
bonding contribution of the latter orbitals, which involve the
metal d AOs, becomes larger than the contributions by the e1u,
a1g, and a2u orbitals, which arise from the covalent bonding
through the s and p orbitals of atom E. A similar finding was
recently reported by Bridgeman.[69] The Mulliken population
analysis at the DFT level revealed that the greater � bonding
in [Ca(Cp)2] and [Sr(Cp)2] was influenced by metal d orbitals,
while the d orbital population of Mg in [Mg(Cp)2] is
negligible.[69] We want to point out, however, that the
contribution of covalent interactions in [Ca(Cp)2] ±
[Ba(Cp)2] is only between 17 ± 23% of the total bonding.
Although the relative contribution of the e1g orbitals to the
�Eorb term increases from [Be(Cp)2] to [Ca(Cp)2], the
absolute values do not change very much (Table 3). Therefore
we do not think that it is justified to classify these molecules
as examples, in which the d orbitals become true valence


orbitals of heavier main-group
elements. Rather they mainly
play a role as polarization func-
tions, which are important for
the relaxation of the e1g ligand
orbitals. However, the orbital
correlation diagram shown in
Figure 5 would not be sufficient
to describe the covalent bond-
ing in alkaline-earth metallo-
cenes without showing the d or-
bitals, which become more im-
portant than the s and p orbitals
of atom E.


Table 3 gives also the results
of the bonding analysis of zin-
cocene. The data are very inter-


esting because the comparison of the calculated values of
[Zn(Cp)2] with those of the alkaline-earth metallocenes and
with ferrocene[10] gives information about the question as to
whether Zn behaves more as a transition-metal or as a main-
group element. The results show that the bonding in
zincocene is similar to the bonding in magnesocene. The
attractive interactions between Zn2� and (Cp�)2 have a higher
electrostatic (67%) than covalent (33%) character. The
electrostatic and covalent interactions in ferrocene have
about the same strength.[10] The contributions of the e1g orbi-
tals in [Zn(Cp)2] are only 15% of the �Eorb term because Zn
has a filled d shell, and thus, there are no d(e1g) acceptor
orbitals in zincocene. The most important orbital interactions
in [Zn(Cp)2] come from the a1g and e1u orbitals which arise
from the donation of the (Cp�)2 ligand orbitals into the empty
s and p valence orbitals of Zn (Figure 5).


Are the results of the energy analysis of the D5d forms of
[Be(Cp)2], [Sr(Cp)2], and [Ba(Cp)2] meaningful when the
equilibrium structure of [Be(Cp)2] has a slipped sandwich
geometry, and [Sr(Cp)2] and [Ba(Cp)2] are predicted to have
bent gometries? We carried out bond energy analyses at BP/
TZP by using the energy minima predicted at BP86/A.
Although the energy differences between the D5d forms are
very small, it is conceivable that there might be significant
changes in the components of the interaction energy. The
calculations showed that this is not the case. The calculated
values of �Eelstat , �EPauli , and �Eorb of the (BP86/A)
equilibrium geometries were very similar to the data, which
are shown in Table 3. The different orbital contributions
cannot be compared because the symmetry of the structures is
not the same. In order to see if the significant contribution of
the metal d orbitals in the heavier alkaline-earth metallocenes
is only found in theD5d forms, we calculated bent structures of
[Sr(Cp)2] and [Ba(Cp)2], in which the Cp rings are rotated and
the molecules have C2v symmetry. The energy difference
between the C2v structures and the bent equilibrium forms
of [Sr(Cp)2] (C1) and [Ba(Cp)2] (Cs) is very small
(�0.1 kcalmol�1). The advantage of the C2v forms is that the
orbital terms indicate the contributions, which come from the
metal d orbitals. Figure 5 shows that, in the bent C2v structure,
the p orbitals of E have a1, b1, and b2 symmetry, and the
s orbital has a1 symmetry. There is no valence AO of E which


Table 3. Energy-decomposition analysis of Group 2 metallocenes [E(Cp)2] (E�Be ±Ba) and [Zn(Cp)2] at BP86/
TZP. The symmetry point group is D5d . All values in kcalmol�1. NBO atomic partial charges q(E) at BP86/A.


Term Be Mg Ca Sr Ba Zn


�Eint � 780.9 � 636.7 � 549.0 � 504.5 � 461.0 � 707.9
�Epauli 35.9 52.7 73.6 66.5 62.2 85.5
�Eelstat � 483.2 (59.2%) � 493.6 (71.6%) � 477.9 (76.8%) � 458.3 (80.3%) � 437.0 (83.5%) � 533.6 (67.3%)
�Eorb � 333.6 (40.8%) � 195.8 (28.4%) � 144.7 (23.2%) � 112.7 (19.7%) � 86.2 (16.5%) � 259.8 (32.7%)
A1g � 58.6 (17.6%) � 38.9 (19.9%) � 21.5 (14.9%) � 18.2 (16.1%) � 13.8 (16.0%) � 80.6 (31.0%)
A2g 0.0 0.0 0.0 0.0 0.0 0.0
E1g � 53.5 (16.0%) � 47.6 (24.3%) � 63.0 (43.5%) � 45.5 (40.4%) � 32.0 (37.1%) � 39.1 (15.0%)
E2g � 15.8 (4.7%) � 12.5 (6.4%) � 9.1 (6.3%) � 7.1 (6.3%) � 5.5 (6.4%) � 15.1 (5.8%)
A1u 0.0 0.0 0.0 0.0 0.0 0.0
A2u � 58.9 (17.6%) � 26.6 (13.6%) � 13.0 (9.0%) � 10.0 (8.9%) � 7.9 (9.2%) � 35.5 (13.7%)
E1u � 132.8 (39.8%) � 59.0 (30.1%) � 29.6 (20.5%) � 24.7 (21.9%) � 21.2 (24.6%) � 78.4 (30.2%)
E2u � 14.1 (4.2%) � 11.3 (5.8%) � 8.5 (5.9%) � 7.2 (6.4%) � 5.9 (6.8%) � 11.2 (4.3%)
q(E) � 1.68 � 1.74 � 1.72 � 1.77 � 1.77 � 1.60
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has a2 symmetry. The HOMO of (Cp�)2 which has e1g sym-
metry in the D5d form splits in the C2v form into two
components, which have a2 and b2 symmetry. Thus, the size
of the a2 contribution to �Eorb in the C2v form is a probe for
the d(E) participation in the orbital interactions.


The results of the energy analysis of the C2v forms of
[Sr(Cp)2] and [Ba(Cp)2] are given in Table 4. A comparison of
the calculated energy contributions in the D5d (Table 3) and


C2v (Table 4) forms of [Sr(Cp)2] and [Ba(Cp)2] shows that the
absolute values of �Eelstat , �EPauli , and �Eorb in the bent
structures are higher than in the former species. The data of
the attractive interactions suggest that the bonding in the
C2v form has a slightly higher electrostatic character than in
the D5d form, but the difference is not very big. The break-
down of the covalent term into different symmetry contribu-
tions shows that the a2 orbitals are as important as the a1, b1,
and b2 orbitals. Thus, the metal d functions are also important
in the bent forms of [Sr(Cp)2] and [Ba(Cp)2].


Next we consider the Group 13 half-sandwich complexes
[E(Cp)] (E�B±Tl). The results of the bonding analysis are
shown in Table 5. The metal ± ligand interactions in the
complexes have a higher covalent character than in the
Group 1 metallocenes (Table 2). The covalent and electro-
static contributions to the B��Cp� interactions have nearly
the same strength (Table 5). Note that the atomic partial
charge at boron (�0.18) indicates that the formal electron
donation from Cp� to B� is very large. We remind the reader
that the choice of ionic fragments as interacting moieties does
not necessarily mean that the electrostatic contributions to


the bonding are calculated as being too high. The covalent
bonding decreases from [Al(Cp)] (35%) to [Tl(Cp)] (28%),
which is still higher than in [Li(Cp)] (20%, Table 2). The
partial charges at the heavier atoms E do not change very
much from Al (�0.61) to Tl (�0.62). The contributions of the
a1 orbitals are significantly higher in the Group 13 complexes
(37 ± 44%) than in the Group 1 [E(Cp)] molecules (25 ±
30%). This can be explained by the energy decrease of the
acceptor orbitals in B� ±Tl� compared with those of Li� ±Cs�.
The energy of the sp-hybridized a1 orbital is decreased more
than in the p(e1) AOs.


We finally discuss the bonding analysis of the Group 14
metallocenes [E(Cp)2] (E� Si ± Pb). The results of the
D5d structures are shown in Table 6. It becomes evident that


the covalent contributions to the E2��Cp�
2 interactions are


larger than in the Group 2 metallocenes (Table 3), but the
�Eelstat term is still significantly bigger than the �Eorb term.
Note that the ratio of covalent to electrostatic bonding in
[Si(Cp)2] ± [Pb(Cp)2] is nearly the same as in [Al(Cp)] ±
[Tl(Cp)] (Table 5) for elements of the same period. The
largest contribution to the covalent bonding in the Group 14
sandwich complexes comes from the e1u orbitals, which
contribute 52 ± 55% of the total orbital interactions (Table 6).
The e1u orbital term comes from the donation of the occupied
ligand orbitals into the vacant p(�) AOs of E2� (Figure 5). The
relative contributions of the orbitals having different symme-
try do not change very much from [Si(Cp)2] to [Pb(Cp)2]. We


want to point out that the
e1g orbitals have a rather small
weight for �Eorb even for the
largest element Pb. This means
that the d functions of the
Group 14 elements are not very
important for the covalent
bonding. This is in agreement
with the standard bonding
model of main-group metallo-
cenes.[11, 12] The atomic par-
tial charges increase from Si
(�0.80) to Pb (�0.99), but they


Table 4. Energy-decomposition analysis of Group 2 metallocenes [E(Cp)2]
(E�Sr, Ba) at BP86/TZP//BP86/A. The symmetry point group is C2v. All
values in kcalmol�1. NBO atomic partial charges q(E) at BP86/A.[a]


Term Sr Ba


�Eint � 505.7 � 461.3
�Epauli 79.8 88.1
�Eelstat � 466.9 (79.7%) � 452.8 (82.4%)
�Eorb � 118.6 (20.3%) � 96.6 (17.6%)
A1 � 35.9 (30.3%) � 30.8 (31.9%)
A2 � 27.9 (23.5%) � 20.8 (21.5%)
B1 � 16.9 (14.2%) � 15.3 (15.8%)
B2 � 37.9 (32.0%) � 29.8 (30.8%)
q(E) � 1.77 � 1.74


[a] The partial charges q(E) have been calculated for the bent
equilibrium structures.


Table 5. Energy-decomposition analysis of Group 13 metallocenes [E(Cp)] (E�B±Tl) at BP86/TZP. The
symmetry point group is C5v. All values in kcalmol�1. NBO atomic partial charges q(E) at BP86/A.


Term B Al Ga In Tl


�Eint � 256.0 � 188.4 � 181.2 � 164.6 � 155.0
�Epauli 202.2 118.1 97.1 81.6 67.2
�Eelstat � 226.1 (49.3%) � 197.8 (64.6%) � 183.5 (65.9%) � 172.3 (70.0%) � 160.0 (72.0%)
�Eorb � 232.1 (50.7%) � 108.6 (35.4%) � 94.8 (34.1%) � 73.9 (30.0%) � 62.2 (28.0%)
A1 � 93.9 (40.4%) � 47.9 (44.1%) � 38.4 (40.5%) � 29.7 (40.2%) � 22.7 (36.5%)
A2 0.0 0.0 0.0 0.0 0.0
E1 � 130.1 (56.1%) � 55.2 (50.8%) � 51.9 (54.8%) � 40.3 (54.5%) � 36.3 (58.4%)
E2 � 8.10 (3.5%) � 5.6 (5.1%) � 4.5 (4.7%) � 3.9 (5.3%) � 3.2 (5.1%)
q(E) � 0.18 � 0.61 � 0.57 � 0.63 � 0.62


Table 6. Energy-decomposition analysis of Group 14 metallocenes [E(Cp)2]
(E�Si, Ge, Sn, Pb) at BP86/TZP. The symmetry point group is D5d. All values
in kcalmol�1. NBO atomic partial charges q(E) at BP86/A.


Term Si Ge Sn Pb


�Eint � 685.4 � 661.4 � 601.4 � 577.2
�Epauli 120.4 108.7 101.6 91.3
�Eelstat � 506.7 (62.9%) � 501.3 (65.1%) � 490.0 (69.7%) � 480.2 (71.8%)
�Eorb � 299.1 (37.1%) � 268.7 (34.9%) � 213.0 (30.3%) � 188.3 (28.2%)
A1g � 16.6 (5.6%) � 13.2 (4.9%) � 12.2 (5.7%) � 10.3 (5.5%)
A2g 0.0 0.0 0.0 0.0
E1g � 48.9 (16.3%) � 37.7 (14.0%) � 28.9 (13.6%) � 24.9 (13.2%)
E2g � 9.7 (3.2%) � 9.0 (3.3%) � 7.8 (3.6%) � 7.3 (3.9%)
A1u 0.0 0.0 0.0 0.0
A2u � 58.7 (19.6%) � 54.2 (20.2%) � 41.5 (19.5%) � 36.3 (19.3%)
E1u � 156.4 (52.3%) � 146.5 (54.5%) � 115.2 (54.1%) � 102.7 (54.5%)
E2u � 8.8 (2.9%) � 8.2 (3.1%) � 7.5 (3.5%) � 6.8 (3.6%)
q(E) � 0.80 � 0.86 � 0.98 � 0.99
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are significantly less positive than in the alkaline-earth
metallocenes.


Table 7 gives the results of the energy analysis for the bent
structures of [Si(Cp)2] ± [Pb(Cp)2] with C2v symmetry. Unlike
the alkaline-earth metallocenes [Sr(Cp)2] and [Ba(Cp)2], the
covalent contributions are a little stronger in the bent forms
than in the D5d structures. The degenerate e1u orbital splits
into a1 and b1 (Figure 5). Table 7 shows that the sum of the
orbital contributions a1� b1 provides �60% of the �Eorb


term. Thus, the orbital correlation diagram, which is shown
in Figure 5, and the data, which are given in Table 6, provide a
reasonable bonding model for the metal ± ligand interactions
in [Si(Cp)2] ± [Pb(Cp)2].


Discussion


We want to use the results of the bonding analysis in order to
address the question why some metallocenes [E(Cp)2] have a
bent rather than a parallel structure which has been the topic
of numerous investigations.[11, 12, 44, 54] Several explanations
have been given for the finding that some molecules have
bending angles �(X�E�X�) �180�. The theoretical models
that have been suggested to explain the geometries of
molecules which exhibit ™non-VSEPR∫ (valence shell elec-
tron pair repulsion) structures have recently been discussed in
a comprehensive review by Kaupp.[54] We want to point out
that, because the energy differences between the linear and
bent structures of [E(Cp)2] are very small, one should be
cautious about specifying a particular force, which may be
responsible for the bending. The equilibrium geometries of
the molecules are the results of all interactions of the involved
particles. The desire to find a simple explanation for an


interesting observation shall not be an excuse for inappro-
priate approximations.


Previous theoretical studies led us to the conclusion that the
deviation from conventional VSEPR structures correlates
with more covalent bonding.[54] This means that metallocenes
with more covalent E�Cp bonding should show a stronger
tendency towards bent structures. Our calculations show that
the covalent contributions to the metal ± ligand bonding in
[E(Cp)2] decrease when E is a heavier element. On the other
hand, the ligand ± ligand repulsion in the sandwich complexes
of the lighter atoms E is also stronger because the E�Cp bond
lengths are shorter, and therefore, the two factors may
compensate each other. However, if covalently bonded
metallocenes indeed prefer bent structures, then the bonding
analysis should give a higher degree of covalent E2��Cp�


2


interactions. Table 8 gives the contributions of �Eelstat , �EPauli ,
and �Eorb to the (bent) equilibrium structures of [E(Cp)2]
(E� Sr, Ba, Si, Ge, Sn, Pb, Zn).


A comparison of the calculated values given in Table 8 with
the data for the D5d structures (Tables 3 and 6) shows that the
absolute values of the energy terms in the bent forms are
always larger than those in the linear structures. The �EPauli


term, which gives the strength of the repulsive forces,
indicates that as expected the repulsion between the Cp rings
in the former structures is larger than in the latter species. This
is compensated for in the equilibrium forms by the attractive
interactions �Eelstat and �Eorb. The calculations show that the
contributions of the orbital term play a greater role in the bent
form than in the linear form. Thus, the driving forces for
bending are indeed the covalent metal ± ligand interactions as
suggested previously.[54]


It is difficult to specify a particular orbital interaction which
is responsible for the increase in the covalent interactions in
the bent forms, even when the C2v structures are taken as
models for the bent equilibrium structures. The results in
Tables 4 and 7 show that the energy terms in the C2v structures
and in the equilibrium forms are very similar in size. It has
been suggested that the 2a1g MO of the D5d form which
correlates with the 2a1 MO of the C2v form (Figure 5)[70]


becomes stabilized due to incorporation of the p(a1) AO of
E. The entries in Tables 4 and 7 show that the a1 orbitals are
indeed the strongest contributor to the �Eorb term except for
in [Sr(Cp)2], for which the a1 value is slightly less than for the
b2 data. However, the a1 orbitals in the C2v form correlate also
with one component of the degenerate e1u orbital of the
D5d form (Figure 5). Thus, it is not possible to say that one
particular orbital is the driving force of the stronger covalent
interactions in the bent form.


Table 7. Energy-decomposition analysis of Group 14 metallocenes [E(Cp)2]
(E�Si, Ge, Sn, Pb) at BP86/TZP. The symmetry point group isC2v. All values in
kcalmol�1. NBO atomic partial charges q(E) at BP86/A.[a]


Term Si Ge Sn Pb


�Eint � 690.5 � 663.1 � 603.9 � 577.8
�Epauli 144.8 118.9 109.8 93.8
�Eelstat � 511.6 (61.2%) � 504.1 (64.5%) � 492.5 (69.0%) � 481.0 (71.6%)
�Eorb � 323.7 (38.8%) � 278.0 (35.5%) � 221.1 (31.0%) � 190.6 (28.4%)
A1 � 117.4 (36.3%) � 97.9 (35.2%) � 79.6 (36.0%) � 66.8 (35.0%)
A2 � 30.1 (9.3%) � 23.4 (8.4%) � 18.8 (8.5%) � 16.1 (8.4%)
B1 � 85.4 (26.4%) � 78.9 (28.4%) � 62.6 (28.3%) � 55.4 (29.1%)
B2 � 90.8 (28.1%) � 77.9 (28.0%) � 60.1 (27.2%) � 52.3 (27.4%)
q(E) � 0.88 � 0.89 � 1.01 � 1.00


[a] The partial charges q(E) have been calculated for the bent
equilibrium structures.


Table 8. Energy-decomposition analysis of the [E(Cp)2] at the bent equilibrium geometry (E�Sr, Ba, Si, Ge, Sn, Pb, Zn) at BP86/TZP.
All values in kcalmol�1.


Term Sr (C1)[a] Ba (Cs)[a] Si (C2)[b] Ge (Cs)[b] Sn (Cs)[b] Pb (C1)[b] Zn (Cs)[b]


�Eint � 505.6 � 461.4 � 691.9 � 663.2 � 604.0 � 578.0 � 720.0
�Epauli 79.6 87.6 153.1 119.4 110.1 94.5
113.3
�Eelstat � 466.8 (79.7%) � 452.7 (82.4%) � 513.2 (60.7%) � 504.0 (64.4%) � 492.5 (69.0%) � 481.6 (71.7%) � 553.1 (66.4%)
�Eorb � 118.4 (20.3%) � 96.3 (17.6%) � 331.8 (39.3%) � 278.7 (35.6%) � 221.6 (31.0%) � 190.8 (28.3%) � 280.2 (33.6%)


[a] BP86/TZP//BP86/A. [b] BP86/TZP//BP86/TZP.
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Conclusion


The results of this work can be summarized as follows.
1) The equilibrium geometries of the Group 1 and Group 13


metallocenes [E(Cp)] (E�Li ±Cs, B ±Tl) have C5v sym-
metry. The Group 2 sandwich complexes [E(Cp)2] have
fluxional structures. The energetically lowest lying ge-
ometries of [Mg(Cp)2] and [Ca(Cp)2] have D5d symmetry,
while the most stable structures of [Sr(Cp)2] and [Ba(Cp)2]
are bent. [Be(Cp)2] has a slipped sandwich structure. A
slipped sandwich structure is also calculated for [Zn(Cp)2].
The Group 14 metallocenes [E(Cp)2] (E� Si ± Pb) have
bent equilibrium geometries, which are only slightly lower
in energy than the D5d structures.


2) The trends of the E�Cpn bond energies are quite different
for the elements E of Groups 1, 2, 13, and 14. The
calculated bond dissociation energies of the alkali-metal
metallocenes change little from [Na(Cp)] (De�
60.8 kcalmol�1) to [Cs(Cp)] (De� 61.8 kcalmol�1), while
the value for [Li(Cp)] (De� 86.0 kcalmol�1) is clearly
higher. Magnesocene has clearly the weakest metal ± li-
gand bonds among the Group 2 complexes (De�
127.2 kcalmol�1), while the values for [Be(Cp)2] (De�
161.7 kcalmol�1), [Ca(Cp)2] (De� 160.3 kcalmol�1),
[Sr(Cp)2] (De� 154.3 kcalmol�1), and [Ba(Cp)2] (De�
166.0 kcalmol�1) are higher and do not vary very much.
The calculated bond energy of zincocene (De�
74.9 kcalmol�1) is much lower than those of the main-
group metallocenes [E(Cp)2]. The bond energies of the
Group 13 half-sandwich complexes exhibit the trend:
[B(Cp)] (De� 91.3 kcalmol�1) � [Al(Cp)] (De�
90.7 kcalmol�1) � [Ga(Cp)] (De� 81.3 kcalmol�1)
� [In(Cp)] (De� 80.8 kcalmol�1) � [Tl(Cp)] (De�
68.4 kcalmol�1). A smooth trend of decreasing bond
energies from [Si(Cp)2] (De� 130.7 kcalmol�1) to
[Pb(Cp)2] (De� 111.3 kcalmol�1) is predicted for the
Group 14 complexes. The theoretically predicted heats of
formation are positive for all complexes except for
[Ca(Cp)2], [Sr(Cp)2], and [Ba(Cp)2], which have �Ho


f


values �0 kcalmol�1.
3) The energy-decomposition analysis of the interactions


between En� and (Cp�)n suggests that, in the alkali-metal
metallocenes [Li(Cp)] ± [Tl(Cp)], the electrostatic contri-
butions are 80 ± 90% of the total attraction. The strongest
covalent interactions are found in [Li(Cp)] (20%). The
orbital interactions come mainly from the � donation of
the e1 ligand orbital into the vacant p(�) AOs of the
metals. The bonding in the heavier alkaline-earth metal-
locenes is also mainly caused by electrostatic forces which
contribute 72% (Mg) ± 84% (Ba) to the total interaction
energy. Beryllocene has a significant covalent contribution
to the bonding interaction (41%). The orbital interactions
in beryllocene come mainly from the orbitals which have
e1u (40%), a2u (18%), and a1g (18%) symmetry, which
correlate with the electron donation from the occupied
ligand orbitals into the vacant p(�), p(�), and s AOs of Be.
The largest contributions to the �Eorb term of the heavier
complexes [Ca(Cp)2] ± [Ba(Cp)2] come from the e1g orbi-
tal, which corresponds to the d orbitals of the metals. This


is more a relaxation effect of the ligand orbital rather than
genuine covalent metal ± ligand bonding. The calculated
energy terms of the metal ± ligand interactions in
[Zn(Cp)2] suggest that the bonding situation in zincocene
is similar to that in magnesocene. The ratio of electrostatic
to covalent bonding in the parallel (D5d) and bent forms of
the two molecules is nearly the same. The bent forms of
[Zn(Cp)2] and [Mg(Cp)2] have a slightly higher covalent
character than in the parallel forms.
The covalent contributions to the bonding in the Group 13


metallocenes are still higher than those in the Group 2
metallocenes. The covalent and electrostatic attractions in
boracene have nearly equal strength, while the covalent
bonding in the heavier analogues contributes between 28%
([Tl(Cp)]) and 35% ([Al(Cp)]) to the total attraction. The a1
(�) orbital interactions contribute 37 ± 44% to the �Eorb term,
while 51 ± 58% comes from the e1 (�) orbitals. The attractive
interactions in the Group 14 sandwich complexes [Si(Cp)2] ±
[Pb(Cp)2] have between 63 ± 72% electrostatic character. The
covalent bonding in the latter species comes mainly (52 ±
55%) from the e1u orbitals. The metal ±Cp bonds in the bent
forms have a higher covalent character than in the D5d struc-
tures.
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Abstract: Sn-Beta is used as a hetero-
geneous catalyst for the Baeyer ±Villig-
er reaction with hydrogen peroxide.
Cyclic ketones are transformed into the
corresponding lactones, while unsaturat-
ed ketones are oxidized to the corre-
sponding unsaturated lactones with very
high chemoselectivity. The catalyst is
also selective for the oxidation of aro-
matic aldehydes with H2O2, producing


the formate ester or the corresponding
hydrolyzed product, that is the alcohol.
Shape-selective oxidations are observed
for isomeric reactants with different


molecular shapes. The catalytic Sn sites
have been characterized by 119Sn MAS-
NMR spectroscopy, and tetrahedral in-
corporation into the zeolite framework
has been demonstrated. In situ IR spec-
troscopy and 18O labeling experiments
have shown that the oxidation mecha-
nism involves an intermediate of the
Criegee type.


Keywords: Baeyer ±Villiger
reaction ¥ heterogeneous catalysis ¥
hydrogen peroxide ¥ oxidation ¥
tin ¥ zeolites


Introduction


The Baeyer ±Villiger oxidation, which involves the trans-
formation of ketones into esters or lactones [Eq. (1)], is one of
the most important reactions in organic chemistry.[1±3]


R1 R2


O


OR1


O
R2


The most common and suitable oxidants for this reaction
have been peracids, which entail by-products, have a low
active oxygen content,[4] are potentially explosive,[5] may
require strong acidity because of low reactivity.[1] An addi-
tional disadvantage of peracids is their lack of selectivity for
oxidation reactions when other functional groups, such as
double bonds, are present in the reactant molecule.[2] To avoid
isolation and storage of dangerous peracids, the Mukaiyama
method can be employed to generate peracids in situ from
corresponding aldehydes,[6±11] but this process needs a sacri-


ficial organic reactant. The issues encountered with peracids
make it desirable to develop catalysts that allow replacement
of the peracids by hydrogen peroxide. Some success has been
achieved with homogeneous and heterogeneous catalysts
containing active centers based on As, Se, Zr, Mo, Re, or Pt,
or with soluble and solid acids.[7, 12±14] All of these catalysts
have at least one drawback, such as low activity or selectivity,
tedious recovery and regeneration, or high costs for starting
materials and/or for safety precautions. Exceptions in this
regard among the metal catalysts are soluble Pt complexes, for
which turnover numbers (TONs) of 43 and 60 have been
reported for cyclohexanone and 2-methylcyclohexanone,
respectively, with excellent selectivities to the lactones.[7]


Recently, advances have been reported in the application of
peroxyseleninic acids.[13] With catalytic amounts of the
catalyst precursor, cyclopentanone has been converted com-
pletely into �-valerolactone, with a selectivity of 92% in
1,1,1,3,3,3-hexafluoro-2-propanol solvent.[13] Among the solid
acids, sulfonic acid groups fixed to a polymer have been used
in the presence of 30% hydrogen peroxide for the Baeyer ±
Villiger reaction.[12, 15] The best selectivities achieved with
such catalysts were �80% with cyclopentanone as sub-
strate.[12] Slightly lower selectivities (�70%) were achieved
with acid zeolites and H2O2.[12, 16]


Taking into account the limited success obtained for the
Baeyer ±Villiger reaction with catalysts that activate H2O2,
we have very recently reported a different catalytic strategy
that involves activation of the carbonyl group instead of the
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hydrogen peroxide.[17] Among several Lewis acids, Sn within
the framework of a zeolite (Beta) is able to polarize the
carbonyl group, making it more reactive towards H2O2 attack.
If Sn peroxide is formed, it is not active for oxidation
reactions[18] and cannot affect the selectivity negatively when
other functional groups are present in the molecule. In the
detailed study of the Baeyer ±Villiger oxidation with Sn-Beta
and H2O2 reported here, we have shown that with this catalyst
it is also possible to carry out shape-selective Baeyer ±Villiger
oxidations; we have included the formation of lactones by
oxidation of ketones as well as the oxidation of aldehydes to
yield the corresponding ester or its hydrolysis products.
Additional shape-selectivity effects can occur due to the
characteristics of the zeolite support when reacting substrates
have different shapes. The study also involved the character-
ization of the coordination sphere of the active Sn sites by
119Sn MAS-NMR spectroscopy. Mechanistic studies were
carried out using in situ IR spectroscopy to elucidate the
interaction of the reactant and of the product with the Sn-
active sites, and DR-UV spectroscopy to investigate a
potential interaction of hydrogen peroxide with the Sn-active
sites and with 18O-labeled cyclohexanone to establish the
reaction intermediate.


Results and Discussion


Catalytic activity


Oxidation of cyclic ketones and shape selectivity effects : The
Baeyer ±Villiger reaction of cyclohexanone (1a) to �-capro-
lactone (2a) was carried out with H2O2 as the oxidant, Sn-
Beta-2 as the catalyst, and methyl tert-butyl ether (MTBE) as
the solvent [Eq. (2)].


ATON of 68 was achieved, the lactone being the only product
observed (Table 1, entry 1). Increasing the reaction temper-
ature from 56 to 80 �C and use of dioxane as solvent improved
the conversion to 52% and the TON to 88 (Table 1, entry 2).
We have applied Sn-Beta to another Baeyer ±Villiger reac-
tion in which a methyl substituent was introduced in position 2
or 4 of the cyclohexanone ring. A similar activity was found
for the two isomers (Table 1, entries 3 ± 6), which indicate that
both reactants can diffuse readily into the pores of the zeolite
and approach to within reaction distances of the Sn frame-
work. With 2-methylcyclohexanone two regioisomeric lac-
tones were obtained in an 85:15 ratio favoring the insertion of
the oxygen between the carbonyl group and the more highly
substituted carbon atom neighbor. When conventional per-
acid oxidants were employed, the minor isomer was observed
only in traces (�5%).[1] Although this behavior of the
Sn-Beta system can be regarded as less desirable, it is an


interesting possibility that by modifying this system the
selectivity to the uncommon isomer obtained when using
peracids could be increased.
To study shape selectivity effects due to the geometrical


structure and site accessibility in the zeolite, a tert-butyl group
was introduced into the cyclohexanone ring instead of the
methyl group described above. Whereas 4-tert-butylcyclohex-
anone (1e) reacts readily (in dioxane 91% was converted
after 3 h; Table 1, entry 9), no conversion was observed with
2-tert-butylcyclohexanone (1d, entry 7). The very bulky
ketone adamantanone (1h) has also been oxidized to lactone
with excellent conversion and selectivity [Table 1, entries 14
and 15; Eq. (3)].


O OOH2O2, Sn-beta


MTBE, 56 °C


1h 2h


The lack of conversion in the case of 1d may have several
causes. It has been shown previously that, in general, ketone
1d can be converted by peracids and the tert-butyl group in
the 2-position does not prevent the Baeyer±Villiger oxida-
tion.[19] Consequently, the cause must be related to the
interference of the geometries and the sizes of both the
substrate molecules and the zeolite pores. The molecular sizes
of 1d, 1e and 1h are similar. They have diameters between 6.3
and 7.1 ä (taking the longest distance as the molecular axis)
and would fit into the Beta pore of 6.6 ä� 7.7 ä. However,
for adamantanone and 4-tert-butylcyclohexanone (1e) the
carbonyl oxygen is part of the molecular axis and therefore far
from the apolar zeolite wall. In contrast, for 2-tert-butylcy-
clohexanone (1d) the carbonyl oxygen points away from the
axis and an unfavorable interaction with the zeolite walls may
render diffusion of the molecule within the zeolite pores more
difficult. A second explanation for the lack of conversion of
1d may be that the substituent prevents the approach of the
carbonyl group to the metal center, which is embedded in the
zeolite wall and shielded by the relatively large oxygen atoms
of the zeolite framework.[20]


Cyclopentanone (1 f) and 2-methylcyclopentanone (1g)
could also be oxidized to the corresponding lactones with
H2O2 using Sn-Beta as catalyst (TONs are nearly 50 and 92,
respectively; Table 1, entries 10 ± 13). The oxidant efficiencies
were always very high and in no case was decomposition of
the hydrogen peroxide observed. Ketones that are less
reactive with respect to the Baeyer ±Villiger reaction, such
as aromatic (acetophenone) and acyclic ketones (3-octanone),
are not converted.
Significant advantages of the new oxidation system report-


ed in this work are the heterogeneous nature of the catalyst
and the very high selectivity to lactones obtained using H2O2


as oxidant. However, from a practical point of view the
heterogeneous catalyst should be recyclable. In the case of Sn-
Beta, no deactivation of the catalyst was observed after
recycling four times without intermediate regeneration steps.
This allowed us to obtain a TON higher than 300 without
regeneration. Furthermore, Sn-Beta-2 was calcined at 500 �C







FULL PAPER A. Corma et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0820-4710 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 204710


in air after the fourth reaction cycle and re-used. The decrease
in TON of only 5% can be attributed to the handling of the
sample. These results support our conclusion that the Sn-Beta
catalyst has very good stability and regenerability which make
it suitable for use in a fixed bed or in a stirred continuous
reactor.


Oxidation of aromatic aldehydes : The Baeyer ±Villiger
oxidation of aromatic aldehydes can yield two different
products. When the migrating group is the hydrogen atom the
corresponding carboxylic acid is formed, but when the
aromatic ring migrates the aldehyde is transformed into a
formate ester which often becomes hydrolyzed to yield the
corresponding phenol (Scheme 1).


Scheme 1. Formation of the ester product (migration of the aromatic ring,
left-hand side) and the acid product (migration of the hydrogen atom, right-
hand side) in the Baeyer ±Villiger oxidation of aromatic aldehydes.


The selectivity to the different products depends on the
substituents on the aromatic ring. Electron-donating groups,
such as alkoxy, direct the reaction towards ester/phenol
formation whereas electron-withdrawing groups favor the
formation of the acid. In organic synthesis a phenol is often
the desired product, because substituted phenols are impor-
tant substrates and active compounds in the pharmaceutical
industry.[21]


p-Anisaldehyde (4a) and p-tolualdehyde (4b) could be
oxidized by the new oxidation system Sn-Beta/H2O2 [Table 2;


Eq. (4)]. With 4a a mixture of
ester and phenol was observed
(Table 2, entries 1 and 2), indi-
cating that the aromatic ring is
migrating instead of the hydro-
gen atom. Moreover, the kinet-
ic results (Figure 1) show that
the ester is the primary product
formed, and it readily reacts to
give the phenolic hydrolysis
product.
The relative yields of ester


and phenol can be modified not
only by changing the level of
conversion but also by using
different solvents. The conver-
sion and selectivity to phenol
are higher with toluene than
with dioxane as solvent (Ta-
ble 2).
With the second aldehyde 4b,


migration of both the aromatic ring and the hydrogen atom
occurs. As observed with 4a, conversion is also higher in
toluene than in dioxane. However, the solvent has only a
minor influence on selectivity to phenol for 4b.
In summary, phenols with electron-donating substituents


can be obtained from the corresponding aldehydes with
hydrogen peroxide as oxidant and Sn-Beta as catalyst.


Table 1. Conversions, TONs, and selectivities in the Baeyer±Villiger reaction of various substrates, catalyzed by
Sn-Beta-2.


Entry Substrate Reaction conditions Conversion TON[a] Selectivity [%]
n R1 R2 [%] to lactone for H2O2


1 1a 1 H H MTBE, 56 �C, 7 h 42 68 � 98 � 99
2 dioxane, 80 �C, 3 h 52 88 � 98 � 99
3 1b 1 Me H MTBE, 56 �C, 7 h 47 86 � 98[b] � 99
4 dioxane, 80 �C, 4 h 80 105 96[b] � 99
5 1c 1 H Me MTBE, 56 �C, 7 h 46 81 � 98 � 99
6 dioxane, 80 �C, 4 h 70 104 97 � 99
7 1d 1 tBu H MTBE, 56 �C, 7 h 0 0 ± ±
8 1e 1 H tBu MTBE, 56 �C, 7 h 54 87 � 98 � 99
9 dioxane, 80 �C, 3 h 91 137 � 98 � 99
10 1 f 0 H H MTBE, 56 �C, 7 h 32 48 � 98 � 99
11 dioxane, 80 �C, 3 h 31 47 � 98 � 99
12 1g 0 Me H MTBE, 56 �C, 7 h 31 47 � 98 � 99
13 dioxane, 80 �C, 8 h 62 92 97 � 99
14 1h adamantanone MTBE, 56 �C, 7 h 85 147 � 98 � 99
15 1h adamantanone MTBE, 56 �C, 7 h 95[c] 119 � 98 � 99


[a] TON, turnover number� catalytic cycles per metal center. [b] An 85:15 mixture of the regioisomeric lactones
�-methyl-�-caprolactone and �-methyl-�-caprolactone was observed. [c] 1.1 equiv hydrogen peroxide and 60 mg
of Sn-Beta were employed; reaction time 8 h.


Figure 1. Yield of ester 5a and alcohol 6a versus total conversion of
aldehyde 4a in dioxane and toluene as solvents. � yield 5a in dioxane;
� yield 5a in toluene; � 6a in dioxane; � 6a in tolene.


Table 2. Conversions, TONs, and product distributions for the Baeyer±
Villiger oxidation of the aromatic aldehydes 4a and 4b, catalyzed by Sn-
Beta-2.


H O


R


O


R


H


O


OH


R


HO O


R


+ +


4a,b 5a,b 6a,b 7a,b


a: R = OMe
b: R = Me


Entry Solvent R Conversion [%] TON[a] Product distribution [%]
5 6 7 other


1 dioxane OMe 49 270 63 35 � 2 2
2 toluene OMe 58 329 13 86 � 2 � 2
3 dioxane Me 26 166 29 44 23 4
4 toluene Me 47 300 23 56 20 � 2


[a] TON, turnover number� catalytic cycles per metal center.
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Selection of the appropriate solvent can provide directly a
major yield of the desired hydrolysis product, so that an
additional saponification step such as the one required when
using organic peracids as oxidizing reagents[22] may not be
necessary.


Chemoselectivity of the catalyst for unsaturated ketones :
Chemoselectivity towards the lactone product with unsatu-
rated ketones has only been observed with enzymes as
catalysts,[23] or with particular substrates in which the double
bond is unreactive and the Baeyer ±Villiger reaction is
strongly favored. This is because Baeyer ±Villiger catalysts
such as peracids or methyltrioxorhenium (MTO) are also
good epoxidation agents. We have observed chemoselectivity
in the Baeyer ±Villiger reaction with Sn-Beta catalysts and
H2O2 [Table 3, Eq. (5)]. When reaction of bicyclohept-3-en-1-
one was carried out with m-chloroperbenzoic acid (mCPBA),
a common practice, epoxides were always produced as by-
products. In contrast, Sn-Beta yielded exclusively the two
regioisomeric lactones. Very similar results have been re-
ported with enzymes as catalysts.[23] This substrate also
furnishes a particular example of enhanced Baeyer ±Villiger
reactivity of cyclobutanones in the presence of MTO.[24]


Although it is an excellent epoxidation agent, the MTO
catalyst provides only the lactone product.[25]


However, when another reactant, dihydrocarvone, in which
both double-bond oxidation and the Baeyer ±Villiger oxida-
tion can occur readily, is used to illustrate catalyst chemo-
selectivity, only Sn-Beta zeolite is fully selective for the
lactone [Table 4, Eq. (6)]. The peracid gives a mixture of


lactone, epoxide, and epoxylactone, and Ti-Beta produced the
epoxide and diols. Under the same reaction conditions MTO
lacked reactivity and selectivity, and the lactone was observed
only in minor yield.


Characterization and properties of the catalytic sites : To
ascertain the coordination of Sn, a 119Sn MAS NMR study was
undertaken with a Sn-Beta (1.6 wt% Sn) sample enriched
with 119Sn (Sn-Beta-2*). Sn-silicalite (MEL andMFI type) and
Sn-MCM-41 have been reported to give 119Sn chemical shifts �
between �670 and �740;[26±30] these spectra were usually
recorded on hydrated samples, and the signals were attributed
to framework SnIV sites[26±30] either in octahedral[26, 28, 30] or in
tetrahedral[27, 29] coordination. The 119Sn NMR spectrum of
dehydrated zeolite Sn-MFI gives a very broad band with the
maximum at ���688 attributed to octahedral SnIV, and a
shoulder at ���439 assigned to framework tetrahedral sites
which shifts to �� 579 when the coordination increases to five
upon hydration.[28] However, the spectra were recorded under
static conditions, and therefore the signals were extremely
broad (greater than 500 ppm at half height) and the shoulder
was ascribed to ill-defined tetrahedral sites.[28] For the zeolite
Sn-Beta-2* after calcination and exposure to air, the 119Sn
MAS NMR spectrum of the hydrated sample (Figure 2b)
shows two bands at ��� 690 and �740, which are within the
chemical shift range typical of SnIV in hydrated Sn silicalites
and Sn-MCM-41 materials.[26±30] It is important that the
spectrum of Sn-Beta zeolite is quite different from that of
bulk SnO2 or SnO2 impregnated on pure silica-Beta (Fig-
ure 2a) or on amorphous SiO2. For these two materials, only a
sharp peak at ���605 has been observed, and it is believed
to be characteristic of octahedrally coordinated Sn in SnO2.[31]


Since this peak was not observed in Sn-Beta-2* we can rule
out the presence of SnO2 in this sample, at least at the
detection level of NMR. Dramatic changes are observed when
zeolite Sn-Beta-2* is dehydrated (Figure 2c). The spectrum
consists of a sharp peak at ���445, which must originate
from tin in a lower coordination state. Under ambient
conditions, the original spectrum of the zeolite in the hydrated
state is recovered (Figure 2d).


Table 3. Chemoselectivity of the Baeyer ±Villiger reaction with various
catalysts and H2O2.


O O


O


O


O


O


O


O


+ +


Catalyst Product distribution [%]


Sn-Beta 100[a] : 1 : 1
mCPBA 29 : 34 : 37
enzymes 100[a] : 1 : 1
MTO[b] 100[c] : 1 : 1


[a] As a 67:33 mixture of regioisomeric lactones; the major isomer is
shown. [b] From ref. [25]. [c] Isolated as an 87:13 regioisomeric mixture.


Table 4. Catalyst chemoselectivity in concurrent double-bond oxidation
and Baeyer±Villiger oxidation of dihydrocarvone.


O O


O


O


O


O


O


O


+ +


Oxidant Conversion [%] Product distribution [%]


Sn-Beta/H2O2 68 100 : 0 : 0
mCPBA 85 11 : 71 : 18
Ti-Beta/H2O2 46 0 : 79[a] : 0
MTO/H2O2


[b] 9 30 : 33 : 20


[a] The ™missing∫ 21% comprised products from ring-opening of the
epoxide. [b] Reaction conditions as in ref. [25].


Figure 2. 119Sn MAS NMR spectra of: a) SnO2-Beta; b) hydrated Sn-Beta;
c) dehydrated Sn-Beta; d) rehydrated Sn-Beta.
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Accordingly, we attribute the signal at ���445 of the
dehydrated Sn-Beta-2* zeolite to tetrahedral SnIV at frame-
work sites, which increases its coordination under ambient
conditions by bonding to extra water molecules. The presence
of two 119Sn NMR peaks upon hydration could be explained
tentatively by the presence of two different coordination
states, penta- and hexacoordinated SnIV. However, consider-
ing the position of the low-field peak, we think that hydration
induces changes in the local symmetry of the Sn environments
leading to two different octahedral sites.
Activity tests with cyclohexanone and Sn-Beta with differ-


ent tin contents showed that the amount of tin that can be
incorporated into network positions is limited. When the Sn
content was increased from 0.8 to 1.6 wt% (Table 5; compare
entries 1 and 2), conversion increased. When a larger amount
of Sn was present (2.36 wt%; entry 3), both conversion and
TON decreased. A similar relationship between activity and
the amount of metal incorporated into the zeolite framework
has been observed previously in the case of Ti-silicalite (TS-
1),[32] where a maximum in activity for alkane or alkene
oxidation was found for samples containing �1.5% Ti. For
higher Ti contents, some of the Ti forms Ti ±O±Ti pairs and/
or is in extra-framework positions, with a deleterious effect on
conversion. By analogy, it seems that most of the Sn should be
isolated in framework positions and it should be catalytically
active for Sn-Beta samples with �2 wt% Sn. For higher Sn
contents, some of Sn must be in extra-framework positions,
that is, in SnO2 crystals. Indeed, we have observed that SnO2


highly dispersed on silica gel or on pure silica-Beta zeolite
gives very little, if any, catalytic activity (Table 5, entries 6 and
7), indicating that the presence of framework Sn is necessary
for catalyzing the Baeyer ±Villiger reaction with Sn-Beta
zeolite.
Furthermore, we have confirmed experimentally that the


Sn-zeolite active site remains intact during the reaction and
that oxidation does not occur by homogeneous catalysis
through leached Sn. Therefore, the reaction was conducted to
30% conversion, the catalyst was filtered out at reaction
temperature, and then the reaction was allowed to proceed in
the absence of solid catalyst. Under these experimental
conditions the reaction did not proceed, and further con-
version was not observed after four hours of reaction time.
Moreover, in another experiment in which SnCl4 was used as
catalyst the TON was 5, instead of the value of 68 obtained
with the Sn-Beta-2 zeolite.


Reaction mechanism


Spectroscopic study : To study the role of Sn in the Baeyer ±
Villiger reaction, we began with two hypotheses: Sn interacts
with H2O2 to form Sn�OOH, which attacks the carbonyl
group (although organoperoxo complexes of tin(��) did not
exhibit any oxygen transfer reactions);[18] alternatively, Sn
interacts with the carbonyl group, which becomes polarized
and consequently can be attacked by the nucleophilic H2O2.
To analyze the first hypothesis, we measured the DR-UV/


Vis spectrum of a sample of Sn-Beta treated with H2O2.
Contrary to the case of a Ti-Beta sample, where the
interaction of Ti with H2O2 results in the formation of a band
at 425 nm associated with a Ti�OOH species (Figure 3), for
Sn-Beta no band in the DR-UV/Vis region was observed. The
spectrum was exactly the same for silica-Beta as for pure
treated with H2O2 (Figure 3).


Figure 3. DR-UV/Vis spectra of zeolite samples treated with hydrogen
peroxide. (––) Sn-Beta�H2O; (����) Ti-Beta�H2O2; (- - - -) Si-Be-
ta�H2O2.


Thus, we conclude that even if H2O2 can be coordinated to
tin in zeolite framework positions, such coordination proceeds
without deprotonation and therefore without activation of the
H2O2. This conclusion is consistent with the null activity of Sn-
Beta for epoxidation of olefins.
The second hypothesis (the interaction of a tin Lewis acid


with a carbonyl compound) is well known and documented in
the literature. Lewis acid ± carbonyl adducts have been
observed and investigated by X-ray analysis. Average bond
lengths (dM±O), valence angles (�C-O-M), and torsion
angles (�X-C-M-O) for boron, aluminum, and tin complexes
were found by a systematic survey of the Cambridge
Structural Database on crystal structures of Lewis acid ± car-
bonyl compound complexes.[33] In the late 1950s it was
discovered that NMR signals and IR bands of carbonyl
compounds were shifted upon complexation with a Lewis
acid.[34] In order to explore our second hypothesis–that Sn
polarizes the carbonyl group, favoring the H2O2 attack–we
have made use of these two spectroscopic techniques.
Unfortunately, the introduction of molecules into the zeolite
structure broadens the NMR signals significantly, and small
shifts are difficult to identify. Another limitation was the high
dilution of the active sites combined with the corresponding
low sensitivity of the analytical method.


Table 5. Conversions, TONs, and selectivities in the Baeyer ±Villiger
reaction of cyclohexanone (1a), catalyzed by various metal species.


Entry Catalyst Conver-
sion [%]


TON[a] Lactone
selectivity [%]


1 Sn-Beta-1 (0.8 wt% Sn) 26 87 � 98
2 Sn-Beta-2 (1.6 wt% Sn) 42 68 � 98
3 Sn-Beta-3 (2.3 wt% Sn) 27 30 � 98
4 Ti-Beta (1.2 wt% Ti) 4 4 � 98
5 Al-Beta (0.5 wt% Al) 19 10 � 98
6 SiO2 ¥ SnO2


[b] 0 0
7 Beta ¥ SnO2


[b] 0 0


[a] TON, turnover number� catalytic cycles per metal center. [b] The same
amount of Sn was employed as for the Sn-Beta-2 sample.
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However, we determined that IR spectroscopy is an
appropriate technique to study the interaction of a ketone
(cyclohexanone) with a tin Lewis acid site, on the basis that
the carbonyl band in the IR region is very strong and
therefore allows the detection of small amounts of adsorbed
cyclohexanone.[35] Therefore, cyclohexanone was adsorbed
and then desorbed successively at 50, 100 and 200 �C. Fig-
ure 4a shows the IR spectra for Sn-Beta-2. After adsorption
at room temperature, an excess of cyclohexanone was physi-
cally adsorbed, presenting a typical wavenumber of 1713 cm�1


for the carbonyl band. After desorption at 100 �C, three bands
remained: two were in the region of the uncoordinated
carbonyl group of cyclohexanone, and one was shifted to
1665 cm�1. The latter was the only band still detected after
desorption at 200 �C. This band can be attributed to a tin ±
oxygen interaction since it does not appear when cyclo-
hexanone is adsorbed/desorbed on a pure silica-Beta zeolite
(Figure 4b). With this zeolite, after adsorption of cyclohex-
anone and after desorption at 50 �C, the band of the normal
carbonyl group was obtained. After further desorption at
100 �C, practically all the cyclohexanone was eliminated, and
in any case no bands at wavenumbers �1700 cm�1 were


detected. An IR spectrum identical to the one for the pure
silica-Beta zeolite was observed when a SnO2-impregnated
silica-Beta sample (1.6 wt% Sn) was subjected to cyclohex-
anone adsorption/desorption. There is no shift of the IR
carbonyl band of cyclohexanone with SnO2 but it does occur
with Sn tetrahedrally coordinated in the framework positions
of the zeolite.
When tin is replaced by titanium, a smaller shift of the


carbonyl band can be observed. The signal is shifted 32 cm�1


with Ti, compared with 48 cm�1 with Sn (Figure 4c). After
desorption at 100 �C only the shifted carbonyl band is
detected, and at 200 �C all the cyclohexanone has been
desorbed. Both observations, the smaller shift and the easier
desorption, suggest that the interaction of the carbonyl
oxygen with framework titanium is weaker than the inter-
action between the carbonyl group and the tin center. This is
probably why the activity of Ti-Beta is lower than that of Sn-
Beta (see Table 5).
As with the ketone substrate, the lactone produced during


reaction can also be coordinated to the Sn center. This is
demonstrated when the corresponding series of IR spectra are
recorded with �-caprolactone as the adsorbed organic com-


Figure 4. IR spectra of Beta samples before adsorption of cyclohexanone or �-caprolactone (zeolite), after adsorption (25 �C) and after desorption at the
corresponding temperature (50 �C, 100 �C, 200 �C): a) cyclohexanone and Sn-Beta; b) cyclohexanone and Si-Beta; c) cyclohexanone and Ti-Beta; d) �-
caprolactone and Sn-Beta; e) �-caprolactone and Si-Beta.
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pound and with pure silica-Beta and a Sn-Beta as zeolite
samples. With both zeolites the same results are obtained for
�-caprolactone and cyclohexanone. In Sn-Beta, the lactone is
adsorbed by the metal center, and a shift of the carbonyl band
is still present after desorption at 200 �C (Figure 4d). In pure
silica-Beta, no shift is observed for the carbonyl band, and the
lactone is almost completely desorbed at 100 �C and com-
pletely eliminated after desorption at 200 �C (Figure 4e). The
coordination of the lactone product indicates that, at high
conversions, the substrate competes for coordination to the
active center (necessary for activation) with the increasing
amount of product.
In summary, it has been shown by IR measurements that


the cyclohexanone substrate can coordinate to framework Sn
centers, polarizing the carbonyl group and increasing the
density of positive charge on the carbon atom of the carbonyl
group. This makes the positively charged carbon atom of the
carbonyl group more prone to a nucleophilic attack by
hydrogen peroxide.


18O labeling experiments : Although the Baeyer ±Villiger
oxidation was discovered as early as 1899, the mechanism of
the reaction was not clarified until 1953.[1] One potential
mechanism, involving 1,2,4,5-tetraoxanes as intermediates,


could be excluded since these
peroxides were isolated and it
was observed that they do not
transform into the rearrange-
ment products.[36]


In the 1950s, a dioxirane, a
carbonyl oxide, and an adduct


of the peracid and a carbonyl group (which was called a
Criegee intermediate) were discussed as potential intermedi-
ates (Scheme 2).[37] A benzophenone labeling experiment
with 18O proved that the rearrangement could proceed only
via the Criegee intermediate.[38] All labeled oxygen was
detected as carbonyl oxygen in benzoic acid phenyl ester,
the Baeyer ±Villiger product. This result was incompatible
with a mechanism involving a dioxirane intermediate because


in the latter both oxygen atoms are chemically equivalent, and
consequently a statistical 50:50 distribution of carbonyl and
alcoholic oxygen would be expected for the labeled products.
Also, a carbonyl oxide pathway could be excluded because
according to this mechanism all labeled oxygen would be
detected as alcoholic, and none as carbonyl.
For the present H2O2/Sn-Beta oxidation system, IR meas-


urements showed that the carbonyl group could be activated
by coordination to the Lewis acid tin center. It is possible that
the oxygen coordinated to the Lewis acid is transformed into a
good leaving group after the attack by hydrogen peroxide, and
in this way a carbonyl oxide or a dioxirane may be formed. To
find out which of these two mechanisms operates in our case,
we chose 18O-labeled 2-methylcyclohexanone as reactant.
During reaction, it is transformed into the corresponding �-
caprolactone, which disintegrates in a mass spectrometer
predominantly into two different fragments, each containing
one oxygen atom [Eq. (7)].


This outcome makes it feasible to analyze the crude
reaction mixture directly by GC-MS without any additional
treatment. If the substrate is not 100% labeled, the ratio
calculated from mass peaks 128 and 130 gives the labeling
content of the whole molecule, which can be compared with
the labeling content at the carbonyl position. The latter is
obtained from the ratio of mass peaks 84 and 86.
To verify the reliability of the test reaction, the Baeyer ±


Villiger reaction was first carried out with mCPBA. For this
oxidant the mechanism is well established and the labeled
oxygen should only be detected in the carbonyl position.
Indeed, the ratios of the mass peaks 84/86 and 128/130 were
identical at 0.11:0.89 [Table 6, Eq. (8)].
Taking the method of preparation of the labeled substrate


into account, it was clear that any water molecule (unlabeled)
present in the reaction solution would lower the labeling
content in the substrate molecule. Consequently, not only was
the reaction carried out under anhydrous conditions by using
3 ä molecular sieves to absorb water, but the solvent and
mCPBAwere dried well and stored over 3 ä molecular sieves
before use. With these precautions, it was demonstrated that


O O


OO R1


R2


R1


R2


1,2,4,5-tetraoxanes


Table 6. Labeled product distribution from Baeyer ±Villiger reaction of
2-methyl[18O]cyclohexanone with mCPBA.


Reaction conditions Labeled (18O) content [%]
1 2 3 4 5 6


mCPBA, MTBE, 3 ä molecular sieves 89 81 89 0 ±[a] ±[a]


Sn-Beta, H2O2, MTBE, MgSO4, 30 min 89 57 71 0 0 70


[a] Product not formed with mCPBA.


Scheme 2. Potential mechanism for the Baeyer±Villiger rearrangement
with peracids via the carbonyl oxide, the dioxirane, or the ™Criegee∫
intermediate and their consequences for the position of a labeled oxygen
atom in the product.
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the Baeyer ±Villiger reaction with peracids and 18O-labeled
2-methylcyclohexanone was a good test to establish the
reaction mechanism.
The oxidation of labeled 2-methylcyclohexanone with


hydrogen peroxide catalyzed by Sn-Beta [Eq. (8)] could not
be carried out under anhydrous conditions, primarily because
water (unlabeled) is always a by-product. Moreover, molec-
ular sieves could not be employed for drying because hydro-
gen peroxide would be adsorbed as well as water. Therefore,
only the solvent was pre-dried with molecular sieves and the
reaction was carried out in the presence of MgSO4 within a
short reaction time (30 min). The total amount of labeled
oxygen in the lactone product decreased from 89 to 71%, but
the determining observation from a mechanistic viewpoint
was that 100% of the labeled oxygen was found at the
carbonyl position. This demonstrates unambiguously that the
mechanism of the Baeyer ±Villiger oxidation with hydrogen
peroxide catalyzed by Sn-Beta proceeds through a Criegee
adduct of the hydrogen peroxide with the activated ketone
substrate and not through a dioxirane intermediate. Therefore
we conclude that the Baeyer ±Villiger oxidation of cyclic
ketones using H2O2 as oxidant and Sn-Beta as catalyst follows
the mechanism in Scheme 3.


Scheme 3. Catalytic cycle for the Baeyer±Villiger reaction with hydrogen
peroxide, catalyzed by Sn-Beta. First the ketone is coordinated to the Lewis
acid center, and thereby the carbonyl group is activated (in situ IR
spectroscopy). Then the hydrogen peroxide attacks the more electrophilic
carbonyl carbon atom (in situ IR spectroscopy). After the rearrangement
step the lactone product is replaced by a new substrate molecule. This
mechanism is analogous to that for the peracids and has been proved by an
18O labeling experiment.


The formation of the second product, the regioisomeric �-
methyl-�-caprolactone, confirms the conclusions regarding
the reaction mechanism, although fragmentation into a
species with only a carbonyl oxygen (�H2CO in this case;
m/z 98 with 16O and m/z 100 with 18O) was not predominant.
The ratio of the 128/130 mass peaks was identical to the ratio
for the 98/100 mass peaks, namely 0.30:0.70 and 0.30:0.70,
respectively [Eq. (8)]. The reaction mechanism proceeds via
the same Criegee intermediate as the main product, but
oxygen is inserted into the C ±C bond between the carbonyl
carbon and its less substituted neighbor.


Conclusion


We have shown that Sn-Beta with Sn tetrahedrally coordi-
nated in zeolite framework positions is an excellent hetero-
geneous catalyst for Baeyer ±Villiger oxidations of cyclic
ketones and aromatic aldehydes, with H2O2 as oxidant. The
system provides excellent catalytic activity and shape selec-
tivity, and also chemoselectivity with unsaturated ketones.
Unlike previous catalysts, Sn-Beta activates the carbonyl
group but does not activate H2O2. The carbonyl group is then
attacked selectively by the H2O2. Labeling experiments with
18O have demonstrated unambiguously that the mechanism of
the reaction for the Baeyer ±Villiger oxidation with Sn-Beta
and H2O2 occurs through a Criegee-type intermediate.


Experimental Section


Synthesis of the catalyst : Sn-Beta zeolites with different Sn contents were
synthesized according to the following procedure.[39] Tetraethyl orthosili-
cate (TEOS) was hydrolyzed in an aqueous solution of tetraethylammo-
nium hydroxide (TEAOH) with stirring. An aqueous solution of SnCl4 ¥
5H2O was then added. In the case of a 119Sn-enriched sample (Sn-Beta-2*),
metallic tin enriched with the 119Sn isotope (82.9%) was dissolved in
hydrochloric acid and this solution was used as the source of Sn. The
synthesis mixture was stirred until the ethanol formed upon hydrolysis of
TEOS had been evaporated. HF was added to the resulting clear solution,
and a thick gel was formed with the composition SiO2:xSnO2:0.54 -
TEAOH:7.5H2O:0.54HF. Three gels were prepared with x� 0.0042,
0.0083, and 0.0125, respectively. They were seeded with nanocrystalline
(20 nm crystals) pure silica-Beta at a 1 wt% level. Well crystallized Sn-Beta
zeolites with Sn contents of 0.8 (Sn-Beta-1), 1.6 (Sn-Beta-2), and 2.3 wt%
(Sn-Beta-3), as determined by chemical analysis, were obtained by
crystallization in a rotating Teflon-lined stainless steel autoclave at 140 �C
for 20 d.


XRD showed the Sn-Beta zeolites calcined at 500 �C to be highly crystalline
zeolites, and no peaks of SnO2 were observed in the diffractogram
(Figure 5). Nitrogen adsorption experiments on the calcined Sn-Beta
samples gave an isotherm very similar to that of pure silica-Beta with
micropore volumes of 0.20 ± 0.21 cm3g�1 and BET surface areas of 450 ±
475 m2g�1. The IR spectra in the framework vibration regions of Sn-Beta-1
and pure silica-Beta are shown in Figure 6.


Figure 5. X-ray diffraction patterns of calcined Sn-Beta and pure silica-
Beta zeolites.
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Figure 6. IR spectra in the framework vibration region of calcined Sn-Beta
and pure silica-Beta zeolites.


The spectra of the two samples are very similar except for a shoulder at
�960 cm�1 exhibited by the Sn-containing Beta. This band has also been
observed in other zeolites containing framework metals and has been
attributed to Si ±O±M vibrations.[26] Although its origin is still under
discussion, it is generally taken as an indication of metal incorporation into
the framework.
119Sn MAS NMR spectra : These were recorded with a Varian VXR-S400
WB spectrometer at a frequency of 149.0 MHz using a 5 mm high-speed
dotty probe. Samples were packed into silicon nitride rotors and spun at
8 kHz. The spectra were recorded using pulses of 3.5 �s to flip the
magnetization at 60� with recycle delays of 50 s. Chemical shifts are
referred to tetramethyltin using SnO2 as a secondary reference (���604).
For measurements with dehydrated samples, the zeolites were treated
under dynamic vacuum at 400 �C overnight and transferred to the rotor
within a glovebox under an atmosphere of nitrogen. The spectrum of
rehydrated samples were acquired after exposing the ™dehydrated sam-
ples∫ to ambient conditions for several hours.


In situ IR measurements : For the IR study of the interaction of cyclo-
hexanone with Sn-Beta and other zeolites, the solid was first treated
overnight at 400 �C under dynamic vacuum (10�4 Torr) to remove adsorbed
H2O, then cyclohexanone was adsorbed and the IR spectrum was recorded.
Afterwards, the ketone was desorbed successively at 50, 100, and 200 �C.
An IR spectrum was recorded after each desorption.


Oxidations : Ketones and solvents of the highest purity available (�98%)
were purchased from Aldrich and used without further purification. The
only exceptions were bicyclo[3.2.0]hept-2-en-6-one (Merck; purity �95%)
and hydrogen peroxide (Fluka; 35 wt% in water). GC analyses were
carried out on an HP 5890 gas chromatograph equipped with a 25 m HP-5
column and an adequate temperature programming capability. A Fisons 8035
gas chromatograph coupled with a Fisons MD800 mass spectrometer was
used for GC-MS analyses to identify products. The labeling experiments
were analyzed by GC-MS on an Agilent HP6890 apparatus.


General procedure for the Baeyer±Villiger oxidation with H2O2 and Sn-
Beta : The ketone (�1 mmol) and hydrogen peroxide (35% H2O2;
�1.5 mmol) were dissolved in MTBE (3.00 g), or the ketone (�1 mmol)
and hydrogen peroxide (35% H2O2; �3 mmol) were dissolved in dioxane
(3.00 g). A sample (50 mg) of the catalyst was added, and the reaction
mixture was stirred and heated to 56 �C (MTBE) or 80 �C (dioxane) for 7 h.
The reaction was followed by gas chromatography, and the products were
identified by comparison with reference samples by GC-MS spectroscopy,
or after purification by 1H NMR spectroscopy. In the case of the aromatic
aldehydes, the aldehyde (3.7 mmol) and hydrogen peroxide (35%;
5.1 mmol) were dissolved in dioxane (3.0 g) or toluene (3.0 g). A sample
(50 mg) of catalyst Sn-Beta-2 was added, and the reaction mixture was
stirred and heated to 80 �C for 7 h.


Preparation of 18O-labeled 2-methylcyclohexanone : 2-Methylcyclohexa-
none (500 mg, 4.46 mmol) and H2


18O (�96% 18O; 1.00 g, 49.8 mmol) were
stirred in a biphasic system at room temperature. The reaction was followed


by GC-MS; after 2 h the theoretical maximum 18O content of 89.1% was
reached. The resultant ketone was used without any further treatment or
purification. MS: m/z (%): 114 (83.4) [M]� , 112 (9.29), 68 (100).


Preparation of a solution of H2O2 in MTBE : An aqueous H2O2 solution
(35% H2O2; 5 mL; 4.52 g) was stirred with MTBE (20 mL; 18.4 g). MgSO4


was added to remove the water. After decantation, the drying process was
repeated, and the MgSO4 was removed by filtration. The H2O2 content of
the resultant sample was 7.1� 0.6%.


Preparation of a solution of mCPBA in MTBE : mCPBA (500 mg) was
dissolved in MTBE (5 mL; 3.70 g). The solution was dried with MgSO4 and
the final content of mCPBA was 9.7%. For the reaction under anhydrous
conditions, this solution was dried with molecular sieves.


Oxidation of 2-methyl[16O]cyclohexanone (unlabeled) with H2O2 cata-
lyzed by Sn-Beta-2 : 2-Methylcyclohexanone (48 mg; 0.428 mmol) was
added to a mixture of an H2O2 solution (7.1% H2O2; 139 mg; 0.291 mmol)
in MTBE, and MTBE (1.50 g) and the reaction was started with the
addition of Sn-Beta-2 (25 mg). The reaction mixture was heated to 56 �C for
3 h. The solids were removed and the solution was submitted directly to GC
and GC-MS analysis. Conversion 44%; products �-methyl-�-caprolactone
and �-methyl-�-caprolactone (83:17 mixture). Unconverted 2-methyl-
cyclohexanone: MS m/z (%): 114 (0.472), 112 (91.7) [M]� , 110 (1.08�
10�3), 68 (100). �-Methyl-�-caprolactone: MS m/z (%): 130 (0.0232), 128
(1.37) [M]� , 126 (2.67� 10�3), 86 (2.03), 84 (78.5), 82 (0.280), 55 (100). �-
Methyl-�-caprolactone: MS m/z (%): 130 (0.0206), 128 (28.5) [M]� , 126
(9.69� 10�3), 100 (0.644), 98 (15.6), 96 (0.0398), 56 (95.9), 55 (100).


Oxidation of 2-methyl[18O]cyclohexanone withmCPBA in the presence of
3 ä molecular sieves: 2-Methyl[18O]cyclohexanone (53 mg; 0.464 mmol)
was added to mCPBA solution (9.67% mCPBA; 506 mg; 0.283 mmol) in
MTBE (dried over 3 ä molecular sieves), anhydrous MTBE (1.00 g), and
3 ä molecular sieves, and the reaction mixture was heated to 56 �C for 1 h.
The solids were removed by filtration and the solution was submitted
directly to GC and GC-MS analysis. Conversion 14%; �-methyl-�-
caprolactone was the exclusive product. Unconverted 2-methyl[18O]cyclo-
hexanone: MS m/z (%): 114 (73.8) [M]� , 112 (17.8), 68 (100); 18O content
80.5%; �-methyl-�-caprolactone: MSm/z (%): 130 (1.26) [M]� , 128 (0.155),
86 (90.6), 84 (11.4), 57 (100). 18O content in the molecule 89.2%; 18O
content in carbonyl position 89.1%.


Oxidation of 2-methyl[18O]cyclohexanone with H2O2 catalyzed by Sn-
Beta : 59 mg (0.517 mmol) of 2-methyl[18O]cyclohexanone was added to the
mixture of an H2O2 solution (7.1%; 113 mg; 0.236 mmol) in MTBE,
anhydrous MTBE (1.63 g) and MgSO4 (39 mg). The reaction was started
with the addition of Sn-Beta-2 (25 mg). The reaction mixture was heated to
56 �C for 30 min. To stop the reaction, by removing the water and the
unconverted H2O2, molecular sieves (3 ä) were added. After 1 h, the solids
were removed by filtration and the solution was analyzed directly by GC
and GC-MS. Conversion 20%; the product was an 85:15 mixture of �-
methyl-�-caprolactone and �-methyl-�-caprolactone. Unconverted 2-meth-
yl[18O]cyclohexanone: MS m/z (%): 114 (51.4) [M]� , 112 (38.6), 68 (100);
18O content 57.0%. �-Methyl-�-caprolactone: MSm/z (%): 130 (1.13) [M]� ,
128 (0.485), 86 (86.8), 84 (34.4), 57 (100). 18O content in the molecule
70.0%; 18O content in carbonyl position 71.6%. �-Methyl-�-caprolactone:
MS m/z (%): 130 (19.7) [M]� , 128 (8.53), 100 (11.5), 98 (4.80), 56 (100), 55
(99.6). 18O content in the molecule 69.8%; 18O content in carbonyl position
70.2%.


Determination of the configuration of the regioisomers in the oxidation of
bicyclohept-3-en-1-one by 1H NMR spectroscopy: Major isomer, 1-
oxabicyclooct-4-en-2-one :[40] 1H NMR (300 MHz, CDCl3, 25 �C): �� 2.48
(dd, J� 0.8, 18 Hz, 1H), 2.75 (m, 3H), 3.53 (m, 1H), 5.15 (ddd, J� 2.4, 3.9,
6 Hz, 1H, 7-H), 5.60 (m, 1H, 4-H or
5-H), 5.80 (m, 1H, 4-H or 5-H).


Minor isomer, 2-oxabicyclooct-4-en-1-
one : 1H NMR (300 MHz, CDCl3,
25 �C): �� 2.75 (m, 3H), 3.15 (dt, J�
2.7, 7.5 Hz, 1H), 3.60 (m, 1H), 4.25
(dd, J� 1.5, 9.3 Hz, 1H, 3-H), 4.44 (dd,
J� 7.0, 9.3 Hz, 1H, 3-H), 5.66 (m, 1H,
4-H or 5-H), 5.88 (m, 1H, 4-H or 5-H).
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Ab Initio Conformational Space Study of Model Compounds of O-Glycosides
of Serine Diamide


Ga¬bor I. Csonka,*[a] Ga¬bor A. Schubert,[a] Andra¬s Perczel,[b] Carlos P. Sosa,[c] and
Imre G. Csizmadia[d]


Abstract: Relative stabilities of rotam-
ers of the N-acetyl-O-(2-acetamido-2-
deoxy-�-�-galactopyranosyl)���seryl-
N�-methyl amide (1) and eleven analo-
gous molecules containing �-galactose,
�- and �-mannose, �- and �-glucose, and
��threonine were calculated to learn
whether they could explain the natural
preference for 1 in linkages between the
carbohydrate and protein in glycopro-
teins. The lowest energy rotamers of
four O-glycoside models of serine dia-
mide were identified with aMonte Carlo
search coupled with molecular mechan-
ics (MM2*). These rotamers were fur-
ther optimized with an ab initio level of
theory (HF/6-31G(d)). Subsequently,
B3LYP/6-31�G(d) single point energies


were calculated for the most stable HF
structures. The most favorable interac-
tions are present in 1 and its glucose
analogue. The monosaccharide for the
carbohydrate antenna is anchored to the
serine residue with an AcNH ¥ ¥ ¥O�C-
NHMe hydrogen bond in the most
stable rotamers. The mannose analogue
and the �-anomers are considerably less
stable according to the MM2* and
especially to the ab inito energy values.
The three analogues have HF/6-31G(d)


energies which are 4 ± 6 kcalmol�1 high-
er; the single point B3LYP/6-31�G(d)//
HF/6-31G(d) calculations yield prefer-
ences of 3 ± 5 kcalmol�1 for 1. The most
stable ��threonine analogues show a
behaviour very similarly to the corre-
sponding serine analogues. The ZPE
and thermal correction components of
the calculated �H298 and �G298 values
are relatively small (�0.4 kcalmol�1).
However, the T�S298 term can be as
large as 2.6 kcalmol�1. The entropy
terms stabilize the �-anomers relative
to �-anomers, and ManNAc relative to
GalNAc. The largest stabilization effect
is observed for one of the rotamers of
the �-anomer of ManNAc.


Keywords: computer chemistry ¥
density functional calculations ¥
glycopeptides ¥ Gibbs free energies
¥ heats of formation


Introduction


The natural proteins frequently contain saccharide side chains
of variable length. Such proteins are termed glycoproteins.
The saccharide residues show a considerable influence on the


conformational and physicochemical properties of the pro-
teins; they are important for biological recognition processes,
cellular adhesion (binding), and provide coating (e.g. protec-
tion from proteases or antibodies). These structures are not
coded in the DNA, in fact their synthesis depends on glycosyl
transferases, glycosidases, organelles, and on the availability
of monosaccharides. As a consequence glycosylation is very
sensitive to subtle changes in the environment. Altered
glycosylation can serve as an event trigger (e.g. cell death,
attack). A great deal of bioinformatics is related to the
antenna-like carbohydrate moieties of glycoproteins, because
of the huge diversity of carbohydrate structure that is possible.
The structures and functions of the sugar chains in glycopro-
teins are reviewed in refs. [1, 2]. The saccharide residues are
covalently linked to the protein backbone either N- (via
asparagine) or O-glycosidically (via serine, threonine, tyro-
sine, or hydroxylysine). A characteristic feature of core
carbohydrates is the linking of the protein backbone with
the saccharide side chain. The N-glycosidic linkages involve
exclusively �-2-acetamido-2-deoxy���glucosyl residues as the
first residue of the carbohydrate antenna. In the mucin-type
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core carbohydrates the first saccharide is always 2-acetamido-
2-deoxy���galactose (TN antigen), which is �-glycosidically
linked to the hydroxy group of threonine or serine building
the inner part of several characteristic saccharide core chains.
So far, eight different O-glycosidic core structures have been
identified:[1]


1) �Gal-1,3-�GalNAc-1-Ser/Thr (T antigen)
2) �Gal-1,3-[�GlcNAc-1,6-]�GalNAc-1-Ser/Thr
3) �GlcNAc-1,3-�GalNAc-1-Ser/Thr
4) �GlcNAc-1,3-[�GlcNAc-1,6-]�GalNAc-1-Ser/Thr
5) �GalNAc-1,3-�GalNAc-1-Ser/Thr
6) �GlcNAc-1,6-�GalNAc-1-Ser/Thr
7) �GalNAc-1,6-�GalNAc-1-Ser/Thr
8) �Gal-1,3-�GalNAc-1-Ser/Thr
To these core structures other saccharide units of varying


structure and length can be attached consisting of GalNAc,
GlcNAc, Gal, Fuc, and NeuNAc. An important feature of the
exterior facade of the antennae is their microheterogeneity, in
contrast to the interior or core portion. The heteropolysac-
charide antennae of blood types A and B are typical examples
where the structural difference is located only at the most
external carbohydrate residue: The constitutional difference
(����GalNAc versus ����Gal) serves a signaling purpose. It is
also known that he occurrence of aberrant carbohydrate side
chains in natural glycoproteins often parallels pathological
phenomena. An important example for one of tumor-asso-
ciated carbohydrate antigens is the sialyl-TN antigen (�Neu-


2,6-�GalNAc-1-O-Ser/Thr). Synthetic fragments are being
tested as vaccines against cancer.[3]


Although the above ™constitutional conservatism∫ of the
glycosidic linkage represents about 99% of all cases (cf.
database of O-linked glycosylation sites of glycoproteins),[4]


there are a few exceptions for O-glycosides: hydroxylysine or
hydroxyproline connected to ��galactose, ��fucose �-linked
to serine or threonine (e.g. in human factor IX, in an insect
neuropeptide, and in epidermal growth factor (EGF) domains
of various coagulation and fibrinolytic proteins),[1] or cysteine
linked to ��glucose through an S-glycosidic bond.[5] O-Gly-
copeptides carrying �GlcNAc (O-2-acetamido-glucopyra-
nose) as unmodified monosaccharide side chain linked to
serine or threonine are found predominantly in nucleoplasmic
and cytoplasmic cell compartments.[6] Important biological
aspects of O-GlcNAc glycosylation (e.g., Alzheimer×s dis-
ease) are discussed in the literature.[1] Biological investiga-
tions revealed that a glycopeptide from type II collagen with a
centrally located �-Gal-Hyl (hydroxylysine) structure was
recognized by the majority of the autoimmune T cells
obtained in a mouse model for rheumatoid arthritis.[7]


�Man-Ser/Thr linkage can be found in the phytoalexin
elicitoractive glycoprotein. The same linkage was found in
the saccharide moiety �NeuNAc-2,3-�Gal-1,4-�GlcNAc-1,2-
�Man-Ser/Thr that is the major constituent of the O-linked
carbohydrates of �/�-dystroglycan complex and contributes to
laminin binding.[1] �Glc-Ser linkage was found in blood
clotting factor IX (a plasma glycoprotein) which is involved
in the blood coagulation cascade. �GlcNAc-Thr linkage can
be found in O-linked sialyl-Lewis-X (sLex) tetrasaccharide
(as part of the mucin domain of mucosal addressing cell
adhesion molecule-1 (MAd-CAM-1), which is a ligand of P-
and L-selectin).[1]


The exceptions rarely occur in glycoproteins (e.g. tyrosine
residues carrying saccharide side chains are seldom found in
nature) but are more typical for proteoglycans, providing nice
examples of microheterogeneity. The variability observed in
the external facade is not observed at the root of the antenna
where the constitution and anomeric configuration of the
monosaccharide residue is rigorously preserved.
One may wonder why the core part of the antenna and


especially the first carbohydrate residue is preserved so
strictly during posttranslational modification. Why is there
an overwhelming preference for �GalNAc-1-O-Ser/Thr bond,
and why is the � linkage typical for N-glycosides? Recent
1H NMR spectroscopic results suggest that �-O-linked
GalNAc causes a dramatic alteration in the structure of the
peptide backbone.[8] However, the �-linked isomer showed
rather small changes in amide chemical shifts relative to the �-
isomer. The structural change of the �-linked glycopeptides
manifests in the significant increase in the in the lifetime of
exchangeable peptide backbone amide protons relative to
free peptide. The exchange lifetime of the NH of a GalNAc
residue is very sensitive to anomeric stereochemistry (more
than 12 h for � and minutes for �).[8] The following conclusion
were drawn by Danishefsky et al. : ™It is likely that the acetyl
group on the GalNAc residue is also necessary to support
structural coherence. Furthermore, installation of the initial
�-O-GalNAc residue in a cluster domain creates a stable


Abstract in Hungarian: Az N-acetil-O-(2-acetamido-2-deoxi-
�-�-galactopiranozil)-�-szeril-N�-metilamid (1) e¬s e molekula
11 analo¬gja¬nak (�-galakto¬z, valamint �- e¬s �-manno¬z, gl¸ko¬z
e¬s �-treonin) relatÌv energia¬it hata¬roztuk meg, hogy ezzel
magyara¬zatot kapjunk arra, hogy a terme¬szetben mie¬rt 1
fordul eloÕ leggyakrabban a glikoproteinekben, mint a sze¬n-
hidra¬tot e¬s a fehe¬rje¬t ˆsszekapcsolo¬ egyse¬g. Az szerin diamid
O-glikozid modelljeinek legstabilabb rotamerjeit Monte-Carlo
kerese¬ssel kombina¬lt molekulamechanikai sza¬mÌta¬ssal
(MM2*) hata¬roztuk meg. Ezt kˆvetoÕen a rotamerek geomet-
ria¬ja¬t ab initio szinten (HF/6-31G(d)) tova¬bbi optima¬ltuk. A
legstabilabb HF szerkezetek energia¬it B3LYP/6-31�G(d)
szinten is meghata¬roztuk. A legkedvezoÕbb kˆlcsˆnhata¬s 1-
ben figyelhetoÕ meg. E molekula legstabilabb rotamerjeiben a
monoszacharidhoz AcNH ¥ ¥ ¥O�C-NHMe tÌpusu¬ hidroge¬nhi-
das kˆte¬ssel kapcsolo¬dik a sze¬nhidra¬t antenna. A ha¬rom ma¬sik
analo¬g jo¬val keve¬sbe¬ stabilabb az MM2* sza¬mÌta¬sok szerint, e¬s
ez a k¸lˆnbse¬g me¬g nagyobb az ab initio energia¬k esete¬ben. A
ha¬rom ma¬sik analo¬gna¬l az energia¬k 4 ± 6 kcalmol�1-lal maga-
sabbak a HF/6-31G(d) sza¬mÌta¬sok szerint. A B3LYP/6-
31�G(d)//HF/6-31G(d) sza¬mÌta¬sok alapja¬n pedig 3 ±
5 kcalmol�1-lal stabilabb az 1-es molekula a tˆbbi analo¬gna¬l.
A �H298 e¬s �G298 e¬rte¬kekhez tartozo¬ ze¬ruspont e¬s termikus
energia korrekcio¬k viszonylag kicsik (�0.4 kcalmol�1), vi-
szont a T�S298 kifejeze¬s e¬rte¬ke aka¬r 2.6 kcalmol�1 is lehet. Az
entro¬pia tag az �-anomert stabiliza¬lja a �-hoz ke¬pest, valamint
a ManNAc re¬szt tartalmazo¬ molekula¬kat a GalNAc re¬szt
tartalmazo¬ molekula¬khoz ke¬pest. A legnagyobb stabiliza¬cio¬s
hata¬s az egyik ManNAc re¬szt tartalmazo¬ �-anomerben figyel-
hetoÕ meg.
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scaffold that can accept, without intrinsic change, increased
glycosylation allowing the display of antennary glycans. A
variety of carbohydrate structures can be accommodated in
this way so that the same protein backbone can display a
variety of glycans, the nature of which reflect the physiological
state of the cell.∫[8] It was also observed for asparagin-linked
glycosylation that the N-acetyl groups of the carbohydrates
have critical role in promoting the more compact �-turn
conformation through steric interaction with the peptide, and
small changes in carbohydrate composition can have large
effect on glycopeptide conformation.[9]


In the present paper we focus on the distinct configurations
in the vicinity of the glycosidic linkage. In this respect the two
possible orientations (� or �) of the anomeric center, C1, and
the equatorial or axial orientation of the acetamido group of
C2 are critical. This leads to four possible conformations (�ax,
�eq, �ax, �eq) which fundamentally influence the orientation of
the carbohydrate antenna. Thus
2-acetamido-2-deoxy���man-
nopyranose (ManNAc with an
axial NAc group) represents an
alternative to GalNAc. It is
interesting that ManNAc,
though frequently found in oth-
er locations of the antenna,
never occurs in the O-glycosidic
linkage to Ser/Thr. It is expect-
ed that the axial or equatorial
orientation of the other hydrox-
yl groups, that is the O4H on
the C4 atom is considerably less
important and that GalNAc
and GlcNAc behave similarly
in this respect. However, for
comparison purposes, the re-
sults for GlcNAc derivatives
are also presented in this paper.
Hydrogen bonds play a cen-


tral and undoubtedly a major
role in the structure and ener-
getics of biopolymers.[10] They
are involved in the formation of DNA pairing and in the
stabilization of protein secondary structural elements (e.g.
helices, parallel and antiparallel sheets, and turns). In
glycoproteins, both the carbohydrate antenna and the protein
parts of the macromolecule incorporate a large number of
hydrogen bonds in a well-established manner. However, it is
not yet clear what anchors the antenna to the surface of the
protein. Both hydrophobic contacts (e.g. between fucose and
apolar side chains of selected amino acid residues) and
hydrophilic interactions such as hydrogen bonds could be
crucial.
We will demonstrate in this paper with the help of ab initio


conformational analysis that the essential hydrogen bond(s)
can only form if the above-mentioned constitution and
configuration are conserved. This theoretical work, along
with experimental studies, could provide some explanation as
to why mutation and alteration occur rarely in the linker
region of glycoproteins.


Scope


Four model O-glycosides are necessary and sufficient to
understand the energetic a conformational difference be-
tween the four possible epimers at the linking region (C1 and
C2 epimers, cf. Figure 1). In this respect �,����galactose and
�,�-��mannose derivatives would be sufficient. However, for
comparison reasons we also include �,����glucose derivatives.
All compounds contain the N- and C-terminated ��serine or
threonine residue and the 2-acetamido-carbohydrate residue.
Similar model systems were experimentally investigated
earlier on in our laboratory.[11, 12] We selected these com-
pounds because of the relatively small conformational space
(10 variable torsional angles), and because the ab initio
conformational space of N- and C-protected serine was
recently published. The numbering, the abbreviations of our
model molecules are shown in Figure 1.


The numbering of the atoms and notation for the most
important torsional angles of �GalNAcSer (1) are given in
Figure 2. The same notation is used for the other molecules.
These structures are C1, C2 and C4 epimers. The other
structures can be derived from �GalNAcSer by simply
changing the corresponding axial (ax) or equatorial (eq)
positions either on C1 (ax in the �, and eq in the �-anomer),
on C2 (eq in galactose, or glucose and ax in mannose), and on
C4 (ax in galactose, and eq in mannose, or glucose) of the
carbohydrate residue.
We also study six ��threonine analogues of these molecules:


�GalNAcThr (7), �GalNAcThr (8), �ManNAcThr (9), �Man-
NAcThr (10), �GlcNAcThr (11) and �GlcNAcThr (12).


Methods


MM Methods : The search for stable conformers in the conformational
space of the selected molecules 1 ± 4 was carried out using the Macro-


Figure 1. Six different O-glycoside model systems with systematically varied configurations of C1, C2, and C4 of
the pyranose ring: N-acetyl-O-(2-acetamido-2-deoxy-����galactopyranosyl)���seryl-N�-methy amide (1), N-
acetyl-O-(2-acetamido-2-deoxy-����galactopyranosyl)���seryl-N�-methyl amide (2), N-acetyl-O-(2-acetamido-2-
deoxy-����mannopyranosyl)���seryl-N�-methyl amide (3), N-acetyl-O-(2-acetamido-2-deoxy-����mannopyranos-
yl)���seryl-N�-methyl amide (4),N-acetyl-O-(2-acetamido-2-deoxy-����glucopyranosyl)���seryl-N�-methyl amide
(5), N-acetyl-O-(2-acetamido-2-deoxy-����glucopyranosyl)���seryl-N�-methyl amide (6).
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Model 5.0 program package.[13] The MM2* force field in MacroModel, a
slightly varied version of authentic MM2,[14] was used. The most important
difference between MM2* and MM2 is in the electrostatic equation. The
MM2* force field employs the point-charge Coulomb potential to describe
the electronic electrostatic interactions, whereas authentic MM2 uses
dipole ± dipole interactions. The calculations were performed with variable
electrostatic interaction. However, the usual Coulomb equation was also
tested (more recent versions of MacroModel use the latter approximation
in the MM2* force field). A recent comparison of various molecular
mechanics methods showed that the accuracies of relative conformational
energies are apparently equal for MM2*, MM2(91) and MM3(92).[15] We
have also tested the more recent MMFF94[16] force field.


The conformational searches were carried out with the systematic
unbounded multiple minimum search technique (SUMM)[17] which is
available in MacroModel. The searches were based on the most stable 4C1
form of the pyranose ring and was limited to only the various rotamers of
the rotatable exocyclic groups. The 2000 structures generated by the
SUMM procedure were minimized with MM2* to yield unique conformers
within an energy window of 5.0 kcalmol�1 above the global minimum. An
additional conformational search was started from the resulting global
minimum geometry, limited to 1500 structures. The elements of the two
resulting conformational spaces were compared. It was found that the first
SUMM search was sufficient and no new low energy rotamers were found
during the latter search. Geometry optimizations were carried out with
truncated Newton conjugate gradient (TCNG) technique, with the
maximum number of iterations set to 200 by using a convergence criterion
of 0.01 for the gradient norm.


Ab initio methods : The lowest energy structures obtained by the MM2*-
SUMM searches were fully optimized at the HF/6-31G(d) level of theory.
All the optimizations were performed in redundant internal coordinates
using the Berny algorithm[18] built into the Gaussian98[19] program.
Vibrational frequencies were calculated for the HF/6-31G(d) optimized
geometries to confirm that each stationary point is a true minimum on the
potential energy surface. The calculated zero-point vibration energy (ZPE)
corrections were scaled by 0.8929. ZPE�thermal corrections�RT were
used to calculate enthalpies (H at 298.15 K) and Gibbs free energies (G�
H�TS at 298.15 K). Single point energy calculations which include
correlation energy were performed at B3LYP/6-31�G(d)//HF/6-31G(d)
level of theory, using tight convergence criteria.


Multidimensional conformation analysis, notations : Figure 2 shows the
torsional angles of the conformational space of the model compounds. The
conformational space of an O-glycoside model of serine diamide molecule
can be divided into three distinct parts related to the serine backbone, the
serine side chain, and the carbohydrate residue. Such division helps the
classification and the discussion of the various rotamers. The � and �


torsional angles characterize the serine backbone conformations (cf.
Figure 2). Figure 3 shows the notations used for the possibly stable
rotamers of the conformational space of � and �. The stable rotamers
are denoted by Greek letters (�, �, �, �, �) and four of these five rotamers
have two alternatives (� or � in Figure 3). For example the �L rotamer in
Figure 3 can be characterized with � �60� and � � � 60�, the �D rotamer
with � � � 60� and � �60�. The serine side chain has two torsional angles
denoted by 	1 and 	2 as depicted in Figure 2. 	3 denotes the torsional angle


of the O-glycosidic bond (cf. Figure 2). These five torsional angles provide
35� 243 possible stable rotamers. The carbohydrate residue can be charac-
terized by six torsional angles denoted by 
1 ± 
6 in Figure 2. The 
1 and 	3
angles are dependent on each other; the 
2 does not provide the usual three
stable rotamers around the bond due to the bulky planar NAc group in
position 2. This latter angle usually has only two stable positions (with
several exceptions). The total number of the possible stable rotamers one
of the selected molecules are 243� 2� 34� 39366 or more. The complete
ab initio investigation of such a large conformational space for the given
size of a molecule is currently impossible. However, our earlier studies have
shown that a Monte Carlo conformational space search coupled with
molecular mechanics (MM2*) provide useful, low-energy starting struc-
tures for further ab initio investigations. The torsional angle values around
60�, �60�, and 180� are denoted by g, g� , and t, respectively. (We use the
letter t for the anti position in order to follow the notation generally used in
the earlier papers). Torsional angles can be considerably distorted from
these supposedly ideal values due to inter- or intraresidue interactions
(hydrogen bonds). The value of 
5 is denoted by capital letter in order
distinguish the C-C-C-O type torsional angle from the other type of
torsional angles in the carbohydrates.


Structural Background


Ab initio carbohydrate structures : The ab initio HF/6-31G(d)
and B3LYP/6-31G(d) structures of the �- and �-anomers of
glucose, galactose and mannose are known.[20, 21] and the HF/
6-31G(d) structures are summarized in our web site in a three-
dimensional structural database.[22] The MM2*, MMFF, HF,
and GGA-DFT results are in agreement with each other in
that the orientation of the four OH groups on the C1 ±C4
atoms of the pyranose ring show strong coupling. The most
stable conformations tend to maximize the number of possible
OH ¥ ¥ ¥O interactions and thus provide an intramolecular
chain of OH groups and counterclockwise or clockwise
patterns appear. (The definition of clockwise direction
depends on the carbohydrate ring being in the standard
orientation: O5 on the top and O1 on the right.) The
formation of these bridges distorts the ideal three-fold


Figure 2. Definitions of the torsional angles and of the numbering of the
atoms of �GalNAcSer (1). The same definitions were used for 2 ± 12. Carb
represents the carbohydrate residue.


Figure 3. Labeling Schemes using the IUPAC-IUB recommendation for
torsional angle definitions for amino acid residue rotamers located on the
Ramachandran potential energy surface.
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potential energy surface for individual secondary and primary
OH groups. These effects greatly reduce the number of
possible rotamers.
The position of the primary alcohol group, the internal


rotation around the C5�C6 and the C6�O6 bonds (
5 and 
6 in
Figure 2) has virtually no influence on the energy difference
between the two monosaccharide anomers at HF/6-31G(d)
level of theory. NMR results in water for the CH2OH group of
�-��glucose suggest that two conformations differing in 
5
denoted by G� (
5 � � 60�, anti to H5) and G (
5 � � 60�,
anti to C4) are populated in about 55:45 ratio at room
temperature, while the population of the T conformation
(with 
5 �180�, anti to O5) were considered negligible (less
than 2%).[23] More recent NMR investigations in water for
methyl �- and �-��glucopyranosides provide similar results
with a considerable (about 10%) uncertainty.[24] For galacto-
pyranose derivatives, the corresponding populations are 10 ±
25%, 55 ± 78%, and 2 ± 30%.[25] At HF/6-31G(d) level of
theory the energy differences between the T, G� , and G
rotamers is about 0.2 kcalmol�1 for both anomers of the ��
glucose.[26, 27] For ����glucose the G� rotamer is the most
stable. For ����glucose the T rotamer is the most stable. The
comparison of the Gibbs free energies, instead of the
electronic energies, shows that the G� rotamer of the ����
glucose is slightly more stable (by 0.02 kcalmol�1) than the T
rotamer. Comparison of calculated B3LYP/6-311��G(d,p)//
B3LYP/6-31G(d,p) Gibbs free energy values for various �-
and �-��gluco- and galactopyranosides in the gas phase and in
water yields that the population of G� , G, and T rotamers
depends on the hydrogen bonding and solvent effect.[25] The
calculated rotamer populations of the CH2OH group agreed
well with experimental NMR data in water. In the crystal
structure of the ����glucose,[28] the G� orientation was found
for the CH2OH group. The HF/6-31G(d) energy of the crystal
structure is higher by 8 kcalmol�1 than the energy of the
global minimum, because in this geometry the number of
intramolecular hydrogen bridges decrease and intermolecular
OH group interactions occur.
It was observed that the HF/6-31G(d) or cc-pVDZ relative


total energies of various rotamers of ��glucose show consid-
erable agreement with the rather expensive composite QM
relative energies (in the composite method MP2/cc-pVTZ
energies are corrected with CCSD correlation energy correc-
tion and cc-pTVQZ basis set correction, an approximation to
CCSD/cc-pVQZ results; this is about the most expensive
calculations for monosaccharides currently affordable).[26]


Although differences can be observed between the HF and
correlated geometries, the HF/6-31G(d) method predicts
qualitatively correct rotamers (with chain of hydrogen bonds)
and excellent energetic order. Another observation is that the
relative energies of the family of rotamers change only slightly
(about�0.2 kcalmol�1) when the geometries are optimized at
correlated level of theory (B3LYP or MP2). The influence of
the basis sets and methods on the relative energies is
considerably larger (about �3 kcalmol�1, calculated with
the same series of geometries). According to the experience in
the literature that best performer among the least expensive
methods for monosaccharides are HF/6-31G(d), HF/cc-
pVDZ[26] and B3LYP/6-31�G(d).[20, 29±31] Barrows et al.[26]


summarized the performance of the best MM methods for
energies of �-glucose rotamers and found that the HF/
6�31G(d) method is clearly superior compared with any MM
parameterization.[26] A lot of work has been made recently to
parametrize the molecular mechanics (MM) methods for
saccharides in the gas phase using HF/6�31G(d) results.[32±35]
The excellent results obtained by HF/6-31G(d) method for


monosaccharides does not necessarily guarantee the quality
of the HF results for NAc and serine/threonine substituted
monosaccharide rotamers. It is certainly preferable to support
the results with calculations that include electron correlation.
In this respect B3LYP calculations are among the most
affordable and reliable. Such tests have not yet been
performed for O-glycosides of amino acids and this is the
first ab initio and DFT study for such compounds according to
best of our knowledge.


Ab initio serine diamide conformations : The idealized back-
bone torsional angle values for various secondary structural
elements of proteins are summarized in Table 1. N- and
C-protected serine has been studied computationally during
the past two decades. The global minimum is the �L[gg]
rotamer (cf. �L in Table 1) that is stabilized by three hydrogen
bonds shown in Scheme 1.


One of the hydrogen bonds is backbone� backbone
interaction (N2-H ¥ ¥ ¥O�C1) resulting in the �L ring formation.
The other two are backbone� side-chain (N1-H ¥ ¥ ¥O-H) and
side-chain�backbone (O-H ¥ ¥ ¥O�C) interactions. A total of
44 stable rotamers were located at the HF/3-21G level of
theory out of the theoretically possible 81 rotamers (see
below). The side-chain� backbone (O-H ¥ ¥ ¥O�C2) interac-
tion of the serine OH is clearly missing from the conforma-
tional space of O-glycosides. Consequently it is expected that


Scheme 1. The hydrogen bonds in N- and C-protected serine.


Table 1. The idealized backbone torsional angle values of selected
secondary structural elements of proteins.


� �


�-helix (right handed) � 54� � 45�
�-helix (left handed) � 54� � 45�
310 helix (right handed) � 60� � 30�
antiparallel �-chain � 139� � 135�
parallel �-chain � 119� � 113�
collagene helix � 51� � 153�
type I turn


(2nd amino-acid residue) � 60� � 30�
(3rd amino-acid residue) � 90� 0�


type II turn
(2nd amino-acid residue) � 60� � 120�
(3rd amino-acid residue) � 80� 0�


�-turn (�D) � 60� � 60�
inverse �-turn (�L) � 60� � 60�
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the less stable rotamers of the conformational space of N- and
C-protected serine will occur among the most stable rotamers
of glycosylated serine.


Results and Discussion


Energetic order


The MM2*-SUMM conformational search gave 19 rotamers
for 1 within 3.63 kcalmol�1 of the global minimum (cf.
Table 2). The global minimum was found 19 times during
the search. The conformation of the serine backbone shows
little variation. Only three kinds of rotamers occur: distorted
�L, �D, and a rather distorted �D (rotamer 14, cf. Table 2). The
most stable eight rotamers have the same classifications for
the peptide backbone and side chain orientations: �L[gtt],
covering an energy range of 2.64 kcalmol�1. The essential
difference between these rotamers is in the orientation of the
primary alcohol group (-CH2OH) characterized by the 
5 , and

6 torsional angles: G� g� , Gg� , Gt, and Tg rotamers
occur. Three rotamers (1, 3, and 5, Table 2) fall in the same
category with the only difference among them being in 
2 (the
orientation of the NAc group). The value of 
2 is usually
between 160 and 165�. However, in a few rotamers its value is
around�140� (e.g. rotamers 3, 5, and 8). Thus, the NAc group
is rotated in the counter-clockwise direction (see Figure 2.) by
90�. As result the C�O oxygen turns below the plane defined
by C1, C2 and N2. Comparison of the torsional angles for
rotamers 3 and 5 (Table 2, MM2* values) shows that these two
rotamers are very similar, and the distinction made by the
MM2* method is probably artificial.
We performed a similar conformational space search using


a more recent LMOD conformational space search method[36]


combined with MMFF94 force field.[16] Comparison of the
MM2* and MMFF4 conformational space with the HF/6-
31G(d) results showed that the MMFF94 results agree better
with the HF/6-31G(d) results for the two most stable rotamers
but spurious discrepancies occur in the higher energy regions.
Thus the results obtained with the MMFF94 field were not
used further and are not discussed here. They are available on
the World Wide Web.[37]


Several rotamers of 1 found by the MM2* force field are
not stable at the HF/6-31G(d) level of theory (cf. rotamers 3,
5, 7, 8, 11, 14, 17, 18 in Table 2). All MM2* rotamers with 
2
� � 140� disappear from the HF/6-31G(d) conformation
space (rotamers 3, 5, 8, and 18). Instead, the ab initio value
for 
2 is consistently about 155�. Rotamer 7 of the MM2*
conformation space is transformed into rotamer 4, which is
rather similar to 7, in the ab initio conformation space. During
this 7� 4 transformation the value of the 	2 angle is changed
from its �153� value to 162�. The latter value for 	2 angle is
characteristic for the most stable ab initio rotamers. The most
stable ab initio rotamers can be characterized as �L[gtt �
gtttXy], where X and y symbolize the various orientations
of the primary alcohol group characterized by the 
5 , and 
6
torsional angles (e.g. G� g, Gg� , Gt or Tg, cf. Table 2). The
ab initio results provide a different global minimum for (1),
namely rotamer 6 in Table 2 from the same family of


rotamers. However, rotamer 1 and especially rotamer 2 are
only slightly less stable than rotamer 6 (the ab initio total
energy difference among these three rotamers is less than
1 kcalmol�1, cf. Table 2). Rotamer 4 is considerably less stable
due to the Gt orientation of its primary alcohol CH2OH
group. This is because there is no hydrogen bond for the
CH2OH group in the Gt orientation. The HF/6-31G(d)
calculations usually prefer the Tg position for this group in
monosaccharides as discussed earlier.
The common feature of the most stable �L[gtt � gtttXy]


rotamer family of (1) is the preference for the (Carb)-
AcNH ¥ ¥ ¥O�C-NHMe(Ser) hydrogen bond (denoted as
(N2Carb)H ¥ ¥ ¥O2Ser). This hydrogen bond anchors the galactose
residue in an ™orthogonal∫ position (see below) with respect
to the serine residue (cf. gtt side chain orientation with two
anti torsional angles). In the core structures of the O-glyco-
sides O3 and/or O6 of GalNAc is involved in glycosidic
linkages (see Introduction).[1] Therefore the O3H and/or O6H
type hydrogen donor rotamers (e.g. G� g, Gg� , or Tg) are
missing from the conformational space of such glycoproteins.
According to Table 3 the global minimum for 2 (found six


times by the MM2*-SUMM search) is qualitatively the same
structure by either the MM2* or HF/6-31G(d) methods. All
rotamers except 16 from the MM2* calculations are stable.
Rotamer 16 is transformed to rotamer 1 by the HF/6-31G(d)
geometry optimization (cf. Table 3). The essential difference
between these two rotamers is the value of 	2. In rotamer 1
the value of 	2 is 122�, a value that causes an eclipsed value
(2�) for the H-C�-O1-C1 torsional angle. In rotamer 16, the
value of 	2 is 178�,a nearly perfect anti position with no
eclipsed atom pairs. (This difference does not occur in our
notation because the three letter notation classifies any angle
falling in the 120 ± 240� range as anti and denoted by t). It
seems somewhat unusual that a rotamer containing eclipsed
atoms is the most stable. A survey of the Cambridge
Structural Data Base[38] revealed several structures (CSD
refcodes: DMGALP, RONHEH and ZOSSEF) that contain
eclipsed H-C-O-C torsional angles. The latter ZOSSEF
structure contains perfectly eclipsed methyl carbon atoms
due to symmetry reasons. Our recent investigation of 2,3-di-
O-methyl-��galactopyranosiduronic methyl ester derivatives
(to be published elsewhere) show that such eclipsed rotamers
are quite frequent among O-methyl groups.[39] Similarly, due
to the preferable inter-residue interactions (O5 ¥ ¥ ¥HN1), the
non-eclipsed rotamer 16 seamlessly transformed to rotamer 1
(eclipsed) during the HF/6-31G(d) geometry optimization.
Besides the most stable rotamer 1, rotamers 7, 9, 15, and 19
also contain eclipsed atoms (cf. ab initio values for 	2 in
Table 3). The relative MM2* and HF/6-31G(d) energies of the
various rotamers differ considerably. This is especially true for
rotamers 14 and 17 (cf. HF/6-31G(d) values in Table 3), which
are quite stable according to the ab initio results. We note that
the non-exoanomeric rotamers with 
1 about 60� instead of
�60� (cf. rotamers 2 and 4 in Table 3) are predicted to occur
with similar energies (within 1 kcalmol�1) to those of exoa-
nomeric ones. This point will be discussed in more detail
below.
For model systems containing the mannose residue the


situation is somewhat different. While the results for 3 in
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Table 4 show the usual difference between theMM2* and HF/
6-31G(d) relative energies (slightly different global minimum
and different energetic order for various rotamers), the
largest differences between MM2* and HF/6-31G(d) relative
energies were observed in the conformation space of 4 (up to
7 kcalmol�1, cf. Table 5). The general feature is that the higher
energy rotamers of the MM2* conformation space are
considerably more stable according to the HF/6-31G(d)
method. For example the most stable rotamer of HF/6-
31G(d) conformational space is the rotamer 17 of the MM2*
conformational space (cf. Table 5).
The most stable rotamers of 5 and 6, �- and �-GlcNAc-Ser,


which are the analogues of 1 and 2, were constructed from the
most stable HF/6-31G(d) rotamers of 1 and 2. The axial C4
OH was changed to equatorial, and 
4 ± 
6 torsion angles were
taken from the corresponding free ��glucose monomer. This
procedure is expected to lead directly to the most stable
rotamers of 5 and 6 without an extensive conformational


space search. The three most stable rotamers of 5 corresponds
to �L[gtt � gtttXy] with Xy�Tg, Gg� , and G� g. According
to the HF/6-3G(d) results the relative stabilities of Tg, Gg� ,
and G� g rotamers of 5 are �0.33, 0.06, and 0.51 kcalmol�1,
respectively, compared with the most stable rotamer 6 of 1 in
Table 2. Thus 5 is slightly more stable than 1. The reason for
this is the following: The oxygen atom of NAc group at C2
stabilizes the counter clockwise direction of OH groups (by a
C�O ¥ ¥ ¥H-O3 interaction). The most stable rotamer of ����
glucose show such pattern. However, the most stable rotamer
of ����galactose shows clockwise direction that is destabilized
in 1 (cf. rotamer 9 of 1 in Table 2, it is less stable by
3.71 kcalmol�1). Notably according to the HF/6-31G(d)
results the rotamers of 6 are rather stable. The relative energy
of the most stable �L[gtg�� gtttTg] rotamer of 6 is
3.51 kcalmol�1; this is the most stable among the rotamers
of various �-anomers (cf. �GalNacSer, 3.92 kcalmol�1 in
Table 3, �ManNAcSer 4.93 kcalmol�1 in Table 5). The rela-


Table 2. Relative energies (�E in kcalmol�1) and torsional angles of the low energy rotamers of �GalNAcSer (1).[a]


Serine backbone Serine side chain Carbohydrate
�E � � Code 	1 	2 	3 Code 
1 
2 
3 
4 
5 
6 Code


MM2*
1 0.00 � 77 56 �L 63 163 � 156 gtt 83 165 � 162 � 170 � 54 � 39 gtttG� g�
2 0.53 � 77 56 �L 64 165 � 155 gtt 84 164 � 161 � 173 59 � 57 gtttGg�
3 1.57 � 77 58 �L 62 136 � 161 gtt 76 � 146 166 � 169 � 55 � 39 gtttG� g�
4 1.84 � 77 56 �L 64 165 � 156 gtt 83 164 � 161 � 173 68 � 180 gtttGt
5 2.02 � 77 53 �L 57 159 � 169 gtt 69 � 133 163 � 169 � 50 � 40 gtttG� g�
6 2.59 � 77 56 �L 63 162 � 156 gtt 83 165 � 161 � 171 � 164 75 gtttTg
7 2.64 � 73 44 �L 78 � 153 � 160 gtt 79 160 � 161 � 172 69 � 178 gtttGt
8 2.64 � 77 52 �L 58 161 � 169 gtt 69 � 133 163 � 171 59 � 57 gtttGg�
9 2.99 � 75 52 �L � 55 158 � 170 g-tt 70 13 � 36 61 � 52 53 ggg� gG� g
10 3.06 70 � 51 �D 180 89 � 164 tgt 76 162 � 160 � 170 � 49 � 40 gtttG� g�
11 3.11 � 77 56 �L 63 164 � 155 gtt 83 164 � 160 � 174 174 175 gtttTt
12 3.24 57 � 13 �D 62 � 151 � 177 gtt 61 159 � 161 � 170 � 50 � 37 gtttG� g�
13 3.44 69 � 62 �D � 174 � 169 � 170 ttt 69 160 � 158 � 173 61 � 57 gtttGg�
14 3.44 49 32 �D 61 146 � 174 gtt 64 160 � 160 � 170 � 50 � 37 gtttGg�
15 3.49 � 77 56 �L 63 163 � 153 gtt 86 159 � 108 66 � 53 50 gtg� gG� g
16 3.58 � 77 56 �L 63 162 � 157 gtt 82 165 � 160 � 173 68 77 gtttGg
17 3.58 � 60 69 �L � 174 � 177 � 173 ttt 67 160 � 159 � 170 � 50 � 39 gtttG� g�
18 3.62 � 77 58 �L 62 139 � 162 gtt 75 � 149 167 � 171 67 � 180 gtttGt
19 3.63 � 77 63 �L � 160 � 167 � 164 ttt 75 159 � 158 � 173 62 40 gtttGg
HF/6-31G(d)
1 0.99 � 86 69 �L 53 160 � 155 gtt 80 158 � 142 � 168 � 54 � 47 gtttG� g�
2 0.03 � 87 68 �L 54 162 � 156 gtt 81 157 � 141 � 169 61 � 63 gtttGg�
3� 1[b] 0.99
4 2.28 � 87 68 �L 54 162 � 157 gtt 79 158 � 143 � 168 72 � 164 gtttGt
5� 1[b] 0.99
6[c] 0.00 � 86 68 �L 54 161 � 155 gtt 81 158 � 141 � 167 � 171 79 gtttTg
7� 4[b] 2.28
8� 2[b] 0.03
9 3.71 � 83 73 �L � 63 150 � 173 g-tt 66 36 � 42 37 � 58 62 ggg� gG� g
10 4.98 75 � 51 �D � 176 95 � 165 tgt 72 156 � 139 � 168 � 53 � 47 gtttG� g�
11� 6[b] 0.00
12 7.67 49 49 �D 57 131 � 170 gtt 67 155 � 139 � 167 � 53 � 45 gtttG� g�
13 8.29 75 � 74 �L � 170 � 168 � 170 ttt 66 155 � 139 � 170 63 � 67 gtttGg�
14� 12[b] 7.67
15 3.77 � 86 68 �D 53 163 � 152 gtt 84 149 � 85 45 � 59 58 gtg� gG� g
16 3.78 � 86 70 �D 53 160 � 157 gtt 79 158 � 142 � 168 68 74 gtttGg
17� 10[b] 4.98
18� 4[b] 2.28


[a] The MM2* energy of the most stable rotamer is �62.31 kcalmol�1. For the definition of the torsional angles refer to Figure 2. [b] The notation 3� 1
means that rotamer 3 provided by the MM2* method is not stable according to the HF/6-31G(d) method and during the geometry optimization it was
transformed to rotamer 1. Analogous notation is used for the other unstable MM2* rotamers. [c] The most stable rotamer according to the ab initio HF/6-
31G(d) method, total energy��1307.00775 hartree.
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tive stability of the primary alcoholic rotamers is 3.96 and
4.42 kcalmol�1 for Gg� and G� g rotamers, respectively.
These rotamers were derived from the second most stable
rotamer of 2. Another rotamer of 6 were derived from the
most stable rotamer of 2. The relative HF/6-31G(d) energy of
this �L[g� tt � g� -tttG� g� ] rotamer is 5.61 kcalmol�1, thus
it is considerably destabilized.
Figure 4 shows the essential difference between MM2* and


HF/6-31G(d) relative energies. The ab initio energy differ-
ences are considerably larger (8 ± 9 kcalmol�1 for the first 10 ±
20 rotamers) than that of MM2* (usually 2 ± 3 kcalmol�1 for
about 20 rotamers). Thus, the MM2* conformational space is
energetically more compressed relative to the HF/6-31G(d)
conformational space. Our earlier results show that theMM2*
method provides different energetic order for the rotamers in
the higher energy region.[30, 31] This is not surprising since
carbohydrates are rather difficult tests for MM methods
because they have densely packed, highly polar functional
groups, and the conformational energies depend on stereo-
electronic effects. These difficulties certainly influence the
relative energies of the molecules investigated in the present
paper. On the other hand, earlier studies have found that the
HF/6-31G(d) and cc-pVDZ results provide quite good
relative energies for monosaccharides that are close to results
of the highest-level calculations currently affordable. The
B3LYP/6-31�G(d)//HF/6-31G(d) conformational space of
the four model compounds resembles the HF/6-31G(d)
conformational space (cf. Figure 4). The most noticeable
difference is that rotamer 2 is the lowest energy rotamer of 1
(instead of rotamer 6) and the lowest energy rotamer of 2 is
1 kcalmol�1 more stable according to the B3LYP/6-31�G(d)//
HF/6-31G(d) results (cf. Figure 4 and Table 7). Vibrational
frequency analyses for HF/6-31G(d) optimized geometries
confirmed that each stationary point is a true minimum on the
potential energy surface. Inspection of the components of the
calculated �H298 and �G298 data (cf. Table 7) shows that the


ZPE and thermal corrections to the energy are rather small
(the energy order remains the same). However, the T�S298
term can be as large as 2.6 kcalmol�1 (T�S298��H298�
�G298). In general, for the molecules studied here, the entropy
differences stabilize the �-anomers relative to �-anomers, and
ManNAc relative to GalNAc (cf. Table 7). The largest
stabilization effect can be observed for rotamer 6 of �Man-
NAcSer (cf. Table 7). The two anomers of GlcNAcSer are the
most stable. This might explain the occurrence of the
�GlcNAc monosaccharide side chains on serine or threonine.
However, the missing �GlcNAc-type O-glycosides cannot be
explained by the stability alone. The relative energies exclude
�ManNAc as the root of the saccharide antenna, but certainly
other factors make the �GlcNAc less preferred. �- or
�GlcNAc was never found as O-glycosidic linker in saccharide
core chains. �GlcNAc occurs only as a monosaccharide. This
could be attributed to structural and/or reactivity properties
of �GalNAc that makes the chain continuation ™easier∫. (We
recall that �GlcNAc is the exclusive root for N-glycosidic
linkage. This will be investigated in a subsequent paper.)
Among the �-anomers the �GlcNAcSer is the most stable (cf.
Table 7).
A series of HF/6-31G(d) and B3LYP/6-31�G(d)//HF/6-


31G(d) calculations were performed on the threonine ana-
logues 7 ± 12 of the selected molecules. These molecules were
generated from the analogous serine containing molecules.
The relative energies are shown in Table 8. Comparison of
these relative energies with those in Tables 2 ± 7 shows that
the extra methyl group in threonine does not influence
considerably (no more than few tenth of kcalmol�1) the
relative energies of the most stable rotamers in most of the
cases. The only exception is 12, �GlcNAcThr, for which a
considerable destabilization was observed at HF level of
theory (cf. Table 8). However, this effect is diminished by the
inclusion of the electron correlation effects (nearly
2 kcalmol�1 stabilization). Careful analysis of the molecular


Figure 4. Comparison of HF/6-31G(d), B3LYP/6-31�G(d)//HF/6-31G(d) and MM2* relative energies of 1, 2, 3, and 4 in kcalmol�1. The energy of the most
stable rotamer of 1 is selected as the reference.
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geometry provides that the threonine analogues conserve the
values of the essential torsional angles. Detailed geometry
analysis follows next.


Geometry analysis


Serine backbone conformations : Serine related model pep-
tides have been extensively studied with spectroscopy in the
past.[40] Furthermore, many ab initio results for serine peptide
models were reported during the last fifteen years.[41, 42]


The distribution of the � and � torsional angles of the
serine residue is presented in Figure 5 as Ramachandran plots
for MM2* and HF/6-31G(d) methods. For the definition of


these torsional angles refer to Figure 2. Most of the rotamers
fall into two categories, �L or �D (cf. notation for � turn and
inverse � turn in Figure 3 and codes in Tables 2 ± 6). The
distribution of the various backbone rotamers can be followed
in Figure 5. The � and � torsional angles have their typical
values in the most stable rotamers around �77 and 55�,
respectively. As noted earlier, �L corresponds to the most
stable rotamer of the free serine monomer.[42] �-Helices (left
and right turns) can be observed in a few of the rotamers. For
1 and 2 the single �D rotamer in the MM2* conformational
space disappears from the HF/6-31G(d) conformational space
(cf. rotamer 14 in Table 2). However, the �L rotamer 12 is
transformed by HF/6-31G(d) method into a new �D rotamer


Table 3. Relative Energies (�E in kcalmol�1) and torsional angles of the low energy rotamers of �GalNAcSer (2).[a]


Serine backbone Serine side chain Carbohydrate
�E � � Code 	1 	2 	3 Code 
1 
2 
3 
4 
5 
6 Code


MM2*
1 1.78 � 77 53 �L � 55 122 � 177 g� tt � 62 � 133 163 � 168 � 49 � 51 g� tttG� g�
2 1.82 � 76 54 �L 59 167 � 69 gtg� 51 � 128 165 � 168 � 51 � 45 gtttG� g�
3 2.73 � 76 48 �L 38 72 164 ggt � 82 � 132 163 � 168 � 51 � 48 g� tttG� g�
4 2.97 � 76 54 �L 58 166 � 68 gtg� 52 � 128 165 � 170 61 � 55 gtttGg�
5 3.24 61 � 62 �D 75 � 167 177 gtt � 67 � 132 165 � 168 � 52 � 41 g� tttG� g�
6 3.25 � 77 57 �L � 175 � 159 159 ttt � 84 � 140 167 � 168 � 52 � 40 g� tttG� g�
7 3.55 73 � 50 �D � 52 147 174 g� tt � 72 � 132 163 � 170 62 � 65 g� tttGg�
8 3.80 � 76 48 �L 45 142 170 gtt � 75 � 131 162 � 170 58 � 64 g� tttGg�
9 3.99 � 78 54 �L � 63 120 175 g� tt � 69 � 131 163 � 169 56 173 g� tttGt
10 4.10 � 77 57 �L � 175 � 159 158 ttt � 85 � 139 166 � 169 60 � 57 g� tttGg�
11 4.12 62 � 60 �D 77 � 168 175 gtt � 69 � 132 165 � 169 61 � 57 g� tttGg�
12 4.21 � 76 53 �L 59 167 � 69 gtg� 51 � 128 165 � 170 70 179 gtttGt
13 4.27 71 � 48 �D � 172 � 134 168 ttt � 75 � 134 165 � 168 � 52 � 40 g� tttG� g�
14 4.56 � 76 53 �L 58 167 � 68 gtg� 51 � 128 164 � 169 � 163 74 gtttTg
15 4.58 � 85 � 10 �L 56 128 177 gtt � 68 � 133 162 � 170 61 � 69 g� tttGg�
16 4.58 � 76 53 �L � 56 178 173 g� tt � 71 � 132 163 � 168 � 52 � 43 g� tttG� g�
17 4.65 � 77 52 �L 45 147 � 176 gtt � 62 84 � 41 47 � 49 61 g� gg� gG� g
18 4.71 � 75 48 �L 58 � 153 178 gtt � 66 � 4 � 35 59 � 54 53 g� g� g� gG� g
19 5.06 69 � 47 �D 85 123 177 gtt � 68 � 130 164 � 169 58 � 73 g� tttGg�
20 5.08 70 � 51 �D � 174 � 123 167 ttt � 76 � 138 165 � 169 60 � 56 g� tttGg�
21 5.18 66 20 �D � 46 142 175 g� tt � 70 � 133 163 � 170 62 � 67 g� tttGg�
HF/6-31G(d)
1[b] 3.92 � 87 71 �L � 59 125 176 g� tt � 64 � 148 172 � 169 � 52 � 52 g� tttG� g�
2 4.39 � 86 61 �L 53 173 � 69 gtg� 54 � 131 167 � 170 � 54 � 49 gtttG� g�
3 4.74 � 85 55 �L 40 67 160 ggt � 81 � 145 171 � 169 � 50 � 52 g� tttG� g�
4 4.11 � 86 61 �L 52 173 � 68 gtg� 55 � 130 166 � 171 61 � 59 gtttGg�
5 11.98 72 � 40 �D 85 � 157 178 gtt � 60 171 � 157 � 166 � 53 � 46 g� tttG� g�
6 5.58 � 87 72 �L � 177 � 156 163 ttt � 75 172 � 159 � 166 � 53 � 45 g� tttG� g�
7 7.29 77 � 39 �D � 59 137 176 g� tt � 63 � 162 179 � 169 61 � 74 g� tttGg�
8 6.83 � 86 56 �L 29 91 167 gtt � 74 � 147 170 � 171 77 � 43 g� tttGg�
9 7.21 � 88 70 �L � 64 121 167 g� tt � 73 � 148 173 � 168 60 176 g� tttGt
10 4.99 � 87 73 �L � 176 � 156 161 ttt � 77 171 � 157 � 167 59 � 62 g� tttGg�
11 11.38 67 � 35 �D 79 � 173 174 gtt � 65 � 142 169 � 169 61 � 65 g� tttGg�
12 6.51 � 86 60 �L 53 174 � 69 gtg� 54 � 132 167 � 170 71 � 170 gtttGt
13 8.46 76 � 52 �D � 167 � 146 172 ttt � 66 � 155 177 � 167 � 53 � 46 g� tttG� g�
14 3.94 � 86 61 �L 53 173 � 69 gtg� 54 � 130 166 � 168 � 171 78 gtttTg
15 6.75 � 119 14 �L 42 110 172 gtt � 67 � 151 172 � 171 70 � 59 g� tttGg�
16� 1[c] 3.92
17 4.55 � 86 53 �L 42 142 � 171 gtt � 52 94 � 46 20 � 56 67 g� gg� gG� g
18 7.55 � 85 44 �L 58 � 146 � 179 gtt � 62 � 30 � 38 35 � 59 61 g� g� g� gG� g
19 12.32 72 � 43 �D 84 118 178 gtt � 63 � 138 168 � 170 57 � 76 g� tttGg�
20 8.02 76 � 53 �D � 167 � 146 171 ttt � 68 � 149 173 � 168 61 � 61 g� tttGg�
21 7.32 68 31 �D � 53 136 176 g� tt � 63 176 � 165 � 168 61 � 74 g� tttGg�
[a] The energy of the most stable rotamer 1 in Table 2 is used as reference:� 62.31 kcalmol�1. The MM2* energy of the most stable rotamer 1 in this Table is
�60.53 kcalmol�1. For the definition of the torsional angles refer to Figure 2. [b] The most stable rotamer according to the ab initio HF/6-31G(d) method,
total energy��1307.00150 hartree. The energy of the most stable rotamer 6 in Table 2 is used as reference: � 1307.00775 hartree. [c] The notation 16� 1
means that rotamer 16 provided by the MM2* method is not stable according to the HF/6-31G(d) method and during the geometry optimization it was
transformed to rotamer 1.
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(this rotamer is in the high-energy region, 7.67 kcalmol�1


above the global minimum, cf. Table 2). Only one �D rotamer
can be found in the conformational space of 2, again in the
relatively high energy region (cf. Table 3 and Figure 5). The
MM2* and HF/6-31G(d) results for the peptide backbone
conformations agree quite well, with only a few exceptions.


Serine side-chain conformations : The values of 	1, 	2, and 	3
torsional angles of the C�-C�-O-C1anomeric bonds control the
relative orientation of the serine and the monosaccharide
residues thus giving major direction of the carbohydrate
antenna. The distribution of the various side chain rotamers
can be followed in the Figure 6. The value of 	1 for 1 is about
60� (gauche relative to N1Ser and anti relative to C�H) in the
most stable rotamers. This angle deviates only slightly from
the supposedly ideal value of 60� in these rotamers (cf.
Table 2). The g� (anti relative to C2Ser) and t (anti relative to
N1Ser) rotamers of 	1 are considerably less frequent and less
stable, and most are missing from the HF/6-31G(d) conforma-
tional space. For compounds 2 ± 4, 	1 occurs considerably
more frequently in the g� or t orientation (cf. the most stable


rotamer of 2 in Table 3). In these compounds the 	1 torsional
angle shows considerable deviation (15 ± 20�) from the ideal
values, indicating strained structures.
The value of 	2 for 1 is about 180� (anti relative to C�) in the


most stable rotamers. It can be observed that this angle
deviates considerably (usually by �20�) from the so called
ideal value of 180� in these rotamers (cf. Table 2). This
torsional angle is a primary influence on the orientation of the
carbohydrate antenna, providing an anti arrangement for the
bulky GalNAc residue. Those rotamers of the MM2* con-
formational space that have large deviations from the ideal
value (40�, e.g. rotamers 3, 14, and 18 in Table 2) are missing
from the HF/6-31G(d) conformational space. As noted above
for rotamers 1, 7, 9, 15, 19, and 21 of the HF/6-31G(d)
conformational space of (2), the value of 	2 is about 120� (cf.
Table 3), yielding an eclipsed position for the H-C�-O1-C1
torsional angle. The interresidue, N1SerH ¥ ¥ ¥O5 hydrogen
bond forces the residues into this strained position. Also,
the most stable rotamers of 2 have a bent shape in which the
galactose residue turns toward the serine residue. The other
most stable rotamer of 2 according to HF/6-31G(d) results


Table 4. Relative energies (�E in kcalmol�1) and torsional angles of the low energy rotamers of �ManNAcSer (3).[a]


Serine backbone Serine side chain Carbohydrate
�E � � Code 	1 	2 	3 Code 
1 
2 
3 
4 
5 
6 Code


MM2*
1 5.75 � 77 51 �L 54 175 � 173 gtt 67 � 159 � 147 173 58 � 56 gtttGg�
2 5.82 � 77 64 �L � 159 � 165 � 163 ttt 77 � 157 � 150 170 60 42 gtttGg
3 5.95 � 77 54 �L 54 176 � 179 gtt 67 � 159 � 147 170 170 53 gtttTg
4 6.30 69 � 63 �D � 174 � 170 � 171 ttt 70 � 158 � 151 169 60 � 55 gtttGg�
5 6.37 � 74 44 �L 75 � 154 159 gtt 82 � 157 � 152 169 59 � 68 gtttGg�
6 6.54 � 77 51 �L 54 175 � 173 gtt 68 � 159 � 145 175 � 52 58 gtttG� g
7 6.55 � 74 42 �L 79 � 148 � 160 gtt 80 � 157 � 151 168 67 177 gtttGt
8 6.57 � 104 2 �L 82 82 � 104 ggg� 86 � 155 � 148 169 63 179 gtttGt
9 6.61 69 � 62 �D � 173 � 172 � 172 ttt 69 � 158 � 149 168 170 51 gtttTg
10 6.65 71 � 49 �D 154 � 169 � 179 ttt 63 � 159 � 150 172 62 52 gtttGg
11 6.67 � 77 51 �L 54 176 � 174 gtt 67 � 159 � 147 172 65 175 gtttGt
12 6.94 � 77 51 �L 54 176 � 174 gtt 67 � 159 � 141 176 � 59 � 176 gtttG� t
13 7.08 � 76 55 �L � 53 � 177 � 172 g� tt 69 � 158 � 149 172 58 � 54 gtttGg�
14 7.21 � 81 55 �L � 51 � 101 � 165 g� g� t 74 � 158 � 146 172 64 69 gtttGg
15 7.31 � 76 55 �L � 53 � 178 � 172 g� tt 69 � 158 � 148 169 170 51 gtttTg
16 7.34 � 71 � 19 �L 82 � 147 � 164 gtt 77 � 157 � 150 170 68 � 179 gtttGt
17 7.50 71 � 51 �D � 50 � 69 � 148 g� g� t 93 � 158 � 148 170 64 179 gtttGt
HF/6-31G(d)
1 5.34 � 86 59 �L 51 127 � 170 gtt 69 � 154 � 144 173 60 � 58 gtttGg�
2 7.03 � 85 91 �L � 170 � 168 � 172 ttt 66 � 155 � 157 171 64 53 gtttGg
3[b] 5.11 � 86 60 �L 51 127 � 169 gtt 69 � 154 � 142 173 167 52 gtttTg
4 10.58 75 � 76 �D � 169 � 170 � 169 ttt 69 � 154 � 159 170 62 � 60 gtttGg�
5 8.67 � 86 45 �L 59 � 157 � 144 gtt 94 � 154 � 157 170 62 � 62 gtttGg�
6 5.48 � 86 59 �L 50 126 � 169 gtt 69 � 154 � 146 177 � 55 63 gtttG� g
7 10.83 � 85 42 �L 61 � 160 � 147 gtt 90 � 155 � 154 169 73 � 175 gtttGt
8 8.28 � 108 � 4 �L 67 � 93 � 142 ggg� 96 � 154 � 154 170 66 178 gtttGt
9 10.27 75 � 73 �D � 170 � 173 � 171 ttt 67 � 155 � 157 171 165 53 gtttTg
10 13.58 73 � 73 �D 165 � 176 176 ttt 54 � 155 � 158 171 62 63 gtttGg
11 7.96 � 86 60 �L 51 128 � 172 gtt 67 � 154 � 143 171 70 � 179 gtttGt
12 7.36 � 86 59 �L 50 128 � 169 gtt 69 � 155 � 137 176 � 62 � 174 gtttG� t
13c 7.34 � 88 74 �L � 57 � 180 � 172 g� tt 66 � 154 � 156 173 60 � 60 gtttGg�
14 6.48 � 90 75 �L � 60 � 95 � 163 g� g� t 74 � 155 � 150 173 65 71 gtttGg
15[c] 7.26 � 88 73 �L � 57 � 178 � 170 g� tt 68 � 155 � 152 173 166 52 gtttTg
16[c] 10.67 � 86 � 9 �L 71 � 149 � 153 gtt 85 � 155 � 153 169 72 � 173 gtttGt
17[c] 8.51 � 55 � 42 �D � 59 � 68 � 147 g� g� t 91 � 154 � 151 170 70 � 173 gtttGt


[a] The energy of the most stable rotamer 1 in Table 2 is used as reference:� 62.31 kcalmol�1. The MM2* energy of the most stable rotamer 1 in this Table is
�56.56 kcalmol�1. For the definition of the torsional angles refer to Figure 2. [b] The most stable rotamer according to the ab initio HF/6-31G(d) method,
total energy��1306.99961 hartree. The energy of the most stable rotamer 6 in Table 2 is used as reference: � 1307.00775 hartree. [c] Loose geometry
optimization.
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does not have a similar strain as 	2 is about 173� (cf. rotamers
2, 4, and 14 in Table 3). In these rotamers of 2 the same
interresidue (N2Carb)H ¥ ¥ ¥O2Ser interaction occurs as in the
most stable rotamers of 1. This is the origin of the surprising
stability of the non-exoanomeric rotamers of 2. However, the
overall shape of these rotamers of 2 is quite different from the
shape of 1 due to the difference between �- and �-anomers. In
the most stable rotamers of 3 	2 is about 127� (cf. rotamers 1, 3,
and 6 in Table 4) this again yields an eclipsed position for the
H-C�-O1-C1 torsional angle. Oddly enough a (C1Carb)-
H ¥ ¥ ¥O2Ser interaction stabilizes this conformer. Such inter-
actions are missing from the most stable rotamers of the


conformational space of other compounds. In the most stable
rotamers of 4 	2 is about 170� (cf. rotamers 4, and 17 in
Table 5). In these rotamers the usual (N2Carb)H ¥ ¥ ¥O2Ser
interaction occurs; however, this leads to a rather bent
structure in 4. In rotamer 4 of 4 (O6Carb)H ¥ ¥ ¥O2Ser supple-
ments this interaction, yielding an O2Ser with two hydrogen
bonds.While this structure is among the most stable structures
according to MM2* results, the ab initio results show the
rotamer 17 of 4 to be more stable.
The 	3 torsional angle does not show a large variation. With


very few exception this angle takes an anti position in
accordance with the anti anomeric rule for �-anomers. We


Table 5. Relative energies (�E in kcalmol�1) and torsional angles of the low energy rotamers of �ManNAcSer (4).[a]


�E � � Code 	1 	2 	3 Code 
1 
2 
3 
4 
5 
6 Code


MM2*
1 5.09 63 � 28 �D 73 127 � 180 gtt � 66 141 � 73 168 57 � 69 g� tg� tGg�
2 5.25 57 � 12 �D 62 123 � 179 gtt � 64 � 163 � 144 172 60 � 68 g� tttGg�
3 5.71 � 76 49 �L 48 145 172 gtt � 75 � 162 � 141 175 52 � 63 g� tttGg�
4 6.08 � 77 52 �L 55 148 179 gtt � 68 � 161 � 133 176 � 48 62 g� tttG� g
5 6.56 � 77 51 �L 50 148 � 176 gtt � 62 � 82 57 � 82 � 51 61 g� g� gg�G� g
6 6.58 � 78 55 �L � 64 121 176 g� tt � 70 � 162 � 140 174 52 170 g� tttGt
7 6.66 73 � 51 �D � 51 151 173 g� tt � 74 � 161 � 143 174 58 � 64 g� tttGg�
8 6.78 61 � 18 �D 75 131 � 177 gtt � 62 144 � 73 168 � 47 68 g� tg� tG� g
9 7.06 � 78 53 �L � 54 122 � 175 g� tt � 60 � 161 � 139 174 � 52 � 173 g� tttG� t
10 7.28 � 77 51 �L 49 148 � 176 gtt � 62 � 83 170 178 � 48 61 g� g� ttG� g
11 7.37 � 77 52 �L 46 178 169 gtt � 75 � 85 54 � 57 � 174 � 172 g� g� gg�Tt
12 7.38 55 � 6 �D 68 132 � 178 gtt � 62 � 163 � 151 172 � 50 69 g� tttG� g
13 7.41 � 76 48 �L 45 145 175 gtt � 71 � 78 58 � 77 51 � 62 g� g� gg�Gg�
14 7.51 � 77 57 �L 63 168 � 163 gtt � 49 � 163 � 128 173 57 � 56 g� tttGg�
15 7.60 � 78 55 �L � 63 121 177 g� tt � 69 � 163 � 139 175 53 67 g� tttGg
16 7.62 � 76 48 �L 45 146 176 gtt � 71 � 80 170 177 50 � 62 g� g� ttGg�
17 7.65 � 77 57 �L 63 169 � 161 gtt � 46 � 163 � 133 171 170 53 g� tttTg
18 7.68 69 � 51 �D 163 94 � 169 tgt � 55 � 167 � 113 176 � 56 51 g� tg� tG� g
19 7.68 � 87 1 �L 64 138 � 176 gtt � 63 � 161 � 132 176 � 48 69 g� tttG� g
20 7.96 � 77 53 �L 58 � 178 � 177 gtt � 62 � 161 � 141 171 170 53 g� tttTg
21 8.06 � 91 � 23 �L 51 � 173 168 gtt � 75 � 79 55 � 57 � 174 � 172 g� g� gg�Tt
22 8.09 � 77 52 �L 60 148 � 175 gtt � 62 � 88 � 83 175 � 48 63 g� g� g� tG� g
23 8.11 64 � 29 �D 83 130 � 178 gtt � 64 � 160 � 136 175 � 50 71 g� tttG� g
24 8.17 75 � 52 �D � 43 159 180 g� tt � 67 � 161 � 137 175 � 46 66 g� tttG� g
HF/6-31G(d)
1� 2[b] 9.16
2 9.16 59 � 7 �D 56 117 176 gtt � 63 � 158 � 137 171 66 � 63 g� tttGg�
3 7.65 � 86 44 �L 46 146 170 gtt � 71 � 157 � 142 175 56 � 63 g� tttGg�
4 4.97 � 86 72 �L 52 152 � 162 gtt � 42 � 161 � 118 174 � 57 56 g� tttG� g
5 9.13 � 86 56 �L 46 � 178 162 gtt � 76 � 91 55 � 84 � 61 63 g� g� gg�G� g
6 7.08 � 87 73 �L � 65 122 167 g� tt � 73 � 156 � 132 171 57 163 g� tttGt
7 9.38 78 � 57 �D � 62 145 169 g� tt � 71 � 155 � 141 172 64 � 66 g� tttGg�
8� 12[b] 12.06
9 6.81 � 86 74 �L � 59 126 176 g� tt � 64 � 155 � 132 172 � 58 � 163 g� tttG� t
10 8.19 � 86 70 �L 45 177 174 gtt � 67 � 88 � 176 180 � 55 63 g� g� ttG� g
11 9.16 � 86 54 �L 46 � 172 159 gtt � 80 � 91 53 � 51 � 177 � 179 g� g� gg�Tt
12 12.06 61 � 16 �D 68 127 � 177 gtt � 55 � 156 � 138 171 � 48 76 g� tttG� g
13 11.01 � 85 43 �L 43 143 171 gtt � 69 � 88 55 � 76 54 � 63 g� g� gg�Gg�
14 5.71 � 86 68 �L 53 167 � 159 gtt � 39 � 159 � 125 171 61 � 61 g� tttGg�
15 6.64 � 86 74 �L � 65 122 168 g� -tt � 72 � 156 � 130 172 55 74 g� tttGg
16 8.96 � 86 70 �L 46 � 171 167 gtt � 73 � 88 � 175 175 59 � 60 g� g� ttGg�
17[c] 4.93 � 86 69 �L 53 166 � 158 gtt � 38 � 159 � 126 170 167 52 g� tttTg
18 7.20 73 � 50 �D 171 90 � 174 tgt � 54 � 161 � 119 175 � 58 53 g� tg� tG� g
19 7.63 � 108 � 1 �L 55 132 � 172 gtt � 52 � 156 � 141 176 � 50 75 g� tttG� g
20� 17[b] 4.93


[a] The energy of the most stable rotamer 1 in Table 2 is used as reference:� 62.31 kcalmol�1. The MM2* energy of the most stable rotamer 1 in this Table is
�57.22 kcalmol�1. For the definition of the torsional angles refer to Figure 2. [b] The notation 1� 2 means that rotamer 1 provided by the MM2* method is
not stable according to the HF/6-31G(d) method and during the geometry optimization it was transformed to rotamer 2. [c] The most stable rotamer
according to the ab initio HF/6-31G(d) method, total energy��1306.99316 hartree. The energy of the most stable rotamer 6 in Table 2 is used as reference:
�1307.00775 hartree.
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should state that the 
1 and 	3 torsional angles are not
independent (
1 		3�240�) and we show both angles just for
convenience.


Carbohydrate residue conformations : The orientation of the

1 torsion angle is always g (�60� relative to O5) in the �-
anomers 1 and 3 as it is expected from the exo-anomeric
effect. In the �-anomers 2 and 4 this 
1 torsion angle can be g
or g� in the most stable rotamers (cf. Tables 2 ± 6); thus, the
non-exoanomeric rotamers are surprisingly stable. The origin
of this is explained in the discussion of 	2 torsion angle (see
below). The orientation of the OH groups of the carbohydrate
residue in the most stable rotamers shows the typical pattern
frequently found in monosaccharides: a chain of O ¥ ¥ ¥H
interactions. Several consecutive intraresidue O ¥ ¥ ¥H interac-
tions can be observed in the carbohydrate residue (these are
gas phase structures, we note that solvation would weaken the
intramolecular interactions, and these interactions are also
often absent from crystal structures.) In the stable rotamers of
the four compounds studied in this paper the (O3Carb)-
H ¥ ¥ ¥O7Carb hydrogen bond occurs frequently (cf. Table 8,
the O3H donor to oxygen atom of the NAc group). Due to this
interaction the hydrogen atom of the NAc group turns toward
the serine residue. As noted earlier the (O3Carb)H ¥ ¥ ¥O7Carb


hydrogen bond is missing from some of the O-glycosidic core
structures. That is because in these core structures the O3 of
GalNAc because is linked to other carbohydrates.
As already observed in monosaccharides, the different


rotamers of primary alcohol groups yield nearly the same
relative energies. The feature that the most stable rotamers
have in common is gtttXy where Xy symbolizes the various
orientations of the primary alcohol group characterized by the

5 and 
6 torsional angles (e.g. G� g, Gg� , Gt or Tg, cf.
Tables 2 ± 6.) Figure 7 illustrates the conformational space of
the primary alcohol groups in the GalNAc and ManNAc
residues (the alternative axial and equatorial orientations are
denoted in the Figure). Figure 7 shows that G� g and the
Gg� orientations make possible the O6H ¥ ¥ ¥O5 interaction.
This interaction usually provides some stabilization as it was
mentioned earlier. The G� g� orientation in the GalNAc
residue provides a possibility for O6H ¥ ¥ ¥O4 interaction (this
is not possible for ManNAc, cf. Figure 7). The Tg orientation
makes the O6H ¥ ¥ ¥O4 interaction possible for the GalNAc,
GlcNAc, and ManNAc residues. The Gt, G� t, and Tt
orientations do not allow O6H intraresidue interactions.
These are among the preferred orientations when O6 is
linking another carbohydrate residue, although this requires
further study.


Table 6. B3LYP/6-31�G(d)//HF/6-31G(d) relative energies �E, relative enthalpies �H298 , and relative Gibbs free energies �G298 [kcalmol�1] of the selected
low energy rotamers.[a]


Rotamer �GalNAcSer (1) �GalNAcSer (2) �ManNAcSer (3) �ManNAcSer (4) �GlcNAcSer (5) �GlcNAcSer (6)
�E �H298 �G298 �E �H298 �G298 �E �H298 �G298 �E �H298 �G298 �E �H298 �G298 �E �H298 �G298


1 0.35 0.42 0.66 3.07 3.22 3.25 5.38 5.07 3.17 � 0.56 � 0.66 � 0.89 4.96 4.96 4.46
2 0.00 0.00 0.00 3.22 3.47 4.08 � 0.13 � 0.33 � 0.80 2.53 2.74 3.06
3 4.47 4.67 5.48 5.16 4.94 3.39 0.48 0.30 � 0.27 2.83 2.95 2.97
4 2.06 1.94 1.58 3.35 3.54 3.73 5.20 4.93 4.54 3.63 3.76 3.75
6 0.42 0.58 0.58 5.85 5.56 3.00
9 4.26 4.45 5.42
10 4.19 4.33 4.71
12 8.52 8.32 9.46
13 8.32 8.22 7.21
14 3.66 4.01 4.27 5.55 5.20 4.52
15 4.41 4.28 2.39
16 3.28 3.14 2.68
17 4.55 4.87 4.65 4.44


[a] The B3LYP/6-31�G(d)//HF/6-31G(d) energy of the most stable rotamer of 1, �1314.66760 hartree, is chosen as reference. For this rotamer the
corrections for the enthalpy,H298 , and Gibbs free energy,G298 , at 298 K are 0.43021, and 0.34478 hartree, respectively. The scaled (scaling factor: 0.8929) ZPE
corrections and thermal corrections to 298 K were obtained from HF/6-31G(d) frequency analysis. �H298 and �G298 corresponds to relative enthalpies and
relative Gibbs free energies at 298 K, respectively. The most stable rotamers are in bold.


Table 7. HF/6-31G(d), �E (HF), and B3LYP/6-31�G(d)//HF/6-31G(d) relative energies, �E (DFT) of the selected low energy rotamers of threonine
containing compounds.[a]


Rotamer �GalNAcThr (7) �GalNAcThr (8) �ManNAcThr (9) �ManNAcThr (10) �GlcNAcThr (11) �GlcNAcThr (12)
�E (HF) �E (DFT) �E (HF) �E (DFT) �E (HF) �E (DFT) �E (HF) �E (DFT) �E (HF) �E (DFT) �E (HF) �E (DFT)


1 0.96 � 0.11 3.62 2.43 � 0.32 � 0.96
2 0.34 � 0.06 5.70 3.79
3 5.04 4.72 6.16
4.14
6 0.00 0.00
17 4.55 4.18


[a] Rotamer 6 of 1 is chosen as reference. The HF/6-31G(d) and B3LYP/6-31�G(d)//HF/6-31G(d) reference energies are �1346.04521 and
�1353.98472 hartree, respectively. The most stable rotamers are in bold.
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Figure 5. Backbone conformations of �GalNAcSer (�), �GalNAcSer (�),
�ManNAcSer (�), and �ManNAcSer (�), on the Ramachandran map
based on MM2* and HF/6-31G(d) calculations.


Figure 6. Side chain rotamers of �GalNAcSer (�), �GalNAcSer (�),
�ManNAcSer (�), and �ManNAcSer � on the Ramachandran map based
on MM2* and HF/6-31G(d) calculations.


Table 8. Relative frequencies of various types of hydrogen bonds [%] in the most stable HF/6-31G(d) and the MM2* structures.[a]


Type of HF/6-31G(d) MM2*
H-bond �Gal (1) �Man (3) �Gal (2) �Man (4) �Gal (1) �Man (3) �Gal (2) �Man (4)


inside the
carbohydrate residue:
(O3Carb)H ¥¥¥O7Carb 94.4 100.0 90.5 75.0 94.4 100.0 90.5 70.0
(O6Carb)H ¥ ¥ ¥O5Carb 11.1 23.5 19.0 0.0 11.1 29.4 19.0 0.0
between serine and
the carbohydrate residues:
(N1Ser)H ¥ ¥ ¥O5Carb 0.0 5.9 14.3 15.0 0.0 5.9 9.5 10.0
(N1Ser)H ¥ ¥ ¥O6Carb 0.0 5.9 0.0 0.0 5.6 29.4 9.5 10.0
(N1Ser)H ¥ ¥ ¥O7Carb 5.6 0.0 0.0 25.0 5.6 23.5 0.0 25.0
(N2Ser)H ¥ ¥ ¥O6Carb 0.0 5.9 0.0 0.0 0.0 11.8 0.0 0.0
(N2Carb)H ¥ ¥ ¥O1Ser 11.1 0.0 9.5 10.0 11.1 0.0 9.5 20.0
(N2Carb)H ¥¥¥O2Ser 77.8 0.0 38.1 25.0 55.6 0.0 38.1 15.0
(O6Carb)H ¥ ¥ ¥O1Ser 0.0 11.8 9.5 5.0 0.0 11.8 9.5 5.0
(O6Carb)H ¥¥¥O2Ser 0.0 5.9 19.0 35.0 0.0 5.9 19.0 60.0
inside the amino-acid residue:
(N2Ser)H ¥¥¥O1Ser 88.9 88.2 90.5 95.0 94.4 88.2 90.5 95.0


[a] The most frequently observed types of hydrogen bonds in the most stable rotamers are in bold.
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Interresidue hydrogen bonds : Table 8 shows the possible
interresidue interactions for four selected molecules studied
in the present paper. The Glc analogues 5 and 6 contain the
same type of interresidue interactions as 1 and 2. The Thr
analogues 7 ± 12 behave similarly to the Ser containing
molecules in this respect. The MM2* and the HF/6-31G(d)
results differ considerably, the MM2* shows a preference for
various seemingly less impor-
tant hydrogen bonds as (N1Ser)-
H ¥ ¥ ¥O5Carb, (N1Ser)H ¥ ¥ ¥O6Carb,
or (N2Ser)H ¥ ¥ ¥O6Carb. The HF/
6-31G(d) results show a prefer-
ence for (N2Carb)H ¥ ¥ ¥O2Ser hy-
drogen bond for 1 (cf. Table 8),
providing a well-equilibrated
orthogonal position for the sac-
charide residue. This interresi-
due interaction is possible if 
2
is in the g position (�60�) for
both anomers. Figures 8 and 9
show that this interaction stabi-
lize the most stable rotamers of
1, 5, and 6. Figure 8 shows the
essential difference between
the most stable rotamer of �-
and �GlcNAcSer is in the rela-
tive orientation of the carbohy-
drate relative to serine moiety.
In the former the carbohydrate
moiety is orthogonal to the
serine moiety; however, in the
latter it is parallel in a sense
shown in Figure 8. The shortest
(N2Carb)H ¥ ¥ ¥O2Ser hydrogen
bond distance was calculated
for most stable rotamer of 6 to
2.04 ä; this short distance prob-
ably contributes to the extra
stability of 6. The most stable
rotamers of �- and �GalNAcS-
er behave similarly. The other
interresidue hydrogen bonds
usually lead to considerably


bent structures in which the distant part of the carbohydrate
moiety is linked to the serine residue (e.g. (O6Carb)H ¥ ¥ ¥O2Ser
interaction in ManNAcSer in Table 8). These results suggest
that in the most stable GalNAcSer molecule the GalNAc
residue is anchored to the serine residue in a way that it takes
a special orientation, which provides a suitable non-conflict-
ing foundation for the large carbohydrate antenna. The most
stable threonine analogues are similar to the most stable
serine rotamers. These results support the experimental
observations cited in the introduction.[8, 9]


Conclusion


An MM2*-SUMM conformational search was performed for
twelve model compounds of O-glycosides of different con-
stitution in order to understand the origins of the natural
preference for N-acetyl-O-(2-acetamido-2-deoxy-����galac-
topyranosyl)���seryl-N�-methyl amide abbreviated as �Gal-
NAcSer. The other structures can be derived from �Gal-
NAcSer by simply changing the corresponding axial (ax) or
equatorial (eq) positions either on C1 (ax in the �, and eq in
the �-anomer), on C2 (eq in galactose, or glucose and ax in


Figure 8. Three-dimensional representation of the fully optimized HF/6-31G(d) global minima for compounds
1 ± 4.


Figure 7. Illustration of the conformational space of the primary alcohol
group in the GalNAc, and ManNAc residues, corresponding to the 
5 , and

6 torsional angles. The axial (ax) and equatorial (eq) positions are noted in
the Figure. The numbering of the carbon atoms follows the convention.
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mannose), and on C4 (ax in galactose, and eq in mannose, or
glucose) of the carbohydrate residue and replacing the serine
by �-threonine. The geometries of nineteen, twenty-one,
seventeen, and twenty-four low-energy rotamers of �Gal-
NAcSer, �GalNAcSer, �ManNAcSer, �ManNAcSer mole-
cules, respectively, were further optimized at HF/6-31G(d)
level of theory. Vibrational frequency analyses confirmed
each stationary point as a true minimum on the potential
energy surface. The glucose analogues were derived from the
most stable rotamers of galactose containing derivatives.
Single point B3LYP/6-31�G(d)//HF/6-31G(d) energy calcu-
lations that include correlation energy were also performed.
Electronic energies were converted into relative enthalpies
and Gibbs free energies (at 298 K) using the zero-point
vibration and thermal corrections in the gas phase. The
individual rotamers of the conformational spaces obtained at
the different levels of theory were analyzed and compared.
Following conclusions can be drawn from the results:


� There is a substantial difference between the MM2* and
HF/6-31G(d) relative energies of the various conformers.
Even the most stable structures obtained by MM2* and
HF/6-31G(d) methods show considerable differences in the
molecular geometry for �GalNAcSer, �ManNAcSer, and
�ManNAcSer.


� The most stable ab initio rotamers of �GalNAcSer can be
summarized as �L[gtt � gtttXy], where �L symbolizes the
serine conformation, gtt the serine side chain rotamer
positions, the next gtt the first three torsion angles in
�GalNAc, and Xy symbolizes the various orientations of
the primary alcoholic group of �GalNAc characterized by
the 
5 , and 
6 torsional angles (e.g. G� g, Gg� , Gt or Tg).
The ab initio total energy difference between these three
most stable rotamers is less than 1 kcalmol�1.


� The common feature of the most stable �L[gtt � gtttXy]
rotamer family of �GalNAcSer is the preference for
AcNH ¥ ¥ ¥O�C-NHMe, noted as (N2Carb)H ¥ ¥ ¥O2Ser, type
hydrogen bonds. This anchors the galactose residue in an
orthogonal position with respect to the serine residue (cf.
the gtt side chain orientation with two anti torsional
angles).


� Almost all conformers contain intraresidue the hydrogen
bonds: (N2Ser)H ¥ ¥ ¥O1Ser, and (O3Carb)H ¥ ¥ ¥O7Carb.


� Comparison of the calculated energies of the compounds
studied in this paper provides that axial position is
preferred over equatorial position on C1 (�-anomers are
preferred over �-anomers), and equatorial position is
preferred over equatorial position on C2 (galactose, or
glucose is preferred over mannose). The energy difference
caused by the epimerization of C4 is relatively small,
consequently the galactose and glucose containing deriv-
atives show similar stability, the latter being slightly more
stable. �GlcNAcSer and �GalNAcSer are the most stable
compounds according to any method used in this study. The
threonine analogues provide similar results. This is in
agreement with the natural occurrence of �GalNAcSer/
Thr in O-glycosidic core structures; however, it does not
explain the lack of �GlcNAcSer/Thr type linkages. To
explain this the difference between 3- or 6-substitution of
GalNAc and GlcNAc should be studied. The most stable �-
anomer is the �GlcNAcSer. The energetic differences are
in the range of 4-6 kcalmol�1 according to the HF/6-31G(d)
method. The single point B3LYP/6-31�G(d)//HF/6-31G(d)
calculations provide only slightly different, 2.5 ±
5 kcalmol�1 energy difference.


� �H298 and �G298 data for gas phase provide that the effect
of the ZPE and thermal corrections are relatively small
(�0.4 kcalmol�1), alhtough the T�S298 term can be as large
as 2.6 kcalmol�1. The entropy terms stabilize the �-
anomers relative to �-anomers, and ManNAc relative to
GalNAc. The largest stabilization effect can be observed
for one of the rotamers of �-anomer of ManNAc; however,
�GalNAcSer remains the most stable by about
3 kcalmol�1.


� The common feature of the most stable �L[gtt � gtttXy]
rotamer families of �GalNAcSer and �GlcNAcSer is the
preference for AcNH ¥ ¥ ¥O�C-NHMe (noted as (N2Carb)-
H ¥ ¥ ¥O2Ser) type hydrogen bond. This hydrogen bond
anchores the �GalNAc or �GlcNAc residues in an
orthogonal position with respect the serine residue (cf. gtt
side chain orientation with two anti torsional angles). The
same hydrogen bond anchores the �GalNAc or �GlcNAc
residues in a ™parallel∫ position with respect the serine
residue in the gas phase.
This theoretical work with other experimental studies could


provide some explanation of why mutation and alteration are
rare in the linker region of glycoproteins, although further
studies are necessary in order to understand the preference
for �GalNAc over �GlcNAc. Additional studies for solution
or enzymatic catalysis can use these gas phase energies,
enthalpies, and Gibbs free energies as a starting point.
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Figure 9. Three-dimensional representation of the fully optimized HF/6-
31G(d) global minima for compounds 5 and 6.
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Selective Synthesis of Fused Cyclooctatetraenes by [4�4] Coupling
Between Two Different Diene Units


Yoshihiko Yamamoto,* Tatsuya Ohno, and Kenji Itoh[a]


Abstract: In the presence of CuCl and
1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-
pyrimidinone, the [4�4] coupling be-
tween zirconacyclopentadienes and 1,3-
diiodobutadienes fused through an oxy-
gen or nitrogen five-membered ring
proceeded at ambient temperature to
afford fully substituted polycyclic cyclo-


octatetraenes in good yields. The fused
ring moiety of the diiodides plays a
critical role. The corresponding acyclic


diiodide and a cyclohexane-fused ana-
logue gave no coupling product, and a
cyclopentane derivative showed only
moderate reactivity. Correlation of the
structures of the diiodides and their
reactivity was established by an X-ray
and density functional study.


Keywords: alkynes ¥ C�C coupling
¥ cyclooligomerization ¥ fused-ring
systems ¥ medium-ring compounds


Introduction


The Ni-catalyzed cyclotetramerization of alkynes is a straight-
forward method for providing cyclooctatetraene (COT) and
its derivatives,[1, 2] which have been attractive synthetic targets
as the smallest stable member of the nonaromatic annu-
lenes.[3] Whereas catalytic cyclotetramerization assembles a
COTring from simple alkyne precursors in a single operation,
the catalytic synthesis of substituted COTs is of limited value
for the following reasons. The starting alkyne precursors are
generally limited to the parent acetylene or monosubstituted
alkynes, and the latter give the 1,2,4,6-, 1,2,4,7-, and 1,3,5,7-
substituted isomers in a manner that depends on the alkyne
employed rather than on the nature of the catalyst
(Scheme 1).[4] The cocyclotetramerization of different alkynes
could result in mixtures of all the possible COTs, without
chemoselectivity.[5] The competitive cyclotrimerization or
polymerization of alkyne substrates are also serious draw-
backs for catalytic COT synthesis (Scheme 1).


Some 40 years after Reppe×s first discovery of the Ni-
catalyzed COT synthesis,[1] Wilke proposed a fascinating
mechanism for the catalytic production of COT. Two pairs of
acetylene molecules undergo oxidative cyclization on two
nickel centers, which are held in close proximity to each other
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Scheme 1. Possible products produced by catalytic oligomerizations of
monoalkynes.


by a bridging COT ligand, and the two resulting nickel-
acyclopentadienes are subsequently coupled together to form
a new COT ring (Scheme 2).[6]


Ni NiNi Ni NiNi4 HC CH


- COT


Scheme 2. Wilke×s metallacyclopentadiene coupling mechanism for Ni-
catalyzed cyclotetramerization of acetylene.


On the other hand, Carpenter and co-workers have
reported an alternative COT formation via a dinickelacycle
intermediate (Scheme 3).[7] The reduction of [(Et3P)2NiBr2] in
the presence of phenylacetylene produced a 1,4-dinickelabu-
tadiene 1, which subsequently reacted with (E,E)-1,4-dilithio-
1,4-diphenyl-1,3-butadiene (2) to give �2-COT complex 4. This
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Scheme 3. Carpenter×s synthesis of tetraphenyl-COT complex 4.


result showed that the diene units bridging between the two
nickel centers in the dinickelacycle 3 undergo reductive
elimination to produce the COT ligand. Whereas these two
pathways are limited to COT formation from a single alkyne
component, they enabled us to postulate a new strategy to
produce more complex COT rings from several alkyne
components. Highly substituted COTs 5 might be chemo-
and regioselectively synthesized, provided that the selective
coupling between two independently prepared different
metallacyclopentadienes were possible. To accomplish this,
the cross-coupling of 1,4-dicupra-1,3-butadienes 6 with 1,4-
diiodo-1,3-butadienes 7–rather than the direct coupling of
the parent metallacyclopentadiene counterparts 8 and 9–was
investigated (Scheme 4). The vinylcopper reagents 6 can be
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Scheme 4. Retrosynthetic scheme for construction of fully substituted
COTs from four different alkynes.


prepared by transmetallation of the corresponding zircona-
cyclopentadienes 8, as reported by Takahashi and co-work-
ers.[8] The bifunctional electrophile diiodides 7 can readily be
obtained from the corresponding titanacyclopentadienes 9
and iodine by the Tamao ± Sato procedure.[9] In this report, we
wish to describe the full details of our study on the develop-
ment of such a formal [4�4] metallacyclopentadiene coupling
protocol to synthesize bicyclic COTs.[10]


Results and Discussion


At the outset of this study, we examined the coupling of a
stable zirconacyclopentadiene 10[11] with a cyclic diiodide 11a
to afford a symmetrical tricyclic COT 12 (Scheme 5). Inter-
estingly, both the C4-units were prepared from the common
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Scheme 5. Coupling of zirconacycle 10 and diiodide 11a.


precursor 4-oxa-1,7-bis(trimethylsilyl)-1,6-heptadiyne (Sche-
me 6). In the presence of 3 equivalents of 1,3-dimethyl-3,4,5,6-
tetrahydro-2(1H)-pyrimidinone (DMPU), equimolar amounts
of 10 and 11a were treated with 2.1 equiv CuCl in THF at
50 �C for 15 h. The chromatographic separation of the crude
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Scheme 6. Preparation of zirconacycle 10 and diiodide 11a.


reaction mixture gave the desired product 12 in 56% yield.
The structure of the COT 12 was confirmed by the following
spectral data. In its 1H NMR spectrum, only one singlet
corresponding to the four trimethylsilyl groups was observed,
at �� 0.27 ppm, indicative of 12 possessing a highly sym-
metrical structure. This was also supported by its 13C NMR
spectrum, in which only two sp2 signals were observed, at ��
116.3 and 143.3 ppm, together with a singlet for the trime-
thylsilyl groups and an absorption of the methylene carbon �


to the ether oxygen at ���0.6 and 70.1 ppm, respectively.
The elemental analysis and the mass measurement supported
this assignment (see Experimental Section).


In situ coupling of unstable zirconacyclopentadienes : The
coupling of the stable, isolated zirconacyclopentadiene 10 and
the diiodide 11a having been established, unstable zircona-
cyclopentadienes 13a ±d were subjected to coupling with 11a
without isolation (Scheme 7). An excess of zirconacycle
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Scheme 7. Coupling of zirconacycles 13a ±d with diiodides 11a ± c.


(2 equiv relative to the diiodide) was used for the in situ
coupling procedure, to ensure complete consumption of the
diiodide. The products and the isolated yields, together with
the starting zirconacyclopentadienes, are summarized in
Table 1. According to the established method,[8] the zircona-
cycle 13a (2 equiv), prepared from zirconocene dichloride
and 3-hexyne, was treated with the diiodide 11a (rt, 1 h) in the
presence of CuCl (2.1 equiv) and DMPU (3 equiv) to afford
the desired bicyclic COT 14aa in 88% isolated yield.
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Similarly, an unsymmetrical zirconacyclopentadiene 13b,
prepared by the sequential treatment of [Cp2Zr] with
3-hexyne and 4-octyne,[12] reacted with 11a without difficulty
to afford an unsymmetrical COT 14ba in 79% yield. In
contrast to these tetraalkyl-substituted zirconacycles, a tetra-
phenyl analogue 13c proved less reactive at ambient temper-
ature. Heating of the solution of 13c with 11a at 50 �C for 1 h,
however, furnished the corresponding COT 14ca in 56%
yield. Moreover, a tricyclic COT 14da was successfully
constructed starting from 2,8-decadiyne in 52% yield.


The cyclic structure of the diiodide 11a plays a critical role
in this [4�4] coupling. An acyclic diiodide 15[13] gave no
coupling product under the same reaction conditions
(Scheme 8). This is possibly attributable to the conforma-
tional flexibility of its butadiene moiety. The diiodobutadiene
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Scheme 8. Behavior of acyclic diiodide 15.


moiety fixed in the s-cis form in 11a seems favorable for the
desired coupling, whereas acyclic 15 exists mainly in the
s-trans conformation in order to avoid the steric repulsion
between the two iodine atoms (see below).


Takahashi and co-workers also reported that dihalobuta-
dienes failed to undergo coupling with zirconacyclopenta-
dienes 13.[14] Interestingly, they found that the zirconacyclo-
pentadienes 13 cyclodimerized to give COTs 16 in 29 ± 54%
yields upon sequential treatment with 2 equiv CuCl at rt and
1 equiv NBS at �78 �C (Scheme 9).[14] It is noteworthy that
the bromobutadienylcopper intermediates 17 successfully
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Scheme 9. Takahashi×s synthesis of fully substituted COTs 16.


gave rise to the desired COTs 16, since they have a flexible
butadiene moiety very similar to that in the diiodide 15. These
facts prompted us to examine the influence of the diiodide
structure on the COT formation.


To examine the generality of this COT formation with
respect to the diiodide, various hetero- and carbocyclic
compounds 11b ± e were prepared from the corresponding
diynes and subjected to treatment with the zirconacycle 13a
(Scheme 7, Table 2). A pyrrolidine derivative 11b, which is an


aza-analogue of 11a, gave the desired COT 14ab in a yield
similar to that of 14aa under the same reaction conditions. On
the other hand, a carbocyclic analogue 11c reacted with 13a
more slowly than the heterocyclic analogues 11a or 11b at
ambient temperature. In addition, the yield of the corre-
sponding COT 14ac was much lower even after stirring for
20 h. At an elevated temperature of 50 �C, the yield was
improved to 65%. In striking contrast, diiodides 11d and 11e,
containing tetrahydrothiophene and cyclohexane rings, hardly
reacted with 13a at ambient temperature.


Table 1. Coupling of zirconacyclopentadienes 13a ± d with diiodide 11a.[a]


Zirconacyclopentadiene 13 COTs 14 Yields [%][b]


88


79


56


52


[a] Zirconacyclopentadiene 13 (1 mmol), diiodide 11a (0.5 mmol), CuCl
(2.1 mmol), DMPU (3 mmol), THF (5 mL), rt (50 �C for 13c), 1 h.
[b] Isolated yields based on 11.


Table 2. Coupling of zirconacyclopentadienes 13a with diiodides 11a ± c.[a]


Diiodide 11 COTs 14 Conditions/Yields [%][b]


rt, 1 h/88


rt, 1 h/84


rt, 20 h/46
50 �C, 20 h/65


[a] Zirconacyclopentadiene 13a (1 mmol), diiodide 11 (0.5 mmol), CuCl
(2.1 mmol), DMPU (3 mmol), THF (5 mL). [b] Isolated yields based on 11.
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Three-dimensional structure determination of COT by X-ray
crystallography : COT, the smallest nonaromatic annulene,
preferentially exists in a nonplanar tub form (D2d), which
undergoes tub-inversion through a bond-localized planar
form (D4h) or bond-shifting through a bond-delocalized
planar form (D8h) as depicted in Figure 1.[15] COTs with stable


D2d D2d


D2d D2d


D4h


D8h


D4h


Figure 1. Dynamic conformational changes of COT.


D4h conformations have also received continuous attention.[16]


To gain further information about the three-dimensional
structures of the bicyclic COTs obtained from this [4�4]
coupling, we carried out an X-ray diffraction study. The
desired single crystal was gratifyingly obtained by the
recrystallization of a tosylamide derivative 14af, which was
synthesized from the zirconacycle 13a and the diiodide 11 f in
89% yield (Scheme 10 and Figure 2).
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Et
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Cp


Cp
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CuCl, DMPU


THF, 1 h


13a 14af 89%


+


Scheme 10. Synthesis of COT 14af.


Figure 2. Solid-state structure of COT 14af.


As shown in Figure 3, the central eight-membered ring of
14af exists in a tub shape with four localized double bonds
(C2�C3, C4�C5, C6�C7, and C8�C9). This suggests that 14af
is sufficiently conformationally stable not to isomerize to the
other conformer 14af� by bond-shifting at ambient temper-
ature.


X-ray diffraction and density functional study on the struc-
tures of the diiodides : As described above, the cyclic diiodides


Figure 3. ORTEP diagram of COT 14af at 50% probability level. All
hydrogen atoms and substituents on the COT ring are omitted for clarity.
Selected bond lengths [ä]: C2�C3 1.341(3), C3�C4 1.495(3), C4�C5
1.330(3), C5�C6 1.489(3), C6�C7 1.339(3), C7�C8 1.499(3), C8�C9
1.342(3), C9�C2 1.469(3).


11a ± c with cisoid diene units reacted with the zirconacycle
13a at room temperature to afford the COTs, although the
acyclic diiodide 15 gave no coupling product under the same
reaction conditions. With these results in mind, we conjec-
tured that the s-cis geometry of the diiodobutadiene moiety
was essential for the successful coupling. The tetrahydrothio-
phene or cyclohexane derivatives 11d and 11e, however, gave
no reaction, despite undoubtedly having diiododiene moieties
with s-cis conformations. To obtain further insight into the
correlation between these structural features and the reac-
tivity of the diiodides, we attempted X-ray crystallographic
analyses of the typical diiodides 11e and 11 f. The ORTEP
diagram of 11e, presented in Figure 4, shows a chair-like


Figure 4. ORTEP diagram of COT 11e at 50% probability level. All
hydrogen atoms are omitted for clarity.


cyclohexane ring with internal angles (108.6 ± 111.8�) close to
the expected value of 109.5�, as well as a highly skewed 1,3-
diene moiety with a torsion angle of 83.3�. The two carbon ±
iodine single bond lengths–of 2.126(2) and 2.131(3) ä for
C1�I1 and C4�I2, respectively–are close to that expected for
a Csp2�I single bond (2.10 ä).[17] The C1�C2 and C3�C4 bond
lengths–of 1.342(4) and 1.338(4) ä, respectively–are similar
to the expected Csp2�Csp2 double bond length of 1.32 ä, and
the C2�C3 bond length of 1.485(3) ä is also consistent with
that of the typical Csp2�Csp2 single bond (1.48 ä).[17]


In comparison with the solid-state structure of 11e, the
most notable difference in that of 11 f (see Supporting
Information) is the torsion angle of the exocyclic diene
moiety. The C1-C2-C3-C4 dihedral angle of 67.4� is signifi-
cantly smaller than that in 11e (83.3�). This is because the
smaller pyrrolidine ring makes the 1,3-diene moiety flatter
than that fused by the more flexible cyclohexane ring. As a
result, the C1-C2-C3 and C2-C3-C4 angles are forced to be
larger, to reduce the steric repulsion between the iodine atoms
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now placed in closer proximity to each other. On the basis of
these observations, we envisioned that there might be some
correlation between the torsion angle of the diene moiety in
the diiodides and the yield of the corresponding COT.


To elucidate this hypothesis, we next conducted density
functional calculations at the B3LYP[18] level for simplified
model diiodides 18a ± e. At first, a cyclohexane analogue 18e
was optimized with various basis sets as summarized in
Table 3, and the obtained structure was compared to that of
the parent 11e in the solid state. Initially, the structural
optimization was carried out with the LANL2DZ basis set
including a double-� basis set with the relativistic effective
core potential of Hay and Wadt (LANL ECP)[19] for I and the
6-31G(d)[20] basis set for the rest. The optimized structure is
similar to the solid-state structure of 11e except for the longer
I�Csp2 bond length (2.187 ä). The I�Csp2 bond was short-
ened to 2.155 ä by use of the LANL2DZdp basis set
(LANL2DZ with one polarization and one diffuse func-
tion)[21] for I. In this case, the C1-C2-C3-C4 dihedral angle is
also closer to that of 11e. The further calculation performed
with a triple-� basis set combination of the SDD basis set
involving the Stuttgart ±Dresden ±Bonn energy-consistent
pseudopotential (SDB ECP)[22] for I and the 6-311G(d)[23]


basis set gave a similar result to that obtained from the
double-� basis sets (6-31G(d)�LANL2DZ). Finally, we
carried out optimization with Dunning×s correlation consis-
tent basis set.[24] Because it was anticipated that the addition
of a f-polarization function to I would play an important role


in the system, we decided to use a triple-� basis set. To this
end, the recently reported SDB-cc-pVTZ[25] basis set consist-
ing of the [3s3p2d1f] contracted basis set and the SDB
pseudopotential was employed for I. The valence double-�
basis sets (cc-pVDZ) were assigned to the other elements.
Gratifyingly, the resultant structural features–including the
I�Csp2 bond length (2.128 ä) and the C1-C2-C3-C4 dihedral
angle (83.22�)–are very similar to those of 11e.


After the basis sets were optimized, other model diiodides
18a ±d were investigated by DFT calculations. The calculated
dihedral angles of the diene moieties in the model systems and
the yields of the corresponding COTs 14aa ± 14af at room
temperature are compiled in Table 4. As expected, the


reactivity of the diiodides clear-
ly varies depending on the
fused ring. For the oxygen and
nitrogen five-membered het-
erocycles 18a and 18b, the
dihedral angles were calculated
as 59.87 and 59.43�, respective-
ly. From the parent heterocyclic
diiodides, the corresponding
COTs were produced in more
than 80% yield. As the angle
slightly increases to 68.31� in
the cyclopentane analogue 18c,
the yield of the COT dramati-
cally decreases from ca. 80%
for 14aa, 14ab, and 14af to
46% for 14ac. The dihedral


angles were estimated as over 70� for the analogues bearing
larger rings such as tetrahydrothiophene or cyclohexane, and
the corresponding COTs were hardly obtained.


Conclusion


In conclusion, we have developed a novel strategy to assemble
COTs by [4�4] coupling of zirconacyclopentadienes and 1,4-
diiodo-1,3-butadienes. This approach enables us to synthesize
unsymmetrical fused COTs with complete chemo- and
regioselectivity, starting from several different alkynes.
X-ray crystallography found that the obtained COTs exist in


Table 3. Selected bond lengths [ä] and angles [�] in 11e, 11 f, and 18e.


I1 I2


Si1


C3C2


C1 C4


Si2


I I


R3Si SiR3


I1�C1 Si1�C1 C1�C2 C2�C3 �C1-C2-C3 �C1-C2-C3-C4
[I2�C4] [Si2�C4] [C3�C4] [�C2-C3-C4]


11e 2.126(2) 1.888(3) 1.342(4) 1.485(3) 126.2(2) 83.3
X-ray [2.131(3)] [1.880(3)] [1.338(4)] [125.7(2)]
18e
6-31G(d)�LANL2DZ 2.187 1.880 1.340 1.490 120.06 84.53
6-31G(d)�LANL2DZdp 2.155 1.880 1.340 1.490 125.77 83.94
6-311G(d)�SDD 2.189 1.870 1.330 1.490 125.93 84.90
cc-pVDZ�SDB-cc-pVTZ 2.128 1.890 1.340 1.490 125.58 83.22
11 f 2.112(3) 1.900(3) 1.336(4) 1.484(3) 130.6(2) 67.4
X-ray [2.116(3)] [1.891(3)] [1.340(4)] [131.1(3)]


Table 4. Calculated dihedral angles of butadiene moieties for model
diiodides 18a ± e and yields of corresponding COTs 14.[a]


Model diiodides Dihedral angles [�] Yields of COTs 14[b] [%]


59.87 14aa 88


59.43 14ab 84


14af 89


68.31 14ac 46


75.66 14ad �5


83.22 14ae 0


[a] The structures of 18a ± e were optimized at the B3LYP level with the
basis sets consisting of the SDB-cc-pVTZ basis set for I and the cc-pVDZ
basis set for the rest. [b] Isolated yields of 14 from the reaction between the
corresponding diiodides 11 and zirconacyclopentadiene 13a at rt.
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a tub-shape conformation without bond-shifting isomeriza-
tion. The structure of the diiodides plays a decisive role for the
successful formation of COTs. The reactivity of the diiodides
decreased in the following order: tetrahydrofuran-fused 11a
� pyrrolidine-fused 11b � cyclopentane-fused 11c � cyclo-
hexane-fused 11e � acyclic 15. DFT calculations on the
model systems showed that a flatter diiodide gave the desired
COT in better yield, and the torsion angle of the diene moiety
for the reactive substrates 11a ± c was estimated as �70�.


Experimental Section


General : 1H and 13C NMR were measured as CDCl3 solutions on a Varian
Mercury 300 NMR spectrometer. Chemical shifts (�) are given in ppm
relative to CDCl3, and coupling constants (J) in Hz. Mass spectra were
recorded on a JEOL JMS-AX 505 HA mass spectrometer. Elemental
analyses were performed by the Microanalytical Center of Kyoto Uni-
versity. Melting points were obtained on a B¸chi Melting Point B-540 and
are uncorrected. Flash chromatography (FC) was performed with a silica
gel column (Merck silica gel 60) eluted with mixed solvents [hexane/
AcOEt]. THF was distilled from CaH2, and degassed.


Starting materials : Zirconocene dichloride and titanium tetraisopropoxide
were purchased and used without further purification. Zirconacyclopenta-
dienes 10[11] and 13a ± d,[8] and diiodides 11a ± d[9] and 15[13] were prepared
by the reported procedures. Diiodides 11e and 15 were reported in refs. 9
and 13, respectively.


Analytical data for 11a : m.p. 71 ± 72 �C; FC: hexane/AcOEt 20:1; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 0.29 (s, 18H), 4.30 (brd, J� 9.3 Hz, 2H), 4.45
(brd, J� 9.3 Hz, 2H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 0.53, 69.66,
108.46, 155.92; MS (FAB): m/z (%): 492 (11) [M]� , 477 (16) [M�CH3]� ,
365 (100) [M� I]� ; elemental analysis calcd (%) for C12H22I2OSi2 (492.28):
C 29.28, H 4.50; found C 29.27, H 4.51.


Analytical data for 11b : m.p. 107 ± 108 �C; FC: hexane/AcOEt 30:1;
1H NMR (300 MHz, CDCl3, 25 �C): �� 0.24 (s, 18H), 3.39 (d, J� 11.2 Hz,
2H), 3.44 (d, J� 11.4 Hz, 2H), 3.65 (d, J� 12.3 Hz, 1H), 3.72 (d, J�
12.3 Hz, 1H), 7.28 ± 7.34 (m, 5H); 13C NMR (75 MHz, CDCl3, 25 �C): ��
0.76, 59.96, 60.86, 106.69, 127.28, 128.37, 128.63, 137.96, 157.47; MS (FAB):
m/z (%): 582 (100) [M�H]� , 454 (99) [M� I]� ; elemental analysis calcd
(%) for C19H29I2NSi2 (581.42): C 39.25, H 5.03, N 2.41; found C 38.99, H
4.89, N 2.13.


Analytical data for 11c : m.p. 99 ± 101 �C; FC: hexane/AcOEt 30:1; 1HNMR
(300 MHz, CDCl3, 25 �C): �� 0.30 (s, 18H), 1.42 (s, 6H), 2.08 (d, J�
14.4 Hz, 2H), 2.56 (d, J� 14.4 Hz, 2H), 3.57 (d, J� 11.4 Hz, 2H), 3.61 (d,
J� 11.4 Hz, 2H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 1.09, 23.76, 37.69,
39.30, 68.35, 98.00, 104.82, 159.56; MS (FAB): m/z (%): 589 (52) [M�H]� ,
575 (100) [M�CH3]� ; elemental analysis calcd (%) for C18H32I2O2Si2
(590.43): C 36.62, H 5.46; found C 36.64, H 5.44.


Analytical data for 11d : m.p. 76 ± 77 �C; FC: hexane/AcOEt 30:1; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 0.32 (s, 18H), 3.33 (d, J� 11.5 Hz, 2H), 3.52
(d, J� 11.5 Hz, 2H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 1.17, 30.08,
108.29, 156.18; MS (FAB): m/z (%): 493 (10) [M�CH3]� , 381 (100) [M�
I]� ; elemental analysis calcd for C18H22I2SSi2 (508.35): C 28.35, H 4.36;
found C 28.15, H 4.27.


Analytical data for 11 f : m.p. 182 ± 186 �C; FC: hexane/AcOEt 20:1;
1H NMR (300 MHz, CDCl3, 25 �C): �� 0.23 (s, 18H), 2.44 (s, 3H), 3.78
(d, J� 12 Hz, 2H), 4.06 (d, J� 12 Hz, 2H), 7.35 (d, J� 8.1 Hz, 2H), 7.69 (d,
J� 8.1 Hz, 2H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 0.72, 21.63, 51.03,
110.42, 127.35, 129.86, 133.74, 143.94, 152.05; MS (FAB): m/z (%): 646 (41)
[M�H]� , 518 (100) [M� I]� , 392 (30) [M�H� 2I]� ; elemental analysis
calcd (%) for C19H29I2NO2SSi2 (645.49): C 35.35, H 4.53, N 2.17; found C
35.07, H 4.40, N 2.08.


CuCl-mediated coupling of zirconacyclopentadiene 10 with diiodide 11a :
CuCl (104 mg, 1.05 mmol) and diiodide 11a (246 mg, 0.5 mmol) were
added in that order, under Ar at 0 �C, to a solution of zirconacyclopenta-
diene 10 (230 mg, 0.5 mmol) and DMPU (192 mg, 1.5 mmol) in dry
degassed THF (2 mL). The resultant brown mixture was stirred at 50 �C for


15 h. The reaction was quenched with HCl (1�� 3 mL), and the products
were extracted with ethyl acetate (10 mL� 3). After removal of insoluble
materials by filtration, the extract was washed with sat. NaHCO3 and brine.
The organic layer was dried withMgSO4 and concentrated. The residue was
purified by silica gel flash column chromatography (hexane/AcOEt 100:1)
to give COT 12 (210 mg, 56%) as a yellow oil. 1H NMR (300 MHz, CDCl3,
25 �C): �� 0.27 (s, 36H), 4.39 (d, J� 16.5 Hz, 4H) 4.44 (d, J� 16.5 Hz, 4H);
13C NMR (75 MHz, CDCl3, 25 �C): ���0.6, 70.1, 116.3, 143.3; MS (FAB):
m/z (%): 477 (3) [M�H]� , 364 (50) [M�CH3CCSiMe3]� , 306 (44) [M�
Me3SiCCSiMe3]� , 184 (22) [M� 4SiMe3]� , 134 (100) [C8H6O2]� ; elemental
analysis calcd (%) for C24H44O2Si4 (476.95): C 60.44, H 9.30; found C 60.79,
H 8.95.


Typical procedure for the synthesis of COTs from zirconacyclopentadienes
13 and diiodides 11: n-BuLi (1.6� hexane solution, 1.25 mL, 2 mmol) was
added at �78 �C to a solution of [Cp2ZrCl2] (292 mg, 1 mmol) in dry
degassed THF (5 mL). After the mixture had been stirred at�78 �C for 1 h,
an alkyne (2 mmol) or a diyne (1 mmol) was added and the stirring was
continued at rt for 1 h. CuCl (208 mg, 2.1 mmol), DMPU (3.6 mL, 3 mmol),
and a diiodide 11 (0.5 mmol) were added, in that order and at 0 �C, to the
resultant solution. After the solution had been stirred under the conditions
described in Tables 1 or 2, insoluble materials were removed by filtration
with Celite. The filtrate was concentrated in vacuo and the residue was
purified by silica gel flash column chromatography with a hexane/AcOEt
mixed solvent as an eluent to give a COT 14 in a yield indicated in Tables 1
and 2.


Spectral data for 14aa : Oil; FC: hexane/AcOEt 200:1; 1H NMR (300 MHz,
CDCl3, 25 �C): �� 0.12 (s, 18H), 0.80 (t, J� 7.5 Hz, 6H), 0.95 (t, J� 7.5 Hz,
6H), 1.52 (dq, J� 15, 7.5 Hz, 2H), 1.94 (dq, J� 15, 7.5 Hz, 2H), 2.25 (dq,
J� 15, 7.5 Hz, 2H), 2.44 (dq, J� 15, 7.5 Hz, 2H), 4.11 (d, J� 10.5 Hz, 2H),
4.30 (d, J� 10.5 Hz, 2H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 0.10,
13.95, 15.51, 23.44, 25.90, 67.93, 137.62, 142.01, 142.28, 148.46; MS (FAB):
m/z (%): 401 (29) [M�H]� , 374 (17) [M�C2H4]� , 328 (71) [M�H�
SiMe3]� , 300 (100) [M�C2H5� SiMe3]� , 270 (15) [M�H� 2C2H5�
SiMe3]� ; elemental analysis calcd (%) for C24H42OSi2 (402.76): C 71.57, H
10.51; found C 71.43, H 10.65.


Spectral data for 14ba : Oil; FC: hexane/AcOEt 200:1; 1H NMR (300 MHz,
CDCl3, 25 �C): �� 0.11 (s, 18H), 0.80 (t, J� 7.2 Hz, 3H), 0.84 (t, J� 7.2 Hz,
3H), 0.90 (t, J� 7.2 Hz, 3H), 0.96 (t, J� 7.2 Hz, 3H), 1.00 ± 1.25 (m, 2H),
1.37 ± 1.61 (m, 4H), 1.88 ± 2.03 (m, 2H), 2.10 ± 2.47 (m, 4H), 4.13 (d, J�
10.5 Hz, 2H), 4.32 (dd, J� 10.5, 4.8 Hz, 2H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 0.09, 0.11, 13.93, 14.32, 15.00, 15.52, 22.24, 23.55, 23.84, 25.85,
33.12, 35.00, 68.04, 137.04, 138.06, 140.35, 141.86, 142.49, 142.76, 148.29,
148.66; MS (FAB): m/z (%): 430 (88) [M]� , 357 (75) [M� SiMe3]� , 327
(100) [M�H�C2H5� SiMe3]� , 299 (63) [M�H� 2C2H5�SiMe3]� ; ele-
mental analysis calcd (%) for C26H46OSi2 (430.81): C 72.49, H 10.76; found
C 72.35, H 10.91.


Spectral data for 14ca : Oil; FC: hexane/AcOEt 50:1; 1H NMR (300 MHz,
CDCl3, 25 �C): �� 0.35 (s, 18H), 4.54 (d, J� 10.5 Hz, 2H), 4.61 (d, J�
10.5 Hz, 2H), 7.06 ± 7.23 (m, 20H); 13C NMR (75 MHz, CDCl3, 25 �C):
���0.76, 69.06, 126.11, 127.18, 127.24, 127.78, 130.96, 130.83, 140.19,
140.33, 140.47, 144.68, 146.88, 149.10; MS (FAB): m/z (%): 594 (100) [M]� ,
521 (50) [M� SiMe3]� , 505 (33) [M�H�CH3� SiMe3]� ; elemental
analysis calcd (%)for C40H42OSi2 (594.93): C 80.75, H 7.12; found C
80.66, H 7.21.


Spectral data for 14da : Oil; FC: hexane/AcOEt 300:1; 1H NMR (300 MHz,
CDCl3, 25 �C): �� 0.12 (s, 18H), 1.23 ± 1.80 (m, 8H), 1.59 (s, 6H), 4.18 (d,
J� 10 Hz, 2H), 4.22 (dd, J� 10 Hz, 2H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 0.07, 19.09, 28.41, 31.69, 68.68, 130.70, 136.77, 144.88, 145.82; MS
(FAB):m/z (%): 372 (100) [M]� , 299 (58) [M� SiMe3]� , 283 (53) [M�H�
CH3� SiMe3]� ; elemental analysis calcd (%) for C22H36OSi2 (372.69): C
70.90, H 9.74; found C 70.60, H 10.05.


Spectral data for 14ab : Oil; FC: hexane/AcOEt 300:1; 1H NMR (300 MHz,
CDCl3, 25 �C): �� 0.08 (s, 18H), 0.82 (t, J� 7.5 Hz, 6H), 0.95 (t, J� 7.5 Hz,
6H), 1.50 (dq, J� 13.5, 7.5 Hz, 2H), 1.93 (dq, J� 13.5, 7.5 Hz, 2H), 2.23 (dq,
J� 13.5, 7.5 Hz, 2H), 2.42 (dq, J� 13.5, 7.5 Hz, 2H), 3.29 (s, 2H), 3.73 (d,
J� 13.5 Hz, 2H), 3.85 (d, J� 13.5 Hz, 2H), 7.10 ± 7.40 (m, 5H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 0.27, 14.14, 15.54, 23.37, 26.16, 55.95, 61.30,
126.17, 126.89, 128.17, 128.37, 128.49, 137.36, 141.99; MS (FAB): m/z (%):
492 (100) [M�H]� , 398 (16) [M�H�CH3Ph]� ; elemental analysis calcd
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(%) for C31H49NSi2 (491.90): C 75.69, H 10.04, N 2.85; found C 75.76, H
10.00, N 2.82.


Spectral data for 14ac : Oil; FC: hexane/AcOEt 300:1; 1H NMR (300 MHz,
CDCl3, 25 �C): �� 0.12 (s, 18H), 0.77 (t, J� 7.5 Hz, 6H), 0.93 (t, J� 7.5 Hz,
6H), 1.43 (s, 6H), 1.44 (dq, J� 15, 7.5 Hz, 2H), 1.92 (dq, J� 15, 7.5 Hz, 2H),
1.96 (d, J� 14.7 Hz, 2H), 2.22 (dq, J� 15, 7.5 Hz, 2H), 2.36 (d, J� 14.7 Hz,
2H), 2.40 (dq, J� 15, 7.5 Hz, 2H), 3.58 (d, J� 11.1 Hz, 2H), 3.66 (d, J�
11.1 Hz, 2H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 0.46, 14.23, 15.45,
23.21, 23.90, 26.00, 37.71, 60.37, 69.53, 97.65, 137.12, 140.23, 141.94, 151.14;
MS (FAB): m/z (%): 500 (45) [M]� , 427 (100) [M� SiMe3]� ; elemental
analysis calcd (%) for C30H52O2Si2 (500.90): C 71.93, H 10.46; found C 71.77,
H 10.66.


Spectral data for 14af : m.p. 152.8 ± 153.6 �C; FC: hexane/AcOEt 20:1;
1H NMR (300 MHz, CDCl3, 25 �C): �� 0.06 (s, 18H), 0.51 (t, J� 7.5 Hz,
6H), 0.90 (t, J� 7.5 Hz, 6H), 1.35 (dq, J� 15, 7.5 Hz, 2H), 1.91 (dq, J� 15,
7.5 Hz, 2H), 2.16 (dq, J� 15, 7.5 Hz, 2H), 2.34 (dq, J� 15, 7.5 Hz, 2H), 2.40
(s, 3H), 3.69 (d, J� 11.5 Hz, 2H), 3.93 (d, J� 11.5 Hz, 2H), 7.29 (d, J�
8.5 Hz, 2H), 7.72 (d, J� 8.5 Hz, 2H); 13C NMR (75 MHz, CDCl3, 25 �C):
�� 0.07, 13.60, 15.46, 21.55, 23.34, 25.64, 50.02, 127.45, 129.55, 133.83,
137.80, 141.41, 143.33, 143.87, 144.62; MS (FAB): m/z (%): 556 (30)
[M�H]� , 400 (100) [M�H�SO2C6H4CH3]� ; elemental analysis calcd (%)
for C31H49NO2SSi2 (555.96): C 66.97, H 8.88, N 2.52; found C 66.69, H 9.14,
N 2.41.


Crystallographic structural determinations of COT 14af and diiodides 11e
and 11 f (Table 5): Single crystals suitable for X-ray analysis were obtained
by recrystallization from tBuOMe/hexane (14af), hexane (11e), or AcOEt
(11 f). A crystal was mounted on a glass fiber, and diffraction data were


collected at 293 K on a Brucker SMARTAPEX CCD diffractometer with
graphite monochromatized MoK� radiation (�� 0.71073 ä). The absorp-
tion correction was performed by use of SADABS. The structure was
solved by direct methods and refined by full-matrix, least-squares on F 2


with SHELXTL. All non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were placed in calculated
positions. CCDC-186946 (14af), -186947 (11e), and -186948 (11 f) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB2 1EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.
ac.uk).


Computational methods : All calculations were performed with the
Gaussian 98 package.[26] The density functional calculations were carried
out at the B3LYP level with a various combinations of basis sets. The
standard basis sets such as 6-31G(d),[20] 6-311G(d),[23] LANL2DZ,[19]


SDD,[22] and cc-pVDZ[24] were used as stored in the Gaussian program.
Other basis sets, LANL2DZdp[21] and SDB-cc-pVTZ,[25] were available
from the extensible computational chemistry environment basis set data-
base.[27]
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Table 5. Crystal data and structure refinement for COT 14af, diiodide 11e and diiodide 11 f.


empirical formula C31H49NO2SSi2 C14H26I2Si2 C19H29I2NO2SSi2
FW 555.95 504.33 645.47
T [K] 173(2) 173(2) 173(2)
� [ä] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic triclinic
space group P2(1)/c P2(1)/n P1≈


unit cell dimensions
a 18.578(3) 12.3123(7) 11.0668(5)
b [ä] 10.0812(18) 11.5502(6) 11.6271(5)
c [ä] 18.089(3) 15.2480(8) 11.7454(5)
� [�] 90 90 64.2560(10)
� [�] 106.547(4) 112.2700(10) 76.2930(10)
� [�] 90 90 68.8020(10)
V [ä3] 3247.6(10) 2006.67(19) 1263.46(10)
Z 4 4 2
�calcd [Mgm�3] 1.137 1.669 1.697
	 [mm�1] 0.200 4.051 2.680
F(000) 1208 1220 632
crystal size [mm3] 0.5� 0.5� 0.5 0.1� 0.2� 0.8 0.8� 0.5� 0.2

 range [�] 2.29 to 23.31 1.82 to 29.17 1.93 to 29.15
index ranges � 16� h� 20 � 16� h� 12 � 15� h� 11


� 11� k� 11 � 14� k� 15 � 15� k� 15
� 20� l� 19 � 20� l� 20 � 15� l� 16


refls collected 15705 15470 10052
independent refls 4684 5386 6688


[R(int)� 0.0215] [R(int)� 0.0413] [R(int)� 0.0263]
completeness to 
 [�] 23.31 29.17 29.15


[%] 99.5 99.4 98.3
absorption correction empirical (SADABS) empirical (SADABS) empirical (SADABS)
refinement method full-matrix, least-squares on F 2 full-matrix, least-squares on F 2 full-matrix, least-squares on F 2


data/restraints/parameters 4684/0/345 5386/0/169 6688/0/251
Gof on F 2 0.517 0.777 0.842
final R indices [I� 2�(I)]
R1 0.0357 0.0318 0.0399
wR2 0.1067 0.0853 0.1093
R indices (all data)
R1 0.0416 0.0359 0.0435
wR2 0.1211 0.0885 0.1124
largest diff. peak and hole [eä�3] 0.312/� 0.195 1.033/� 0.790 1.960/� 2.207
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Abstract: Highly colored and photolu-
minescent naphthalene bisimide dyes
have been synthesized from 2,6-dichlor-
onaphthalene bisanhydride 1 by means
of a stepwise nucleophilic displacement
of the two chlorine atoms by alkoxides
and/or alkyl amines. The alkoxy-substi-
tuted derivatives are yellow dyes with
green emission and low photolumines-
cence quantum yields, whereas the
amine-substituted derivatives exhibit a
color range from red to blue with strong
photoluminescence up to 76%. Struc-
ture ± property relationships for this


class of two-dimensional chromophores
were evaluated based on a single-crystal
X-ray analysis for dye 5a, the observed
solvatochromism, and quantum-chemi-
cal calculations. Owing to the simple
tuning of the absorption properties over
the whole visible range by the respective
substituents, the pronounced brilliancy,


and the intense photoluminescence, this
class of dyes is considered to be highly
suited for numerous applications such as
fluorescent labeling of biomacromole-
cules and light-harvesting in supramo-
lecular assemblies. As an important step
towards such applications efficient
FRET (fluorescence resonance energy
transfer) has been demonstrated for a
covalently tethered bichromophoric
compound that contains a red and a
blue naphthalene bisimide dye.


Keywords: chromophores ¥ dyes/
pigments ¥ fluorescence ¥ FRET
(fluorescence resonance energy
transfer) ¥ nucleophilic substitution


Introduction


Despite the multitude of available dyes there is ongoing
interest in new chromophoric systems that satisfy the special
demands of emerging technologies which are often at the
borders to biological[1] and physical sciences.[2] For example,
new interest in fluorophors with long-wavelength emission
has arisen in conjunction with single-molecule spectroscopy of
biomolecules[3] where most traditional dyes lack the required
fluorescence quantum yield and photostability or whose
performance is hampered by aggregation of their extended
�-conjugated cores. The second point holds especially true for
one of the most useful families of dyes, the rylenes, which
proved to be ideally suited for single-molecule spectroscopy


owing to their high fluorescence quantum yields and photo-
stability.[4, 5] Thus terrylene became one of the most applied
dyes in this field[4] and perylene, terrylene, and quaterrylene
bisimide dyes synthesized by the groups of M¸llen and
Langhals opened new possibilities.[5, 6] However, as a signifi-
cant drawback these dyes exhibit extended � systems that are
difficult to solubilize and exhibit a high tendency for the
undesired formation of dye aggregates.[7] On the other hand,
the smallest representative of the rylene bisimides, naphtha-
lene bisimide, exhibits a colorless nonfluorescent � system
that has been extensively applied in supramolecular chem-
istry,[8] DNA intercalation,[9] electrically conductive aggre-
gates,[10] and recently as the active layer of organic field effect
transistors.[11]


Herein we report on colored and fluorescent naphthalene
1,4,5,8-tetracarboxylic acid bisimides. We will show that
core substitution with electron-donor groups allows the
optical properties to be tuned over a wide spectral range
and high fluorescence quantum yields to be obtained that–
together with the easy access to these dyes–should open
exciting new opportunities for the above-mentioned fields of
research. Notably, these versatile fluorophors became avail-
able bymeans of a simple modification of dyes reported a long
time ago by Vollmann et al.,[12] that is replacement of
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arylamines with alkyl amines in the 2- and/or 6-position of
naphthalene bisimides. These alkylamino-substituted deriv-
atives exhibit brilliant colors and intense fluorescence, where-
as Vollmann×s arylamino-substituted derivatives are dull
and nonfluorescent,[13] which might be the reason why this
class of chromophores did not receive much attention to
date.[14]


Results and Discussion


Synthesis : Following Vollmann×s method 2,6-disubstituted
naphthalene-1,4,5,8-tetracarboxylic acid bisimides were pre-
pared as outlined in Scheme 1. Under acidic conditions 2,6-
dichloronaphthalene bisanhydride reacted selectively with
aryl (as well as alkyl)[13] amines at the anhydride carbonyl
groups to yield bisimide 2. Further reaction with nucleophilic
alkoxides or amines under mild conditions in protic or dipolar
aprotic solvents afforded the highly colored products 3 ± 7.
Remarkably, the second chlorine atom of 2 is less readily
exchanged than the first one thus allowing a stepwise
nucleophilic displacement of the two chlorine atoms to give
the red dyes 5a and 5b or the blue dye 7 just by increasing the
concentration of the nucleophile and/or the reaction temper-
ature. Likewise dyes bearing one alkoxy substituent may be
prepared easily as demonstrated with 3 and 6 (Scheme 1).


Optical properties : All these naphthalene bisimides are
isolated as colored solids with yellow (4), red (5), magenta
(6), and blue (7) hues. From the UV/Vis absorption spectra in
Figure 1 we see that each dye exhibits two intense absorption


Figure 1. UV/Vis absorption spectra of dyes 2 ± 7 in dichloromethane.


bands, one at 350 nm that is not influenced by the 2,6
substituents and another one that is shifted through the whole
visible range, which is indicative of a strong electronic
interaction between the naphthalene core and the respective
substituents. The absorption maxima are located at about
470 nm for the yellow dye 4 bearing two alkoxy substituents,


at 530 nm for the red dye 5
bearing one amine and one chlor-
ine substituent, and at 620 nm for
the blue dye 7 bearing two amino
substituents (Table 1). This sug-
gests that the electron-donating
character (�M effect) is of para-
mount importance for the posi-
tion of this absorption band sim-
ilar to the situation in merocya-
nines dyes.[15] However, the
bathochromic shift arising from
the substituent is much larger
than for merocyanine dyes (from
the alkoxy dye 4 to the alkyl-
amino derivative 7 we calculate
a bathochromic shift of ���
151 nm or ��� � 5200 cm�1) and
the band shape remains almost
unchanged (in contrast to mero-
cyanines[15b]). Another important
coloristic effect arises from the
unaltered position of the high-
energy transition in the UV spec-
trum at �� 380 nm; because this
transition does not move into the
visible range high brilliancy of all
dyes is realized owing to a single
absorption band in the visible
range (Figure 1).Scheme 1. Synthesis of naphthalene bisimide dyes 3 ± 7.
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Whilst the influence of the core substituent on the
absorption properties of these kind of dyes has been
reported,[12, 14] the appearance of intense photoluminescence
(Figure 2) was a surprise to us because Vollmann×s 2,6-aryl-


Figure 2. Absorption and fluorescence spectra of dyes 4 (solid line), 6
(dashed line) and 7 (dotted line) in dichloromethane.


amino-substituted naphthalene bisimide dyes are nonfluores-
cent,[13] and hydrogen bonding to carbonyl groups is consid-
ered as a major pathway for radiationless deactivation of the
excited state that has been applied extensively in the design of
UV absorbers.[16] The existence of a strong intramolecular
hydrogen bond between the 2- and 6-amino substituents and
the proximate carbonyl oxygen atom of 5 ± 7 was indeed
confirmed by the strongly downfield shifted proton resonance
signal of the NH hydrogen atom which appears as a well-
defined triplet (owing to the coupling to the neighboring
methylene protons) between �� 9.33 and 10.05 ppm in
deuterated chloroform. Nevertheless, despite these argu-
ments dyes 4 ± 7 exhibit photoluminescence with quantum
yields between 22 and 76% of green (4), orange (5), and red
(7) light (Table 1).
Owing to the rather small chromophoric system all dyes 3 ±


7 exhibit a very good solubility and do not show any evidence
for aggregation even in solvents like methanol or n-hexane.[17]


Of course in the given case the sterically demanding 2,6-
diisopropylphenyl substitutents[18] at the imide-nitrogen atom


contribute to prevent aggregation but even with simple n-
alkyl and other aryl substitutents well-soluble dyes are
obtained.[13] For dyes 5a and 7 the solvatochromic properties
were investigated in six solvents of different polarity and a
significant bathochromic shift of the absorption as well as
emission maxima was noted with increasing solvent polarity
(Table 2, Figure 3). For dye 5a the bathochromic shift from n-


hexane to methanol amounts to ��� 11 nm (��� � 400 cm�1)
in absorption and to ��� 52 nm (��� � 1650 cm�1) in emission
and for dye 7 the respective values are ��� 18 nm (��� �
480 cm�1) and ��� 38 nm (��� � 930 cm�1).
The solvatochromism of the absorption as well as the


emission maxima have been evaluated by means of linear free
energy relationships (LFER) to the common empirical
solvent polarity scales ET(30) and �* as well as the Lip-
pert ±Mataga equation.[19] All these scales have been shown to
be sensitive to the nonspecific (di)polarity of the solvent but
exhibit different sensitivities towards additional specific
interactions of the solute with the solvent. For example, the
ET(30) scale is strongly influenced by the presence of hydro-
gen bonding. Thus, it was not too surprising to us that the
correlation of the absorption maxima (in wavenumbers ��/
cm�1) was rather good for the apolar and dipolar aprotic
solvents hexane, diethyl ether, ethyl acetate, and acetonitrile
(whose polarity is mainly governed by the permittivity �r) for
both dyes 5a and 7 with the �* as well as the ET(30) scale
(correlation coefficient �0.95), but dropped significantly if
dichloromethane (high contribution of polarizability) and/or
methanol (high contribution of hydrogen bonding) were


Table 1. Optical properties of naphthalene bisimides 2 ± 7 in dichloro-
methane.


Color[a] �abs �max �em �em


(solid) [nm] [Lmol�1cm�1] [nm] [%]


2 yellowish white 402 13900 ± � 0.1
3 pale yellow 440 14800 ± � 0.1
4 yellow 469 18200 484 22
5a red 534 15600 564 64
5b red 535 15500 565 63
6 violet 552 17700 582 76
7 blue 620 23300 650 42


[a] The colors are given for the crystalline materials because the coloristic
impression for solutions of some of these dyes is influenced by their strong
photoluminescence.


Table 2. Solvent-dependent optical properties of dyes 5a and 7.


Solvent �r �abs �em �em �abs �em �em


(5a) (5a) (5a) (7) (7) (7)
[nm] [nm] [%] [nm] [nm] [%]


n-hexane 1.89 521 536 0.51 601 619 0.70
diethyl ether 4.20 525 551 0.58 606 630 0.54
ethyl acetate 6.02 527 565 0.55 609 638 0.48
dichloromethane 8.93 534 568 0.62 621 650 0.41
acetonitrile 35.94 531 580 0.41 615 653 0.33
methanol 32.66 532 588 0.19 619 657 0.31


Figure 3. Fluorescence spectra of dye 7 for solvents of increasing polarity.
From left to right: (––, thick) n-hexane, (- - - -) diethyl ether, (����) ethyl
acetate, (±��±��) dichloromethane, (short dashes) acetonitrile, (––, thin)
methanol.
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included in the linear regression analysis. In particular for
dichloromethane severe deviations from a LFER were
observed for the ��max values of both dyes and the ET(30)
value. In this context it seems especially remarkable that the
Stokes shifts, that is the difference between the absorption
and emission maxima, for both dyes in all solvents afforded an
excellent correlation to the Lippert ±Mataga polarity scale
f(�r,n)� (�r� 1)/(2�r �1)� (n2� 1)/(2n2� 1) that describes
the solvent in a most simplistic dielectric continuum model
(correlation coefficient of 0.95 for 5a and of 0.97 for 7). In
contrast to the other scales this correlation (Figure 4) is not


Figure 4. Correlation of the Stokes Shift between the absorption and
emission maxima ��� ����abs����em and the Lippert ±Mataga polarity
parameter of the solvent for dyes 5a (�) and 7 (�).


just an empirical LFER but has a physical meaning that
relates the positive slope to an increase of the dipole moment
�� upon optical excitation (positive solvatochromism). How-
ever, owing to the molecular symmetry, for dye 7 only changes
in the quadrupole moment are feasible which is the most
likely reason why a much larger slope is observed for the
dipolar dye 5b.
The observed absorption properties of these dyes may be


explained tentatively based on Scheme 2, which suggests that
the electronic S0 ± S1 transition arises from an interaction of
the electron-donor substituents with the carbonyl functional


Scheme 2. Resonance model for dyes 3 ± 7 which explains the strong
impact of electron donor substituents D on the absorption and emission
wavelengths as well as the significant positive solvatochromism.


groups. If the ground state is dominated by the left unpolar
formula and the excited state by the right zwitterionic one we
expect positive solvatochromism as observed for all these
compounds. To account for the spectral position of the S0 ±S1
transition at rather long wavelength, cross-conjugation be-
tween two donor± acceptor systems is assumed to occur as in


anthraquinoid and indigoid dyes.[20, 21] For such two-dimen-
sional chromophores a significantly smaller number of double
bonds is required to achieve long-wavelength absorbance
than in traditional one-dimensional chromophores. For com-
parison, an extended chain of five conjugated double bonds
(leading to thermally and photochemically very unstable
dyes) is required to achieve blue color, that is absorption
bands above 600 nm, for cyanine and the best conjugated
merocyanine dyes.[15, 20] With regard to the fluorescence
intensity it seems noteworthy that the quantum yields remain
high as long as the solvent has no proton-donating capabilities
(Table 2). This points to a radiationless deactivation pathway
by means of intermolecular hydrogen bonds (in contrast to the
intramolecular hydrogen bonds discussed above) between the
solvent molecules and the carbonyl groups of the dyes. A
similar but not as pronounced solvent effect was observed
previously for structurally related perylene bisimide dyes.[7b, 22]


To shed more light onto the origin of the color properties of
these dyes we analyzed the HOMO and LUMO as well as the
transition densities involved in the lowest energy optical
transition of N,N�-dimethylnaphthalene-1,4,5,8-tetracarbox-
ylic acid bisimide and its 2- and 2,6-(bis)dimethylamino-
substituted derivatives. These molecular properties were
calculated with the CNDO/S method for AM1 optimized
geometries and the results are displayed in Figure 5.[23]


Figure 5. HOMO, LUMO, and transition density for a) N,N�-dimethyl
naphthaline 1,4,5,8-tetracarboxylic acid bisimide and its b) 2-chloro-6-
dimethylamino- and c) 2,6-dimethylamino-substituted derivatives accord-
ing to CNDO/S calculations of AM1 optimized molecules.


The MO calculations reveal a unique change of the
transition density for the lowest energy optical transition
within the given series of dyes. Thus, whereas the HOMO±
LUMO transition of the parent naphthalene bisimide is
polarized along the long molecular axis (i.e. between the two
imide groups), it is polarized perpendicular to this axis for the
2- and 2,6-substituted derivatives. This feature arises from a
�new� HOMO orbital that is created from the interaction of
the electron-donating 2,6-substituents with the naphthalene
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�-conjugated core. On the other hand the LUMO remains
unchanged and even the original naphthalene bisimide-
typical transition (Figure 5a, right) is also found as a higher
energy transition for the 2,6-substituted derivatives. Accord-
ingly the UV/Vis absorption spectra of dyes 3 ± 7 (Figure 1)
can be explained based on two allowed optical transitions, one
at 350 nm that is characteristic for all naphthalene bisimides
(Figure 5a; right) and a new long-wavelength charge transfer
transition (Figure 5b,c; right) that is polarized perpendicular
to the former and whose spectral position is highly dependent
on the 2- and 6-electron donor substituents as well as the
solvent polarity.


Solid-state properties : Although the 2,6-diisopropylphenyl
substituents are not mandatory to prevent aggregation of
these dyes in solution[13] they are very supportive for isolating
the � systems also in the solid state. As a result the color of all
crystals obtained from dyes 3 ± 7 essentially reflects the
spectral features in solution, and all crystals exhibit intense
solid-state photoluminescence. We have succeeded in growing
a single crystal of dye 5a suitable for an X-ray structural
analysis (Figure 6) and thus these properties can now be
studied in some detail.[18]


The most prominent feature of the structure of 5a is the
perpendicular orientation of the 2,6-diisopropylphenyl groups
with respect to the naphthalene bisimide chromophoric unit.
This leads to fully isolated chromophores which only expe-
rience the surrounding solid or liquid matrix but do not
aggregate even in low polarity environments or in the solid
state. In the given crystal four molecules of chloroform are
intercalated to −solvate× the dye or–in other words–fill the
empty space created by the conformationally restricted dye
molecules. All other structural features such as the bond
lengths and angles are not unusual. The C�C bond lengths in
the planar naphthalene bisimide chromophore are all be-
tween 1.36 and 1.48 ä; the longest bonds are found for the
connection to the carbonyl groups.


Energy transfer in a bichromo-
phoric model compound : In the
last part of this study we dem-
onstrate one possible applica-
tion of these dyes that might be
of interest for FRET (fluores-
cence resonance energy trans-
fer)[24] studies of biomacromo-
lecules[1] and supramolecular
dye assemblies.[8, 9, 25] The use-
fulness of this class of dyes for
such studies became already
apparent from Figure 2 where
we see a strong overlap of the
emission spectrum of dye 4with
the absorption spectrum of dye
6 and a similarly good overlap
of the emission spectrum of dye
6 with the absorption spectrum
of dye 7. According to Fˆrster×s
theory of FRET,[24] long-range
through-space resonance ener-


gy transfer is expected if such an overlap of the absorption and
emission spectra (together with some other features like high
fluorescent quantum yields[24]) of the involved chromophores
occurs. Thus dyes 3 ± 7 constitute a series of dyes that enables
the construction of energy transfer cascades[29] based on a
single �-conjugated scaffold. As a first example to support this
point we synthesized the bichromophoric compound 11
according to Scheme 3 from an amino-substituted derivative
of the −red× dye (8) and a carboxy-substituted derivative of
the −blue× dye (10) by DCC coupling in the presence of
1-hydroxybenzotriazole (BtOH). For this sequence it was
again very helpful that the first chlorine exchange takes place
with a much higher reactivity than the second. This enables
the isolation and further coupling of 8 as well as the stepwise
nucleophilic displacement of the two chlorine atoms of 2 with
two different amines to give 10.
For the bichromophoric compound 11, absorption, emis-


sion, and excitation spectroscopy was carried out in dilute
dichloromethane. Based on the structural properties (bulky
imide substituents) and the excellent additivity of the
absorption bands of the two chromophoric subunits
(Figure 7) we can exclude the possibility of intramolecular
aggregation due to folding of the flexible alkyl spacer. Such
aggregation would lead to strong coupling of the two dyes and
open alternative through-bond mechanisms of energy trans-
fer.[24b] In addition intermolecular FRET processes between
different molecules can be ruled out at the applied concen-
trations of our study because no energy transfer became
apparent for equimolar mixtures of dyes 5b and 7. In contrast,
upon selective illumination of the −red× dye in the bichromo-
phoric compound 11 at a wavelength of 500 nm we observe a
strong emission predominantly from the −blue× dye (Figure 8)
that is now attributed to an intramolecular FRET process.
From the ratio of the integrated emission bands �600 nm
(stemming from the −red× dye) and �600 nm (stemming from
the �blue� dye) an energy transfer efficiency of about 96% is
calculated and a fluorescence quantum yield of 30% com-


Figure 6. Structure of 5a (ORTEP plot) in the crystal showing the presence of four molecules of chloroform (one
of them disordered) that fill the space created by the orthogonal connection (�� 83�) of the naphthalene bisimide
and the diisopropylphenyl substituents.
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Figure 7. Absorption spectra of a 1.5� 10�5� solution of dye 11 (solid line)
and of a mixture of dyes 5a and 7 at the same concentration (dotted line) in
dichloromethane.


pared to that of 33% for direct excitation of the −blue× dye at
622 nm.
Further support for a highly efficient energy transfer


process is given by the excitation spectrum in Figure 8 which
shows that both absorption bands in the visible as well as the


Figure 8. Absorption (dotted line), excitation (solid line; fluorescence
detection at 660 nm), and fluorescence (dashed line; excitation at 500 nm)
spectra for dye 11 in dichloromethane.


one in the UV can be used to populate the lowest energy
excited state of the −blue× dye in 11. The slightly reduced
intensity of the excitation spectrum for the two bands at 350
and 500 nm (at �em� 660 nm) compared to the absorption
spectrum is in accord with the additional weak fluorescence
from the �red� dye (at � 600 nm) after excitation of these high
energy bands.


Conclusion


In summary, these studies showed that the introduction of
electron-donating alkoxy and alkylamino substituents at the
2,6-positions of naphthalene-1,4,5,8-tetracarboxylic acid bisi-
mides lead to interesting fluorophors. Depending on the
respective substituents yellow, red, or even blue dyes are
obtained that emit green, orange, or red light with fluores-
cence quantum yields of up to 76%. If these optical features
are combined with the possibility of covalent or supra-
molecular derivatization at the imide nitrogen atoms we
expect a multitude of interesting applications for these
dyes.[8±11, 25] One application was already demonstrated that
made use of the spectral overlap of the absorption and the
emission spectra between two different dyes of the given
series of compounds. This allowed us to measure an efficient
Fˆrster-type energy transfer (FRET) process within the
covalently tethered bichromophoric conjugate 11. Such pho-
tophysical processes are highly desirable for unraveling
binding and folding events for biomacromolecules. Therefore
it seems noteworthy that the two dyes 8 and 10 are already
equipped with useful functional groups for the covalent
labeling of oligopeptides and proteins.


Experimental Section


Materials and methods : Solvents and reagents were purchased fromMerck
(Darmstadt, Germany) unless otherwise stated and purified and dried
according to standard procedures.[26]


2,6-Dichloronaphthalene anhydride 1 was obtained as described in
reference [12a]. Column chromatography was performed on silica gel
(Merck Silica Gel 60, mesh size 0.2 ± 0.5 mm). The solvents for spectro-
scopic studies were of spectroscopic grade and used as received. UV/Vis


Scheme 3. Synthesis of bichromophoric compound 11.
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spectra were recorded on a Perkin Elmer Lambda 40P spectrometer, and
fluorescence spectra were measured on a calibrated Perkin Elmer LS 50B
spectrometer in the conventional right-angle set-up in the presence of air
for dilute solutions (A� 0.04). Fluorescence quantum yields were deter-
mined relative to fluorescein (�� 0.9, 0.1� NaOH)[27a] for dyes 2 ± 4 and
relative to N,N�-di(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxyperylene-
3,4:9,10-tetracarboxylic acid bisimide (�� 0.96, CHCl3)[18a, 27b] for the other
dyes. 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. Mass spectra were recorded on Varian MAT
711 and Finnigan SSQ 7000 (both EI), Finnigan TSQ 7000 (FAB), and
Bruker Franzen Reflex III (MALDI-TOF) spectrometers. The calculated
and found m/z values correspond to the monoisotopic mass.


X-ray crystal structure analysis of 5a: C40H42ClN3O4 ¥ 4CHCl3, Mr�
1141.69, monoclinic, space group P21/n (no. 14), a� 16.448(5), b�
14.999(5), c� 21.138(5) ä, 	� 91.765(5)�, V� 5212(3) ä3 , Z� 4 , 
calcd�
1.455 Mgm�3 , �(MoK�)� 0.732mm�1, crystal size 0.30� 0.23� 0.15 mm,
T� 170 K, 10117 independent reflections collected, 794 parameters, R1�
0.0593 and wR2� 0.1463 for reflections with I� 2�(I), max./min. residual
electron density 0.746/� 0.655 eä�3. Data were collected using a STOE-
IPDS diffractometer with monochromatic (graphite monochromator)
MoK� radiation (�� 0.71073 ä, 2�max� 52.040, 2�min� 4.120); rotation scan
modus. The structure was solved by direct methods,[28a] refinement on F 2


using the full-matrix least-squares method.[28b] Hydrogen atoms localized in
final difference Fourier map. One molecule of 5a crystallizes with four
molecules of chloroform. One of these chloroform molecules is disordered
in the sense that it is rotating around its C�H bond. Four main different
positions were located with an occupancy of 50, 30, 15, and 15%. In the
final Fourier map two other positions seem also likely but were not taken
into account. This explains the high final electron density of 0.746 eä�3 in
the map. CCDC-178616 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via www.ccdc.ca-
n.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Centre, 12 Union Road, Cambridge CB21EZ, UK; Fax: (�44)1223-
336033; or deposit@ccdc.cam.ac.uk).


N,N�-Di-(2�,6�-diisopropylphenyl)-2,6-dichloronaphthalene-1,4,5,8-tetra-
carboxylic acid bisimide (2): 2,6-Dichloronaphthalene-1,4,5,8-tetracarbox-
ylic acid bisanhydride 1 (1 g, 2.96 mmol) was suspended in acetic acid
(40 mL) and heated at reflux. Into this mixture 2,6-diisopropylaniline
(3.75 mL, 20 mmol) was added and the mixture was kept at reflux at 120 �C
for another 20 min. The solution was concentrated in vacuo and the
remaining residue was poured into methanol (40 mL). The precipitated
solid was filtered, dried, and recrystallized from acetic acid to afford a
yellowish white solid. Yield: 0.85 g (44%). M.p. 409 �C; 1H NMR
(400 MHz, CDCl3, 25 �C): �� 8.90 (s, 2H; H3, H7), 7.51 (t, 2H; H4�), 7.35
(d, 4H; H3�,5�), 2.65 (septet, 4H; iPr-H), 1.17 ppm (d, 24H; iPr-CH3);
13C NMR (100 MHz, CDCl3, 25 �C): �� 160.92, 160.42, 145.28, 140.71,
136.35, 130.00, 129.60, 127.89, 126.15, 124.21, 122.62, 29.29, 23.83 ppm; UV/
Vis (CH2Cl2): �max (�max)� 402 (13900), 381 (12000), 359 (18900), 251
(51500) nm (Lmol�1 cm�1); MS (EI, 70 eV): m/z : 654 ([M]�); elemental
analysis calcd (%) for C38H36Cl2O4N2 (655.63): C 69.62, H 5.53, N 4.27;
found: C 69.65, H 5.58, N 4.34.


N,N�-Di-(2�,6�-diisopropylphenyl)-2-chloro-6-ethoxynaphthalene-1,4,5,8-
tetracarboxylic acid bisimide (3): To a stirred solution of dichloronaph-
thalene bisimide 2 (0.325 g, 0.50 mmol) in CH2Cl2 (50 mL), sodium
ethoxide (136 mg, 2 mmol) was added and stirring was continued for
10 min. Then ethanol (0.5 mL) was added and the reaction mixture was
stirred at 25 �C for another 4 h before 1� HCl(10 mL) was added. The
organic layer was separated, washed with water (20 mL), and dried over
sodium sulfate. Filtration, removal of the solvent, and chromatographic
purification on silica with CHCl3 afforded a pale yellow solid. Yield: 0.15 g
(46%). M.p. 312 �C; 1H NMR (400 MHz, CDCl3, 25 �C): �� 8.84 (s, 1H;
H3), 8.61 (s, 1H; H7), 7.49 (q, 2H; H4�), 7.34 (t, 4H; H3�,5�), 4.54 (q, 2H; -
OCH2), 2.68 (septet, 4H; iPr-H), 1.58 (t, 3H; OCH2CH3), 1.16 ppm (d,
24H; iPr-CH3); UV/Vis (CH2Cl2): �max (�max)� 440 (14800), 418 (10700),
362 (14600), 345 (11600), 212 (40500) nm (Lmol�1 cm�1); MS (EI, 70 eV)
m/z : 664 ([M]�); elemental analysis calcd (%) for C40H41N2ClO5 (655.24): C
72.22, H 6.21, N 4.21; found: C 70.48, H 6.30, N 3.96.


N,N�-Di-(2�,6�-diisopropylphenyl)-2,6-diethoxynaphthalene-1,4,5,8-tetra-
carboxylic acid bisimide (4): An ethanolic sodium ethoxide solution was
prepared from sodium (46 mg, 2 mmol) and ethanol (1.2 mL). To this


solution dichloronaphthalene bisimide 2 (300 mg, 0.45 mmol) was added
and the mixture was stirred at 25 �C for 4 h. This solution was poured into
1� HCl (100 mL) and the yellow precipitate was filtered, washed with
water, and dried. Purification by chromatography on a silica column with
CHCl3 afforded a yellow dye. Yield: 0.16 g (51%). M.p. 347 �C; 1H NMR
(400 MHz, CDCl3, 25 �C): �� 8.56 (s, 2H; H3,7), 7.47 (t, 2H; H4�), 7.33 (d,
4H; H3�,5�), 4.49 (q, 4H; -OCH2), 2.71 (septet, 4H; iPr-H), 1.56 (t, 6H; -
OCH2CH3), 1.17 ppm (d, 24H; iPr-CH3); 13C NMR (100 MHz, CDCl3,
25 �C): �� 162.45, 160.84, 160.47, 145.44, 130.51, 129.51, 127.43, 124.44,
123.99, 120.50, 111.41, 66.50, 29.12, 23.90, 14.69 ppm; UV/Vis (CH2Cl2): �max
(�max)� 469 (18200), 443 (13500), 361 (14500), 343(12400), 255 (48000) nm
(Lmol�1 cm�1); fluorescence (CH2Cl2), �max� 484 nm, quantum yield�
0.22; MS (EI, 70 eV) m/z : 674 ([M]�); elemental analysis calcd (%) for
C42H46N2O6 (674.84): C 74.75, H 6.87, N 4.15; found: C 73.28, H 6.45, N 4.03.


N,N�-Di-(2�,6�-diisopropylphenyl)-2-n-butylamino-6-chloronaphthalene-
1,4,5,8-tetracarboxylic acid bisimide (5b): To a stirred solution of dichlor-
onaphthalene bisimide 2 (197 mg, 0.3 mmol) in CH2Cl2 (20 mL) at 25 �C
was added n-butylamine (0.5 mL, 5 mmol) and the reaction mixture was
stirred at 25 �C for 2 h. It was then poured into 1� HCl (20 mL) and the
organic layer was separated, washed with water (20 mL), and dried over
sodium sulfate. The solvent was removed and the product was purified by
chromatography on silica with CHCl3/n-hexane (3:2) to give a red dye.
Yield: 85 mg (41%). M.p. 293 �C; 1H NMR (400 MHz, CDCl3, 25 �C): ��
10.05 (t, 1H; NH), 8.78(s, 1H; H7), 8.41 (s, 1H; H3), 7.50 (q, 2H; H4�),
7.35(t, 4H; H3�,5�), 3.60 (q, 2H; -NHCH2-), 2.68 (septet, 4H; iPr-H), 1.76
(mc, 2H; -NCH2CH2-), 1.48 (mc, 2H; CH2), 1.18 (d, 24H; iPr-CH3),
0.99 ppm (t, 3H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C): �� 166.33,
162.20, 162.01, 161.28, 152.31, 145.50, 135.57, 133.62, 130.28, 129.83, 129.32,
127.92, 124.20,124.08, 122.53, 122.12, 121.41, 99.90, 43.21, 31.22, 29.32, 29.24,
23.99, 23.89, 20.13, 13.69 ppm; UV/Vis (CH2Cl2): �max (�max)� 535 (15500),
503 (11200), 366 (13500), 348(12100), 270 (36600) nm (Lmol�1 cm�1);
fluorescence (CH2Cl2): �max� 565 nm, quantum yield� 0.63; MS (EI,
70 eV): m/z : 691 ([M]�); elemental analysis calcd (%) for C42H46ClN3O4


(692.31): C 72.87, H 6.70, N 6.07; found: C 72.50, H 6.40, N 6.07.


N,N�-Di-(2�,6�-diisopropylphenyl)-2-ethylamino-6-chloronaphthalene-
1,4,5,8-tetracarboxylic acid bisimide (5a): Dichloronaphthalene bisimide 2
(197 mg, 0.3 mmol) was dissolved in CH2Cl2 (30 mL), and ethylamine (70%
in water; 1 mL, 20 mmol) was added. The reaction mixture was stirred at
room temperature for 1 h, and then poured into 1� HCl (30 mL). The
organic layer was separated, washed with water (20 mL), and dried over
sodium sulfate. Removal of the solvent and chromatographic separation on
silica with CHCl3 afforded a red dye. Yield: 135 mg (68%). M.p. 334 �C;
1H NMR (400 MHz, CDCl3, 25 �C): �� 9.97 (t, 1H; NH), 8.77 (s, 1H; H7),
8.39 (s, 1H; H3), 7.50 (q, 2H; H4�), 7.35 (t, 4H; H3�,5�), 3.62 (q, 2H; -
NHCH2-), 2.67 (septet, 4H; iPr-H), 1.42 (t, 3H; CH3), 1.17 ppm (d, 24H;
iPr-CH3); UV/Vis (CH2Cl2): �max (�max)� 534 (15600), 502 (11300),
366(13700), 348 (12300), 270 (39200) nm (Lmol�1 cm�1); fluorescence
(CH2Cl2): �max� 564 nm, quantum yield� 0.64; MS (EI, 70 eV): m/z : 663
([M]�); elemental analysis calcd (%) for C40H42N3ClO4 (664.25): C 72.33, H
6.37, N 6.33; found: C 71.97, H 6.58, N 6.30.


N,N�-Di-(2�,6�-diisopropylphenyl)-2-n-butylamino-6-ethoxynaphthalene-
1,4,5,8-tetracarboxylic acid bisimide (6): n- Butylamine (1 mL, 10 mmol)
and 2-chloro-6-ethoxynaphthalene bisimide 3 (100 mg, 0.15 mmol) were
stirred at 0 �C for 30 min during which time the color of the reaction
mixture changed to red. 1� HCl (25 mL) was added into the stirred mixture
to give a pink dye that was filtered, dried, and purified by chromatography
on silica with ethyl acetate/n-hexane (9:1). Yield: 50 mg (47%). M.p.
317 �C; 1H NMR (400 MHz, CDCl3, 25 �C): �� 9.79 (t, 1H; NH), 8.45 (s,
1H; H7), 8.37 (s, 1H; H3), 7.48 (mc, 2H; H4�), 7.34 (mc, 4H; H3�,5�), 4.42 (q,
2H; -OCH2), 3.56 (q, 2H; -NHCH2), 2.71 (septet, 4H; iPr-H), 1.74 (mc, 2H;
-NHCH2CH2-), 1.53 (t, 3H; OCH2CH3), 1.47 (mc, 2H; CH2), 1.17(d, 24H;
iPr-CH3), 0.95 (t, 3H; CH3); UV/Vis (CH2Cl2): �max (�max)� 552 (17700),
511 (12200), 369 (12600), 351 (12900), 269 (41000) nm (Lmol�1 cm�1);
fluorescence (CH2Cl2): �max� 582 nm, quantum yield� 0.76; MS (EI,
70 eV): m/z : 701 ([�]�); elemental analysis calcd (%) for C44H51N3O5


(701.91): C 75.29, H 7.32, N 5.99; found: C 75.26, H 7.62, N 5.67.


N,N�-Di-(2�,6�-diisopropylphenyl)-2,6-di-n-butylaminonaphthalene-1,4,5,8-
tetracarboxylic acid bisimide (7): n-Butylamine(1 mL, 10.1 mmol) and
dichloronaphthalene bisimide 2 (200 mg, 0.3 mmol) were stirred at 25 �C
for 15 min and then refluxed at 85 �C for another 45 min. After cooling to
room temperature the mixture was poured into 1� HCl (100 mL) and
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stirred until a blue precipitate had separated. Filtration and purification by
column chromatography with CHCl3/n-hexane (1:1) afforded 7 as a blue
dye (100 mg (45%)). M.p. 304 �C; 1H NMR(400 MHz, CDCl3, 25 �C): ��
9.33 (t, 2H; NH), 8.26 (s, 2H; H3,7), 7.50 (t, 2H; H4�), 7.35 (d, 4H; H3�,H5�),
3.51(mc, 4H; NHCH2), 2.70 (septet, 4H; iPr-H), 1.73 (mc, 4H; CH2), 1.47
(mc, 4H; CH2), 1.17 (d, 24H; iPr-CH3), 0.94 ppm (t, 3H; CH3);
13C NMR(100 MHz, CDCl3, 25 �C): �� 160.53, 163.06, 149.71, 145.61,
130.80, 129.66, 126.30, 124.14, 122.09, 119.18, 101.81, 43.03, 31.28, 29.18,
24.02, 20.23, 13.75 ppm; UV/Vis (CH2Cl2): �max (�max)� 620 (23300), 579
(12300), 363(14100), 346 (12000), 281 (41400) nm (Lmol�1 cm�1); fluo-
rescence (CH2Cl2): �max� 650 nm, quantum yield� 0.42; MS (EI, 70 eV):
m/z : 728 ([M]�); elemental analysis calcd (%) for C46H56N4O4 (728.98): C
75.79, N 7.69, H 7.74; found: C 75.68, H 7.54, N 7.74.


N,N�-Di-(2�,6�-diisopropylphenyl)-2-(2�-aminoethylamino)-6-chloronaph-
thalene-1,4,5,8-tetracarboxylic acid bisimide (8): Naphthalene bisimide 2
(200 mg, 0.30 mmol) was dissolved in CH2Cl2 (25 mL) and ethylenediamine
(400 mg, 6.66 mmol) was added. The reaction mixture was stirred at room
temperature for 24 h. The red colored solution was then poured into 1�
HCl (25 mL), the organic layer was separated, and the aqueous layer was
extracted twice with CH2Cl2 (25 mL). The combined organic extracts were
washed twice with water (20 mL) and dried over anhydrous sodium sulfate.
Solvent removal and column chromatography on silica with CH2Cl2/
methanol (98:2) afforded a red dye. Yield: 110 mg, (48%). M.p. 260�
65 �C; 1H NMR (400 MHz, CDCl3, 25 �C): �� 10.21 (t, 1H; NH), 8.79 (s,
1H; H7), 8.44 (s, 1H; H3), 7.51 (m, 2H; H4×), 7.36 (m, 4H; H3×,5×), 3.67 (mc,
2H; -NHCH2-), 3.10 (t, 2H; CH2), 2.68 (m, 4H; iPr-H), 1.39 (bs, 2H; -NH2),
1.18 ppm (mc, 24H; iPr-CH3); 13C NMR (100 MHz, CDCl3, 25 �C): ��
166.33, 162.17, 162.01, 161.25, 152.49, 145.51, 135.63, 133.80, 130.23, 129.84,
129.27, 127.92, 124.18, 122.53, 122.20, 121.43, 100.27, 46.33, 41.15, 29.28,
23.97 ppm; UV/Vis (CH2Cl2): �max (�max)� 533 (14800), 366 (13500), 348
(12100), 271 (39000) nm (Lmol�1cm�1); fluorescence (CH2Cl2): �max�
570 nm, qunatm yield� 0.53; MS (MALDI-TOF): m/z : 679 [M�H]� ;
HRMS (EI, 70 eV): m/z : 678.2966 ([M]�); calcd for C40H43ClO4N4:
678.2972); elemental analysis calcd (%) for C40H43ClO4N4 ¥ 0.8CH2Cl2
(747.31): C 65.58, H 6.01, N 7.49; found: C 65.46, H 6.01, N 7.41.


N,N�-Di-(2�,6�-diisopropylphenyl)-2-(6-carboxy-n-hexylamino)-6-chloro-
naphthalene-1,4,5,8-tetracarboxylic acid bisimide (9): Naphthalene bisi-
mide 2 (524 mg, 0.8 mmol) was dissolved in CH2Cl2 (50 mL), and 6-amino-
hexanoic acid (262 mg, 2 mmol) and 1,8-diazobicyclo[5,4,0]-undec-7-ene
(DBU) (0.3 mL, 2 mmol) were added. The reaction mixture was stirred at
room temperature for 16 h during which time the color of the reaction
mixture changed to red. It was then poured into 1� HCl (30 mL), and the
precipitate was filtered, dried, and purified by column chromatography on
silica with CH2Cl�/methanol (98:2) to give a red dye. Yield: 380 mg (63%).
M.p. 182 �C; 1H NMR (400 MHz, CDCl3, 25 �C): �� 10.05 (t, 1H; NH),
8.78 (s, 1H; H7), 8.39 (s, 1H; H3), 7.50 (m, 2H; H4×), 7.35 (m, 4H; H3�,5�),
3.60 (mc, 2H; NH-CH2), 2.66 (mc, 4H; iPr-H), 2.33 (t, 2H; CH2), 1.80 (mc,
2H; CH2), 1.68 (mc, 2H; CH2), 1.50 (m, 2H; CH2), 1.17 ppm (d, 24H; iPr-
CH3); 13C NMR(100 MHz, CDCl3, 25 �C): �� 175.99, 163.93, 159.76,
159.54, 158.79, 149.79, 143.03, 133.18, 131.30, 127.77, 127.43, 126.82,
121.73, 121.64, 120.09, 119.69, 118.81, 97.56, 40.74, 31.11, 26.87, 26.79,
26.44, 23.91, 21.69, 21.53, 21.48 ppm; UV/Vis (CH2Cl2): �max (�max)� 534
(15000), 500 (10600), 366 (13000), 348 (11700), 332 (8100), 270 (36800),
229 (21100) nm (Lmol�1 cm�1); fluorescence (CH2Cl2): �max� 568 nm,
quantum yield� 0.61; MS (EI): m/z : 749 ([M]�); elemental analysis calcd
(%) for C44H48N3ClO6 (750.34): C 70.43, H 6.45, N 5.60; found: C 69.99, H
6.58, N 5.31.


N,N�-Di-(2�,6�-diisopropylphenyl)-2-(6-carboxy-n-hexylamino)-6-n-butyla-
minonaphthalene-1,4,5,8-tetracarboxylic acid bisimide (10): Naphthalene
bisimide dye 9 (200 mg, 0.26 mmol) was added into an ice-cooled n-
butylamine solution (1 mL, 10.1 mmol), and the reaction mixture was
stirred at room temperature for 16 h during which the color changed to
blue. The reaction mixture was then poured into 1� HCl (20 mL) and the
precipitate was filtered, dried, and purified by column chromatography on
silica with CH2Cl2/methanol (98:2). Yield: 105 mg (50%). M.p. 250 �C;
1HNMR (400 MHz, CDCl3, 25 �C): �� 9.34 (t, 2H; NH), 8.27 (s, 1H; H3 or
H7), 8.24 (s, 1H; H7 or H3), 7.50 (t, 2H; H4×), 7.35 (d, 4H; H3�,5�), 3.50 (mc,
4H; NH-CH2), 2.70 (mc, 4H; iPr-H), 2.32 (t, 2H; CH2), 1.80 ± 1.64 (m, 6H;
CH2), 1.49 (mc, 4H; CH2), 1.17 (d, 24H; iPr-CH3), 0.94 ppm (t, 3H; CH3);
UV/Vis (CH2Cl2): �max(�max)� 620 (22800), 576 (11800), 363 (13700), 346
(11700), 281 (38700), 227 (35200) nm (Lmol�1 cm�1); fluorescence


(CH2Cl2): �max� 651.5 nm, quantum yield� 0.40; MS (MALDI-TOF,
DHB) m/z : 786 ([M]�); HRMS (EI, 70eV) m/z: 786.4363 calcd for
C48H58N4O6: 786.4356; elemental analysis calcd (%) for C48H58N4O6 ¥
0.5H2O (796.02): C 72.42, H 7.47, N 7.03; found: C 72.23, H 7.42, N 6.84.


Bichromophoric dye 11: The red amino-substituted dye 8 (40 mg,
0.06 mmol) and the blue carboxy-substituted dye 10 (47 mg, 0.06 mmol)
were dissolved in CH2Cl2 (25 mL), and 1-hydroxybenzotriazole (8 mg,
0.06 mmol) and dicyclohexylcarbodiimide (25 mg, 0.12 mmol) were added
at a temperature of 0 �C under an argon atmosphere. The reaction mixture
was allowed to warm up to room temperature and was kept stirring under
argon for 24 h. Dicyclohexylurea was removed by filtration and washed
with CH2Cl2 (20 mL). The combined CH2Cl2 solution was evaporated to
give a blue solid that was purified by column chromatography on silica with
CH2Cl2/methanol (99:1). Yield: 50 mg (58%). M.p. 165 �C; 1H NMR
(400 MHz, CDCl3, 25 �C): �� 10.02 (t, 1H; NH), 9.33 (mc, 2H; NH), 8.77
(s, 1H; Naph-H), 8.33 (s, 1H; Naph-H), 8.26 (s, 1H; Naph-H), 8.22 (s, 1H;
Naph-H), 7.51 ± 7.41 (mc, 4H; H4�), 7.35 ± 7.31 (m, 8H; H3�,5�), 6.28 (t, 1H;
NHCO), 3.53 ± 3.28 (m, 8H; CH2), 2.70 - 2.61 (m, 8H; iPr-H), 2.13 (t, 2H;
CH2), 1.74 ± 1.67 (m, 6H; CH2), 1.48 ± 1.41 (m, 4H; CH2), 1.17 ± 1.13 (m,
48H; iPr-CH3), 0.94 ppm (t, 3H; CH3); UV/Vis (CH2Cl2): �max(�max)� 622
(24600), 578 (12700), 531 (20200), 499 (13100), 365 (28500), 348 (21000),
331 (20000), 273 (76900), 228 (55900) nm (Lmol�1 cm�1); fluorescence
(CH2Cl2): �max� 651 nm; HRMS (FAB, 3-nba): m/z : 1447.720 [M�H]� ;
calcd for C88H100ClN8O9: 1447.7302; elemental analysis calcd (%) for
C88H99ClN8O9 ¥H2O (1462.28): C 72.28, H 6.96, N 7.66; found: C 71.91, H
6.66, N 7.44.
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Highly Stable and Biocompatible Nafion-Based Capsules with
Controlled Permeability for Low-Molecular-Weight Species


Zhifei Dai* and Helmuth Mˆhwald[a]


Abstract: Biocompatible hollow cap-
sules have been formed by electrostatic
layer-by-layer self-assembly of a per-
fluorinated ionomer (Nafion) in alter-
nation with ferric ions onto polystyrene
latex particles or organic microcrystals,
followed by dissolution of the cores by
tetrahydrofuran or dimethylformamide.
The stepwise growth of multilayers was
followed by UV-visible spectroscopy
and microelectrophoresis. The forma-


tion of hollow capsules was verified by
confocal laser scanning microscopy and
scanning force microscopy. The hollow
Fe3�/Nafion capsules displayed high sta-
bility over a wide range of pH values and
at high temperature. Fluorescein trans-


port through the Fe3�/Nafion capsule
wall was studied by means of photo-
chemical bleaching and recovery (PBR)
of the capsule interior. A diffusion
model is suggested to calculate the
diffusion coefficient for low-molecular-
weight species, which was determined to
be in the order of 10�12 cm2s. The
permeability can be manipulated by
changing the wall thickness of the cap-
sules.


Keywords: hollow capsules ¥ Nafion
¥ nanostructures ¥ permeability ¥
self-assembly


Introduction


Encapsulation technologies have developed to reduce tox-
icity, to mask taste and odor, to facilitate storage or transport,
and to improve the stability of the encapsulated product.[1]


Hollow polymer particles with dimensions in the submicrom-
eter region possess great potential for encapsulation of guest
molecules in their empty core for controlling the release.[2]


They are widely exploited as protective containers for cells
and enzymes, confined reaction vessels, carriers for drugs,
heterogeneous catalysts, and dye dispersants.[2] Many of these
applications require knowledge of the transport of molecules
through these capsules. The understanding and control of
small-molecule diffusion through the capsule is the basic
requisite for many future applications, such as drug delivery
systems and for biosensor development.[3]


Similar and very effective nanometer-sized containers, such
as micelles and vesicular structures, are used by nature in
biological systems. However, they have only a limited stability
and may undergo structural changes.[4] Many applications
require them to be more stable. In addition, most of the
proposed applications are concerned with biology, so nano-
capsules composed of biocompatible materials are also
required.


Nafion represents a novel and unique family of polyelec-
trolytes, which consist of a perfluorinated backbone and short
pendant chains terminated by sulfonic head groups.[5] Various
applications have been found in areas such as fuel cells,


OCF2CF2SO3H


(OCF2CF)kCF3


[(CF2CF2)mCFCF2]n


Nafion


sensors, polymeric catalysts, membranes for separation, and
purification.[6] Biocompatibility studies on Nafion have shown
no acute or chronic foreign-body response.[7] Nafion possesses
superselectivity, good mechanical properties, thermal stability
(up to 200 �C), and chemical and biological inertness; this
makes Nafion to one of the premier systems capable of
operating in harsh biological environments.[8]


Electrostatic layer-by-layer self-assembly has been widely
utilized to construct a variety of two- and three-dimensional
multilayered structures.[9, 10] In this paper, we report the
preparation of hollow capsules based on Fe3�/Nafion by the
sequential electrostatic deposition of the respective charged
species onto colloid templates, followed by removal of the
core. Photochemical bleaching and recovery of the capsule
interior were used to determine the permeability of Fe3�/
Nafion multibilayers. A diffusion model is suggested to
calculate the diffusion coefficient and to estimate the perme-
ability of the Nafion capsule. The measurements give
information on the dependence of the diffusion coefficient
on the wall thickness.
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Experimental Section


Materials : Sodium poly(styrene sulfonate) (PSS, Mw 70000), poly(allyl-
amine hydrochloride)(PAH, Mw 70000), Nafion, and iron(���) chloride
hexahydrate (FeCl3 ¥ 6H2O) were purchased from Aldrich. Nafion was
obtained as a 5% w/v mixture in water and lower aliphatic alcohols
(1100 equiv. wt; i.e., 1100 g of polymer per mol of�SO3H groups). NH4OH
(28 wt%) and hydrochloric acid (37%) were used as a 1% dilution to
adjust the pH. Polystyrene (PS, 240 nm, 10.55 �m) and melamine form-
aldehyde (MF, 4 �m) particles were purchased from Microparticles,
GmbH, Berlin, Germany. Bis(dithiobenzil)nickel(��) tetra-n-butyl ammo-
nium salt (BDTA) was synthesized previously.[11] Rhodamine-labeled PAH
was prepared according to the literature.[12]


A solution of Nafion (1 mgmL�1, 0.9 m�, based on the repeat unit
molecular weight) was prepared by diluting the as-received solution in
methanol/water (9:1). The pH, 3, of this solution was adjusted with aqueous
NH3 ¥H2O. The ionic strength of the Nafion solution was modified with KCl
(0.01�). Then, a solution of FeCl3 (5 mgmL�1, 18.5 m�) was prepared by
addition of FeCl3 ¥ 6H2O (0.5 g) to water (100 mL; pH 2.0). Solutions of
PAH (1 mgmL) and PSS (1 mgmL) in water with NaCl (0.5�) were
prepared for all experiments.


Layer-by-layer self-assembly on colloid particles : Fe3� and Nafion or PAH
and PSS were assembled onto the surface of PS, MF, and BDTA
microparticles by layer-by-layer adsorption according to the method
reported.[9, 13] The added species with charge opposite to that of the
particle surface or the last layer deposited was allowed to adsorb for
20 min. The excess polyelectrolytes or Fe3� were removed by three
repeated centrifugation (2000 g, 5 min)/washing/redispersion cycles with
water in each deposition step. The subsequent layers were deposited in the
same manner with the oppositely charged species. After completion of the
desired number of deposition cycles, hollow capsules were prepared by
dissolving the PS core with tetrahydrofuran, the MF core with HCl (0.1�),
or the BDTA core with dimethylformamide. The resulting hollow polymer
capsules were then centrifuged at 500 g for 5 min and washed with the
corresponding solvent and water three times.


Characterization methods : The microelectrophoretic mobility of coated
particles dispersed in pure water was measured with a Malvern Zetasizer 4.
The mobilities u were converted into � potentials by using the Smolu-
chowski relation (��u�/�0�), in which � and �0� are the viscosity and
permittivity of the solution, respectively.


Absorption spectra of hollow capsules obtained by removal of the PS
templates were measured in tetrahydrofuran on a Varian Cary 4E UV-
visible spectrophotometer.


Confocal micrographs were taken with a confocal laser scanning micro-
scope (CLSM) ™Aristoplan∫ from Leica, equipped with a 100� oil
immersion objective.


The scanning force microscopy (SFM) images were obtained by means of a
Digital Instruments Nanoscope IIIa in tapping mode. Samples were
prepared by applying a drop of the capsule solution onto a freshly cleaved
mica substrate. After the capsules had been allowed to settle, the substrate
was dried naturally.


Photochemical bleaching and recovery (PBR) of the capsule interior were
used to determine the permeability of Fe3�/Nafion bilayers adsorbed onto
the surface of hollow capsules of (PSS/PAH)3 for fluorescein by means of
CLSM (Ar/Kr laser, 488 nm). The diffusion coefficients of fluorescein
through Fe3�/Nafion bilayers were derived based on the assumption that
hollow capsules of (PSS/PAH)3 are permeable for small molecules and have
negligible resistance compared with Nafion/Fe3� bilayers. The laser beam
was focused onto a spot inside the whole capsule. The interval between
image scans varied depending on the duration of recovery. Recovery was
considered complete when the intensity of the photobleached region
stabilized. The fluorescence intensity was integrated by selecting a defined
area in the interior.


Results and Discussion


Scheme 1 shows the general procedure of layer-by-layer self-
assembly of Fe3�/nafion onto the surface of PS latex particles.
Nafion possesses a micellar conformation with the polar


Scheme 1. Illustration of the growth of alternating Fe3�/Nafion capsules
templated on PS latex particles with the neutral wash.


sulfonate groups located on the surface and the hydrophobic
fluorocarbon backbone buried inside (�� 38).[14] Nafion×s
acidity (�Ho� 12 on Hammett×s scale) is comparable with
that of 100% sulfuric acid;[15, 16] this implies a nearly complete
degree of ionization at pH 3. Since adsorption of ferric ions
onto the negatively charged surface of PS particles facilitates
surface-charge reversal, the sulfonate groups of Nafion are
attracted by ferric ions. The formation of insoluble hydroxides
occurs during washing at pH� 4.3 based on the solubility
product of Fe(OH)3 (Ksp� 6� 10�39).[17] This transformation
of adsorbed Fe3� to Fe(RSO3)x(OH)3-x (x� 1, 2, 3; RSO3


stands for Nafion) results in increasing basicity of the
substrate and the formation of a cross-linked structure. The
entire process is repeated until the desired number of
deposition steps is achieved.
Following the successful buildup of multilayers and core


removal, free-standing hollow capsules based on the Fe3�/
Nafion complex were obtained. Direct visualization of hollow
capsules from Fe3�/Nafion was provided by CLSM measure-
ments, as shown in Figure 1. There is no evidence of a solid
core, this indicates dissolution and removal of PS particles.
The structures seen in the transmission image are due to the
contrast of the remaining Fe3�/Nafion complex layers from
the original coating of templates. No closed capsule was


Figure 1. a) CLSM transmission image of capsules of (Fe3�/Nafion)4
templated on PS latex particles, b) CLSM fluorescence image of capsules
of (Fe3�/Nafion)4 templated on BDTAmicrocrystals and after addition one
layer of rhodamine-labeled PAH as the outermost one.
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obtained from one bilayer of Fe3�/Nafion, but for the hollow
capsules of more than one bilayer of Fe3�/Nafion, the size and
shape are persistent. This indicates that during core removal
only a small osmotic pressure is transiently established and
that the Fe3�/Nafion complex can resist this pressure. Hollow
capsules were also successfully fabricated by means of
templating on MF latex particles and BDTA microcrystals,
as well as (PSS/PAH)3 hollow capsules. There is no basic
difference on varying the kind of templates to start the self-
assembly process. Essentially the first adsorbed layer has to
possess a charge opposite to the particle surface.
The assembly of Fe3�/Nafion or PAH/Nafion multilayers on


PS colloid particles was followed by microelectrophoresis
(Figure 2). Starting from �52 mV, corresponding to uncov-
ered PS particles, the � potential alternates according to


Figure 2. � potential of Fe3�/Nafion (�) and PAH/Nafion (�) multilayers
on 240 nm PS latex particles as a function of the number of deposition steps.
The odd layer numbers correspond to Fe3� or PAH deposition and the even
layer numbers to Nafion adsorption. The uncovered PS latex particles
exhibit a � potential of ca. �52 mV.


whether Fe3� or Nafion formed the last adsorbed outer layer.
Fe3� as the outermost layer yielded � potentials from about 4
to 21 mV. Nafion as the outermost layer yielded � potentials
from about �52 to �37 mV; this is consistent with a
negatively charged particle surface.[18] These data demon-
strate that the deposition of a metal ion, such as Fe3�, with
only three positive charges is effective in reversing the sign of
the surface charge when deposited alternately with Nafion.
For PAH/Nafion multilayers on PS spheres, the � potential
alternated in a manner very similar to that reported for
polyelectrolyte adsorption.[18] For both systems, the sign of the
values obtained is in accordance with the charge on the
species deposited, although Fe3� yielded much smaller �


potentials than PAH as the outermost layers.
To examine the deposition process of the Fe3�/Nafion


capsules in more detail, the deposition process was also
monitored by UV-visible spectroscopy. The pronounced
optical absorbance of ferric ions (bright yellow films) provides
additional insight into the layer growth and degree of iron
incorporation. Figure 3 shows UV/vis absorption spectra of
Fe3�/Nafion assemblies with different numbers of deposition
steps. That the intensity developed with increasing number of
adsorption cycles indicates a successful deposition. Thus, the
UV/vis measurements also confirm the presence of Fe3� in the
capsules and support the microelectrophoresis results.


Figure 3. UV/vis absorption spectra of hollow capsules of (Fe3�/Nafion)n
(n� 1, 2, 3, 4, 5) obtained by removal of the 10.55 �m PS cores with THF.
The resulting capsules were washed three times with THF and then
redispersed in THF for measurements.


Hollow capsules typically maintain the spherical shape of
the template particle in solution, while depositing them on a
solid substrate and air-drying induce their collapse. Figure 4


Figure 4. SFM images of capsules of (Fe3�/Nafion)n templated onto
10.55 �m PS latex particles with neutral (pH 7) wash. a) n� 2, b) n� 3,
c) n� 4, d) n� 5.


displays SFM images of capsules with different numbers of
Fe3�/Nafion bilayers templated onto 10.55 �m PS latex
particles. A number of folds and creases were observed as a
result of air-drying. Larger diameters than the template
diameter were seen due to spreading effects. The capsules
were found to be thicker with increasing number of Fe3�/
Nafion bilayers. In order to obtain quantitative evidence for
the formation of Fe3�/Nafion multilayers on the PS particles,
the wall thickness of these capsules was determined from the
smallest heights of the air-dried hollow capsules. This value is
equivalent to twice the capsule-wall thickness. After the first
few layers, the wall thickness increases almost linearly with
the number of layers deposited (Figure 5). Such behavior has
often been observed, with a few polyelectrolyte layers
required prior to regular multilayer growth for films assem-
bled by the layer-by-layer technique.[19] The average layer
thickness for the Fe3�/Nafion bilayer (calculated from the 6-,
8-, and 10-layer films) is 15.5 nm. This value is six times higher
than the 2.6 nm observed in earlier studies for the thickness
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Figure 5. Thickness of capsule walls of (Fe3�/Nafion)n (n� 2, 3, 4, 5)
templated on 10.55 �m PS latex particles with neutral (pH 7) wash.


of bilayers of PSS/PAH.[20] Interestingly, there is a big
difference between the wall thickness of the capsules of
(Fe3�/Nafion)4 and (PAH/Nafion)4 templated onto BDTA
microcrystals with neutral wash. The thickness of a single
Fe3�/nafion bilayer of the former (24.8 nm) is much larger
than that of the latter (15.6 nm). Overall, the microelectro-
phoresis, absorption spectroscopy, and microscopy data
provide unambiguous evidence for the creation of hollow
capsules from Fe3�/Nafion and PAH/Nafion complexes with
the layer-by-layer strategy.
The stability of the Fe3�/Nafion hollow capsules with


respect to pH value and heating was examined. In aqueous
solution and over the course of one week, only a slight
decrease in iron content (and subsequently Nafion) was
observed, after this a constant value was reached for the
duration of the experiment (6 weeks). According to integrat-
ed absorption spectra of the supernatant obtained by cen-
trifugation of the capsule solution, the initial iron loss of about
5% is attributed to loosely attached Nafion moieties. After
incubation in 10% NaOH and HCl (pH 1) for three months,
no decomposition was observed; this indicates that Fe3�/
Nafion hollow capsules are stable over a wide pH range. On
the other hand, capsules from PSS/PAH bilayers decompose
at pH� 12. Raising the temperature may not facilitate the
decomposition process. After heating Fe3�/Nafion hollow
capsules in water or NaCl (2�) at 85 �C, or in ethylene glycol
at 180 �C for 12 h, most of the capsules were still shape-
persistent; this indicates that they are thermally stable.
In general, due to the sharp transition of adsorbed Fe3� to


Fe(RSO3)x(OH)3-x above pH 4.3, iron precipitation in neutral
wash results in higher amounts of iron incorporation into the
walls of the capsules and the formation of thicker walls than in
acidic wash. Surprisingly, capsules obtained by using a neutral
wash appear to be smoother and more uniform than those
obtained with an acidic wash.
Figure 6 shows a typical PBR measurement by CLSM.


Before bleaching and at low excitation intensity, equal
emission is observed from inside and outside the capsule
after incubation in fluorescein solution. On increasing the
excitation intensity, the fluorescein is bleached within the
illuminated area. Thus, the inside of the capsule becomes dark
because unbleached fluorescein penetrates the wall too
slowly. However, the fluorescence of the outside of the


Figure 6. Typical photochemical bleaching and recovery of the fluores-
cence of fluorescein in the interior of (PSS/PAH)3 capsules coated with
three additional Nafion/Fe3� bilayers. a) before bleaching, b) after bleach-
ing, c ± e) fluorescence recovery with time increased.


capsule exhibits almost no change. On decreasing the
excitation intensity, the fluorescence recovery can be ob-
served in the capsule interior as a function of time.
Figure 7 displays the fluorescence intensity in the capsule


interior after a bleach pulse as a function of time for capsules
coated with different numbers of Nafion/Fe3� bilayers. As the


Figure 7. The fluorescence intensity in the capsule interior as a function of
time after a bleach pulse for (PSS/PAH)3 capsules coated with different
(given) numbers of additional Nafion/Fe3� bilayers.


number of Nafion/Fe3� bilayers increases, the fluorescence
recovery becomes slower and slower. The time dependence
was fitted by a function:


I� c � a(1� exp�t/b) (1)


Equation (1) can expressed as a solution to Fick×s law:


dC/dt��A(C0�C) (2)


Here C0 and C represent the concentration outside and
inside of the capsules, respectively, and C is proportional to
the fluorescence intensity. The coefficient A is related to the
diffusion coefficient (D) through a spherical wall with radius
R and thickness L according to:


1/b� 3D/RL (3)


According to Equation (3), a diffusion coefficient D can be
calculated.[3a]


The Nafion micelles do not form a complete barrier for the
fluorescein molecules, but they slow down their transport. The
permeability is supposed to be caused by defects in the bilayer
film. For the first and second layer assemblies, the large
permeability might be attributed to the percolated pores of
the supporting capsule wall. These pores progressively
decrease in size, and by the third and fourth layer they are
finally filled.[10] Thus, we have chosen the third and fourth bi-
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layers to calculate the diffusion coefficient, diffusion through
which was determined to be 4.1� 10�12 and 3.8� 10�12 cm2s�1,
respectively, based on the radius R� 2 �m. Galeska et al.
derived a diffusion coefficient for glucose for through Fe3�/
Nafion in the order of 10�10 cm2s�1.[10] Differently from in
normal capsules of (PSS/PAH)4, annealing results in higher
fluorescein permeability for capsules of (Fe3�/Nafion)4; this
can be attributed to increased porosity. Annealing modifies
the microstructure by inducing hydrophilic channels in the
Nafion assembly, thereby facilitating transport of fluorescein
through the walls.[21]


Conclusion


We have described an effective method for the fabrication of
biocompatible Nafion-based hollow capsules. Iron precipita-
tion in neutral wash results in higher Fe3�/Fe(OH)1-3 incorpo-
ration into the walls of the capsules. The demonstrated
hydrolytic stability of these Nafion/Fe3� capsules over a wide
range of pH and at high temperature is of great importance
for many applications. A diffusion model was used to estimate
the permeability of Nafion/Fe3� capsules for small fluorescein
molecules. The method can be generalized to other systems. A
diffusion coefficient of Nafion/Fe3� capsules for fluorescein
was derived in the order of 10�12 cm2s�1. The permeability can
be manipulated by changing the number of Nafion/Fe3�


bilayers. We expect the novel Nafion capsules to be of
particular interest for applications such as drug transport and
release, and biosensors–for which controlled diffusion for
small molecules, biocompatibility and remarkable stability
are most important.
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The Nature of the Monomer Insertion Step in the Allylnickel(��)-Catalyzed
1,4-Polymerization of 1,3-Butadiene: �-Allyl-Insertion Mechanism
versus �-Allyl-Insertion Mechanism


Sven Tobisch*[a]


Abstract: We present a theoretical in-
vestigation on the nature of the mono-
mer insertion step in the allylnickel(��)-
catalyzed 1,4-polymerization of 1,3-bu-
tadiene that employed a gradient-cor-
rected DFT method. We have explored
critical elementary steps of the whole
polymerization cycle for the trans-1,4
regulating cationic allylnickel(��)
[RC3H4Ni�I(C4H6)L]� catalyst. These
steps are i) cis-butadiene insertion into
either the �1-�-butenyl�Ni�I bond (�-
allyl insertion mechanism) or the �3-�-
butenyl�Ni�I bond (�-allyl insertion
mechanism) along with competing path-
ways for generation of trans-1,4 and cis-
1,4 polymer units, and ii) anti ± syn iso-
merization. Based on the analysis of
geometric and electronic structures of


key species involved and the energetics,
we present a detailed insight into the
different nature of the monomer inser-
tion step according to the two mecha-
nistic alternatives. An understanding of
why the �-allyl insertion mechanism is
favored over the �-allyl insertion mech-
anism is provided. �1-�-butenyl�Ni�I
Species are predicted to be sparsely
populated and also distinctly less reac-
tive than �3-�-butenyl�Ni�I species. Al-
though they are commonly believed to
be reactive intermediates, �1-�-bute-


nyl�Ni�I species are, therefore, not likely
to be involved along viable pathways for
cis-butadiene insertion into the bute-
nyl�Ni�I bond. The present investigation
corroborates our previous conclusion
that the �-allyl insertion mechanism
represents the preferred mechanism for
the monomer insertion step in the allyl-
nickel(��)-catalyzed 1,4-polymerization
of 1,3-butadiene. On the other hand,
the suggested alternative �-allyl inser-
tion mechanism has to be considered to
be not operative, for both thermody-
namic and kinetic reasons. Furthermore,
the �-allyl insertion mechanism would
neither provide a rationalization of cis ±
trans selectivity nor of chemoselectivity
in the allylnickel(��)-catalyzed 1,4-poly-
merization of 1,3-butadiene.


Keywords: allylic compounds ¥
density functional calculations ¥
nickel ¥ reaction mechanisms ¥
polymerization


Introduction


The polymerization of 1,3-dienes catalyzed by transition
metal complexes is a key process in the worldwide chemistry
industry.[1]


From a mechanistic point of view, diene polymerization
represents one of the most fascinating and challenging
subjects in the field of the transition metal-assisted C�C
coupling reactions.[2] The transition metal-catalyzed polymer-
ization of butadiene is characterized by i) a high regioselec-
tivity (i.e., it yields a polybutadiene that almost exclusively
consists of one type of monomer, namely 1,4 or 1,2), and ii) a


high degree of stereoselectivity reached in the C�C coupling
reaction.[3] Four highly stereoregular polybutadienes were
obtained with different catalysts, namely cis-1,4- and trans-1,4-
polybutadiene and the stereoregular isotactic and syndiotactic
forms of 1,2-polybutadiene.
Among the various transition metal-based catalysts for


stereospecific polymerization of 1,3-butadiene, the allylnick-
el(��) complexes, in particular, represent catalysts that were
mechanistically studied in the most detailed fashion by
experiment.[4±6] In a series of investigations we have theoret-
ically explored the entire catalytic cycles for all established
types of structurally defined allylnickel(��) catalysts. The
catalysts are: the trans-1,4 regulating cationic butenyl(mono-
ligand)(butadiene)nickel(��) [(�3-RC3H4)Ni�I(C4H6)L]� com-
plexes (L�PR3, P(OR)3),[7b] the cis-1,4 regulating cationic poly-
butadienyl(butadiene)nickel(��) [(�3,�2-RC7H10)Ni�I(C4H6)]�


complexes[7c] and the neutral dimeric allylnickel(��) halides
[(�3-RC3H4)Ni�IX]2, which either catalyze the formation of a
1,4-polybutadiene consisting predominantly of a cis-1,4 struc-
ture (X��Cl�), or of a trans-1,4 structure (X�� I�), or of a
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statistical equibinary 1,4-polybutadiene (X��Br�).[7d] Based
on these investigations we have recently presented a theoret-
ically well-founded, comprehensive view of the cis ± trans
regulation for the allylnickel(��)-catalyzed 1,4-polymerization
of butadiene.[8]


Transition metal catalyzed butadiene polymerization is an
insertion polymerization.[9] Chain growth proceeds in consec-
utive steps, starting with the coordination of the monomer
followed by the intramolecular migratory insertion into the
allyl�transition metal bond. The �3-� and �1-� coordination
modes, in general, can represent the reactive form of the
allyl�transition metal bond, as illustrated in Figure 1. Cossee
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Figure 1. Metal-mediated C�C bond formation between butadiene and
the allylic group achieved as a C1�C1 linkage according to the �-allyl- and
�-allyl insertion mechanism.


and Arlman suggested that the butenyl group reacts from the
�1-� mode.[10] Indeed, butadiene insertion into the Ni�I�L �-
bond has been established for the Ni�methyl and Ni�aryl
bonds,[11a] as well as for the Ni�hydrido bond.[11b] Until
recently, the �-allyl insertion mechanism[10] was believed to
be the preferred mechanistic alternative for the monomer
insertion step in the 1,3-diene polymerization.[12]


According to the generally accepted anti ± cis and syn ±
trans correlation,[2b] the configuration of the terminal �3-
butenyl group in the kinetic insertion product is determined
by the configuration of the inserting monomer. An anti- or
syn-�3-butenyl terminal group is formed by butadiene inser-
tion proceeding from the s-cis (anti insertion) or s-trans (syn
insertion) configuration, respectively. Additionally, butadiene
insertion gives rise to a cis or a trans double bond in the newly
formed polymer unit of the growing polymer chain, when
starting from an anti- or syn-butenyl group. Both aspects of
the anti ± cis and syn ± trans correlation are schematically
depicted in Figure 2.
It has been demonstrated by our theoretical investigations[7]


that for allylnickel(��) catalysts, chain propagation is most
likely to take place via cis-butadiene insertion into the �3-
allyl�Ni�I bond, according to the �-allyl insertion mechanism
proposed by Taube et al.[13] A similar mechanism was also
reported for olefin insertion into the allyl�Zr�II bond, where
the olefin insertion into the �3-allyl�Zr bond was theoretically
predicted as the kinetically preferred route.[14] Furthermore,
preliminary results for the allyltitanium(���)-catalyzed poly-
merization of butadiene indicate that �3-allyl�Ti�II species are
involved along the most feasible pathway for monomer
insertion.[15] This would suggest that for 1,3-diene insertion
as well as for olefin insertion into the allyl�transition metal
bond, the �3-� mode is likely to be considered as the reactive
form.[16]


Figure 2. anti ± cis and syn ± trans Correlation of the metal-assisted 1,4-
polymerization of 1,3-butadiene (R denotes the growing polybutadienyl
chain).


The present theoretical investigation is aimed at enhancing
the mechanistic insight into the transition metal-catalyzed
polymerization of 1,3-dienes further by examining in detail
the �-allyl mechanism for the monomer insertion step.
The investigation was carried out for the experimentally
well-characterized allylnickel(��) complex [(�3-C3H5)Ni�I-
(P(OPh)3)2]PF6,[6e] that catalyzes the formation of a trans-
1,4-polybutadiene almost exclusively. The thermodynamic
and kinetic aspects of the entire catalytic cycle for this type of
catalyst have already been presented in our previous study,[7b]


where we had focused exclusively on the �-allyl insertion
mechanism. Based on our previous results, the present
investigation allows us to elucidate the similarities and
differences between the two proposed mechanistic alterna-
tives for the monomer insertion step by comparison of the
involved key structures. This will provide a detailed under-
standing as to why the �-allyl insertion mechanism is the
operative mechanistic alternative and which crucial factors
impede monomer insertion according to the �-allyl mecha-
nism. The final section is devoted to the implications that the
�-allyl insertion mechanism would have on the stereoregula-
tion of the polymerization process.


Catalytic reaction cycle : Based on the original proposal of
Taube et al. ,[6e, 13b, 13c] Scheme 1 displays the catalytic cycle for
the butenyl(monoligand)(butadiene)nickel(��) catalyst that
contains alternative reaction routes for monomer insertion
according to the two mechanistic proposals, namely the �-allyl
insertion mechanism along k1(�) and the �-allyl insertion
mechanism along k1(�), respectively. Starting from the [(�3-
butenyl)Ni�IL2]� precatalyst 1, which predominantly exists in
the thermodynamically more stable syn form 1s (ratio of anti
(1a):syn (1s)� 1:9),[6e] the reaction channel that generates a
trans-1,4-polybutadiene is accessible along K1 by substitution
of the ligand L by butadiene. This leads to the formation of the
butadiene �-complex [RC3H4Ni�I(C4H6)L]� (2), which is the
catalytically active species. �3-�- and �1(C1)-�-Butenyl forms
of 2, namely 2� and 2�, represent the direct precursors for cis-
butadiene insertion into either the �3-butenyl�Ni�I bond along
k1(�) or into the �1(C1)-butenyl�Ni�I bond along k1(�), which
takes places through the transition states 3� and 3�, respec-
tively. trans-1,4 and cis-1,4 Polymer units are formed by cis-
butadiene insertion into the syn- and anti-butenyl�Ni�I bond
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along the competing k1t and k1c pathways, respectively. This
always affords the anti-�3-butenyl insertion product 4a under
kinetic control. The chain-growth cycle reiterates with for-
mation of 2a from 4a by monomer uptake followed by
subsequent anti ± syn isomerization (via 5) and/or monomer
insertion. anti ± syn Isomerization (along ka/s) represents a
necessary step in the 1,4-trans production cycle (on account of
the kinetically preferred cis-butadiene insertion). The �1(C3)-
�-butenyl species 2�� is the direct precursor of the transition
state 5 for anti ± syn isomerization. The formation of the
butadiene �-complex 2 is verified by the dependence of the
overall polymerization rate on nickel and butadiene concen-
trations according to the rate law[13b] rp� kp[Ni][C4H6]0[L]�1.[17]


The equilibrium between different forms of 2, namely the �-
butenyl forms 2�, and the �-butenyl forms with either a
�1(C1), 2�, or a �1(C3), 2��, terminal group, and all the
substitution equilibria involving butadiene can be reasonably
envisioned to occur rapidly and proceed without any signifi-
cant kinetic barrier. This is in accordance with the common
experience in Ni�I coordination chemistry, with Ni�I in a spin-
paired d8 configuration.[18]


The coordination number of 5 for nickel in different forms
of the active catalyst complex 2 was shown in our previous
investigations to be a prerequisite for a facile monomer
insertion as well as anti ± syn isomerization.[7, 19] Therefore, it is
likely that cis-butadiene insertion into the �1(C1)-butenyl�Ni�I
bond along k1(�) (i.e., 2�� 3�� 4a) as well as anti ± syn
isomerization along ka/s via the �1(C3)-butenyl�Ni�I species
(2a��� 5� 2s��) have to be assisted by coordination of a
double bond from the growing polymer chain on Ni. In


contrast, the polymer chain is not required to participate in
monomer insertion into the �3-butenyl�Ni�I bond along k1(�)
(i.e., 2�� 3�� 4a).


Computational Models and Methods


Models : We modeled the real catalyst, the butenyl(monoligand)(butadie-
ne)nickel(��) complex [RC3H4Ni�I(C4H6)L]� (2) by the cationic
[RC3H4Ni�I(C4H6)PH3]� complex, where PH3 served as a computationally
less demanding model of the real P(OR)3 ligand L. Two model systems
were adopted in the present study to represent the coordinating poly-
butadienyl chain. In the first place we investigated the catalytic cycle with
the {[(C4H7)Ni�I(cis-C4H6)PH3]� � C2H4} catalyst model I, where the
butenyl group was mimicked by crotyl (i.e., R�CH3), together with free
ethylene to serve as a simplified model for the coordination of a double
bond from the polybutadienyl chain other than the double bond that
originates from the ultimate inserted butadiene.[20a] Calculations were also
carried out for the [(C8H13)Ni�I(cis-C4H6)PH3]� catalyst model II. In this
model, the polybutadienyl chain was represented by two subsequent C4


units. This was done in order to mimic the formation of a chelate ring by
coordination of the first double bond of growing polybutadienyl chain to
the nickel atom.[20b]


We restricted our examination of the chain propagation step to the cis-
butadiene insertion, and did not take into consideration the alternative
insertion of butadiene from its s-trans configuration. A justification for
neglecting this reaction pathway has been given in the case of nickel, on
both experimental[6e, 11, 21] and theoretical evidence,[7b] which convincingly
establishes cis-butadiene insertion into Ni�allyl, Ni�alkyl, and Ni�H
bonds. The effect of the solvent or the counterion upon the catalytic cycle
was neglected. The mechanistic conclusions drawn in the present study,
therefore, are valid for polymerization occurring in non-coordinating
solvents with weakly coordinating counterions involved. This is indeed the
case for the reaction conditions for the polymerization process under
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Scheme 1. Catalytic cycle of the 1,4-polymerization of 1,3-butadiene with the cationic butenyl(monoligand)(butadiene)nickel(��) [(RC3H4)Ni�I(cis-C4H6)L]�


complex as the active catalyst complex. cis-Butadiene insertion into the �1(C1)-�-butenyl ±Ni�I bond along the k1(�) route and into the �3-�-butenyl ±Ni�I


bond along k1(�) is included. The conformations of the key species (for notation see the text) involved along different reaction paths are schematically
depicted.
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investigation.[13b, 22] Furthermore, experiments have shown an essentially
unchanged cis ± trans selectivity upon variation of both the solvent and the
weakly coordinating counterion.[22]


Method : All reported DFT calculations were performed by means of the
program package TURBOMOLE, developed by H‰ser and Ahlrichs.[23]


The calculations were carried out with the LDA with Slater×s exchange
functional[24a,b] and Vosko ±Wilk ±Nusair parameterization on the homo-
geneous electron gas for correlation,[24c] augmented with gradient-correct-
ed functionals for electron exchange according to Becke[24d] and correlation
according to Perdew[24e] in a selfconsistent fashion. This gradient-corrected
density functional is usually termed BP86 in the literature. In recent
benchmark computational studies, it was shown that the BP86 functional
gives results that are in excellent agreement with the best wave function-
based method available today, for the class of reactions investigated here.[25]


For all atoms a standard all-electron basis set of triple-� quality for the
valence electrons augmented with polarization functions was employed for
the geometry optimization and the saddle-point search. The Wachters 14s/
9p/5d set,[26a] supplemented by two diffuse p[26a] and one diffuse d
function[26b] contracted to (62111111/5111111/3111), was used for nickel,
and standard TZVP basis sets[26c] were used for phosphorous (a 13s/9p/1d
set contracted to (73111/6111/1)), for carbon (a 10s/6p/1d set contracted to
(7111/411/1)), and for hydrogen (a 5s/1p set contracted to (311/1)). The
frequency calculations were performed with standard DZVP basis sets,[26c]


which consist of a 15s/9p/5d set contracted to (63321/531/41) for nickel, a
12s/8p/1d set contracted to (6321/521/1) for phosphorous, a 9s/5p/1d set
contracted to (621/41/1) for carbon, and a 5s set contracted to (41) for
hydrogen. The corresponding auxiliary basis sets were used to fit the charge
density.[26c,d] This is the standard computational methodology utilized
throughout this paper.


The geometry optimization and the saddle-point search were carried out at
the BP86 level of approximation by utilizing analytical/numerical gra-
dients/Hessians according to standard algorithms. No symmetry constraints
were imposed in any case. The stationary points were identified exactly by
the curvature of the potential-energy surface at these points corresponding
to the eigenvalues of the Hessian. The reaction and activation enthalpies
and free energies (�H, �H� and �G, �G� at 298 K and 1 atm) were
calculated for the most stable isomers of each of the key species of the
entire catalytic reaction. The enthalpies reported for key structures of
model system I contain zero-point energy corrections (ZPE) and thermal
contributions, whereas Gibbs free energies are given for model system II.
The electronic structure of key structures was analyzed with the natural
bond orbital (NBO) population scheme.[27]


Labeling of the molecules : A number of labeling conventions have been
adopted throughout this paper. Thus, species of the model system I will be
referred to by numerals attached to lower-case letters (e.g. 2a, 2s), whereas
numerals attached to upper-case letters (e.g. 2A, 2S) refer to structures of
the model system II. The following arabic numerals are chosen for key
structures: 1 for the precatalyst, 2 for the cis-butadiene �-complex, 3 for
the transition state for cis-butadiene insertion into the butenyl�Ni�I bond, 4
for the �3-butenyl insertion product, and 5 for the transition state for anti-
syn isomerization. The anti- and syn-butenyl forms of the complexes will be
labeled as a orA and s or S, respectively. An additional � and � will be used
for notation of 2 and 3 in order to distinguish between �1-�- and �3-�-
butenyl�Ni�I species. Thus, for example, 3a�, 3a� and 3s�, 3s� represent
the transition states for monomer insertion along the 1,4-cis (along k1c) and
1,4-trans (along k1t) generating cycle, with C�C bond formation occurring
through cis-butadiene insertion into either the �1(C1)-�-butenyl�Ni�I bond
(via k1(�)) or the �3-�-butenyl�Ni�I bond (via k1(�)) (cf. Scheme 1).


A number of isomers are possible for each species; they were carefully
explored. These species differ with respect to the mutual orientation of the
reacting butenyl and butadiene moieties, which originate from the different
chiralities that can be attained for both the butadiene�Ni�I and the
butenyl�Ni�I coordination (cf. Figure 3). In addition to the commonly used
Re/Si terminology[28] these enantiomers can also be denoted as supine (exo)
and prone (endo).[29, 30] Furthermore, the conformers that are possible,
while keeping the chirality of the butadiene ±Ni�I and the butenyl ±Ni�I


coordination fixed, were carefully explored for each key structure.


Results and Discussion


We shall start our investigation by exploring the k1(�) route
for monomer insertion along competitive pathways and also
anti ± syn isomerization[31] by the use of model I for the active
catalyst complex. The mechanistic insights will be further
improved in a subsequent examination of the catalyst model
II.


Catalyst model I : Among the number of isomeric forms
possible for each species (most of which have been carefully
explored), only the most stable isomeric forms are reported.
For the �-butenyl species 2� and 3�, the isomers that arise
from the two enantiomeric forms of coordination for each of
the two reactive fragments, namely cis-butadiene and the �3-
butenyl group in its anti and syn forms, were explicitly
considered. This gives rise to either a supine-supine, supine-
prone, prone-supine or prone-prone mutual orientation of the
two fragments. Furthermore, with regard to the enantiomers
of cis-butadiene ±Ni�I and of anti/syn-butenyl ±Ni�I coordina-
tion, for the �1-butenyl species 2�, 2��, 3�, and 5, the isomers
that originate from the rotation around the �-butenyl�Ni�I
bond were examined. Also probed were the isomers that arise
from different ligand arrangements around nickel in five-
coordinate complexes that adopt either a trigonal-bipyrami-
dal (TBPY) or a square-pyramidal (SPY) structure. We are
focusing on activation enthalpies �H� and enthalpy differ-
ences �H, respectively, to examine the differences in reac-
tivity and stability between �-butenyl and �-butenyl species
for catalyst model I. This is a consequence of the fact that free
ethylene serves as a model for the coordinating polybuta-
dienyl chain.[32] Table 1 summarizes the energetics of key
stationary points along the most feasible pathway of different
reaction routes. Special emphasis is directed to the stability
and reactivity of the two enantiomers of anti- and syn-butenyl
forms. Figure 4 plots the thermochemical profile for compet-
itive pathways for cis-butadiene insertion into the �1-�- and
�3-�-butenyl�Ni�I bond and for anti ± syn isomerization. Also
depicted in Figure 4 are the conformations of the species
involved along the reaction paths. All optimized structures are
provided in the Supporting Information.


Figure 3. Two enantiomeric forms of the �3-butenyl ±metal (anti and syn
forms) and the �4-cis-butadiene ±metal coordination.[30]
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Butadiene �-complex : Five-coordinated Ni�I compounds with
either a square-pyramidal (SPY) or a trigonal-bipyramidal
(TBPY) configuration are located as the most stable isomers
for �-butenyl (2�), and �-butenyl, (2�, 2��), species, respec-
tively (cf. Figure 4). For both �-butenyl and �-butenyl species,
cis-butadiene preferentially coordinates in a bidentate fashion
(�4-cis). First, we briefly summarize the results for 2�, which
were already discussed in detail in our previous study,[7b] and
follow that up by examining the �-butenyl forms 2� and 2��,
respectively.
Species 2� adopts a SPY configuration with the butenyl


group and cis-butadiene residing in the square-planar coor-


dination plane while the ligand
L occupies the basal position.
The thermodynamic stability of
different stereoisomers of 2� is
largely determined by the enan-
tioface of cis-butadiene in-
volved in coordination, while
the influence of the �3-butenyl
group×s enantioface upon the
stability is less pronounced. The
thermodynamically most stable
isomers are characterized by a
supine cis-butadiene coordina-
tion (the prone cis-butadiene
isomers are �9 ± 11 kcalmol�1


higher in energy)[7b] and the
difference in stability between
the supine and prone �-butenyl
forms amounts to �3 ±
4 kcalmol�1 for supine buta-
diene isomers (�H, Table 1).
The syn-butenyl forms are al-
ways thermodynamically more
stable than the corresponding
anti-butenyl isomers. For the
most stable supine ± supine ste-
reoisomer, the syn form is
2.7 kcalmol�1 (�H, Table 1)
more stable than the anti form.
For both the �1(C1)-butenyl


and the �1(C3)-butenyl �4-cis-
butadiene species 2� and 2��,
respectively, we have TBPY
compounds located as the most
stable isomers.[33] In 2� and 2��,
the �1-butenyl group (which
acts as the strongest donor)
preferably occupies the axial
position, with both the coordi-
nating polybutadienyl chain
(mimicked by ethylene) and
the ligand L residing on equa-
torial positions. The �4-cis-bu-
tadiene adopts equatorial and
axial positions. The axial buta-
diene coordination trans to the
�1-butenyl group, however, is


somewhat weakened as a result of competition for coordina-
tion with the butenyl group.
The charges on individual atoms and groups for key species


of the polymerization cycle collected in Table 2 reveals
interesting insights into the electronic nature of the �3- and
�1-butenyl ±Ni�I coordination in 2. The �3-butenyl ±Ni�I coor-
dination is seen as an interaction of nickel with a delocalized
electron density distribution on the butenyl group. The �1-
butenyl ±Ni�I coordination, however, is characterized by the
accumulation of electron density on either the primary C1 or
the substituted C3 carbon in 2� and 2��, respectively, that
interacts with the formally electron-deficient Ni�I. Overall, the


Figure 4. Condensed thermochemical profile (�H, �H� [kcalmol�1]) of competitive pathways to generate trans-
1,4 (––, along k1t) and cis-1,4 (- - - -, along k1c) polymer units for the {[(C4H7)Ni�I(cis-C4H6)PH3]� � C2H4} catalyst
model I, consisting of cis-butadiene insertion into the �1(C1)-�- and the �3-�-butenyl ±Ni�I bond and of anti ± syn
isomerization.


Table 1. Calculated thermochemical profile (enthalpy) for crucial steps of the polymerization cycle for the
{[(C4H7)Ni�I(cis-C4H6)PH3]� � C2H4} catalyst model I.[a±c]


Category Description[b] Species �H, �H�[kcalmol�1][c]


cis-butadiene �-complex syn-�3-butenyl (S/P) 2s� 0.0/2.8
anti-�3-butenyl (S/P) 2a� 2.7/6.6
syn-�1(C1)-butenyl (Re/Si) 2s� 9.3/9.6
anti-�1(C1)-butenyl (Re/Si) 2a� 10.7/11.0
syn-�1(C3)-butenyl (Re/Si) 2s�� 17.0/17.2
anti-�1(C3)-butenyl (Re/Si) 2a�� 17.2/17.4


insertion TS syn-�3-butenyl (S/P) 3s� 15.5/15.1
anti-�3-butenyl (S/P) 3a� 19.2/19.4
syn-�1(C1)-butenyl (Re/Si) 3s� 21.7/22.1
anti-�1(C1)-butenyl (Re/Si) 3a� 23.4/23.0


isomerization TS 5 24.1


[a] Only the most stable isomer for each species is reported. The two enantiomeric forms for both the anti- and
syn-butenyl ±Ni�I coordination (cf. Figure 3) are explicitly given for the energetically favored cis-butadiene
orientation (see text). [b] The enantiomers of the butenyl ±Ni�I coordination are denoted in the following way.
The notation given in parenthesis refers to supine (S) or prone (P) for �3-butenyl ±Ni�I species and to Re or Si for
�1-butenyl ±Ni�I species (cf. Figure 3). [c] Enthalpies relative to [(syn-�3-C4H7)Ni�I(�4-cis-C4H6)PH3]� 4s� �
C2H4.
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charge distribution indicates a higher polarity of the butenyl ±
Ni�I coordination in the �1-�mode (�1(C1)� �1(C3)) compared
to the �3-� mode.
From the energetics of the most stable isomers of 2�, 2�,


and 2�� (Table 1) the following conclusions can be drawn with
regard to thermodynamic stability of different forms of 2.
i) The �-butenyl species 2� is the thermodynamically most
stable form of 2. The �-butenyl species are energetically well-
separated from 2� by 9.5 kcalmol�1 (�H)[34] for 2� and by
17.1 kcalmol�1 (�H)[34] for 2��. The energetic gap between
�1(C1) and �1(C3) species amounts to 7.6 kcalmol�1 (�H),[34]


with 2� being the favored one. This is attributed to the less
effective accumulation of electron density on the substituted
C3 atom compared to that of the primary C1 atom. Although
we have not been able to locate the transition state for the �3-
�� �1-� rearrangement of the butenyl group in 2, the large
thermodynamic gap between 2� and 2�, 2�� leads us to
conclude that the �1-butenyl species should be sparsely
populated under polymerization conditions. ii) For both 2�
and 2�, which act as precursors for monomer insertion along
k1(�) and k1(�), respectively, the syn-butenyl forms are
thermodynamically more stable than the corresponding anti-
butenyl forms. The difference in stability between anti and syn
forms, however, decreases upon going from �3-butenyl to �1-
butenyl species. The gap of 2.7 kcalmol�1 (�H) in favor of 2s�
is reduced to approximately half for 2� where the syn form
2s� is 1.4 kcalmol�1 (�H)[34] lower in energy than the anti
form 2a� and ends up with an almost identical stability of anti
and syn forms in 2��. iii) The difference in stability between
the two enantiomeric forms of the �3- and �1-butenyl ±Ni�I


coordination follows the trend that is very similar to the gap
between anti- and syn-butenyl forms. For 2�, the supine and
prone enantiomers differ by �3 ± 4 kcalmol�1 (�H), whereas
the two �1-butenyl enantiomers become very close in energy
for both 2� and 2��.
The �4-cis-butadiene �-complex 2 is the catalytically active


species, since 2� and 2� represent the direct precursors of the
transition states for cis-butadiene insertion into the �3-
butenyl�Ni�I and the �1(C1)-butenyl�Ni�I bond along the most
feasible pathway, k1(�) and k1(�), respectively. This has been
confirmed by free optimizations following the imaginary
eigenmode downhill from slightly relaxed structures of 3� and
3�, respectively. The �1(C3)-butenyl species, 2��, can be
considered to be the precursor for two different elementary
processes: i) anti ± syn isomerization via 5 and, ii) cis-buta-
diene insertion into the �1(C3)-butenyl�Ni�I bond. The latter
process gives rise to 1,2-polymer units with C1�C3 linkages


(according to the �-allyl inser-
tion mechanism). The catalytic
cycle for the generation of 1,2-
polybutadienes, however, is not
considered in the present study,
and will be the subject of a
forthcoming investigation.


cis-Butadiene insertion into the
�1(C1)-�-butenyl�NiII bond :
Several routes for this process
were tested. The most feasible


pathway for cis-butadiene insertion into the �1(C1)-bute-
nyl�Ni�I bond proceeds via a SPY transition state structure
that consists of a quasiplanar four-membered cis arrangement
of the double bond in the inserting butadiene molecule, the
�1(C1)-butenyl group, and of the nickel atom. The skeletal
rearrangements involved along the most likely pathway are
schematically depicted in Figure 5. Commencing from the
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Figure 5. Skeletal rearrangements along the most feasible pathway for the
monomer insertion step to occur by cis-butadiene insertion into the �3-�-
butenyl ±Ni�I bond (top) or into the �1(C1)-�-butenyl ±Ni�I bond (bottom).
(Exemplified for the syn-butenyl form).


TBPY species, 2�, the C�C bond formation proceeds through
the SPY transition state 3�, where the apical �1(C1)-bute-
nyl�Ni�I bond and the cis-oriented �4-cis-butadiene double
bond are nearly coplanar. In this process, cis-butadiene and
the growing chain×s coordinating double bond undergo
rotation, with the �1(C1)-butenyl group acting as the pivot.
After reaching 3�, the coordination of the polybutadienyl
chain is cleaved to form the SP anti-�3-butenyl product 4a. We
have not been able to locate the transition state for the
TBPY�SPY skeletal rearrangements. However, free opti-
mizations following the imaginary eigenmode downhill from
slightly relaxed structures of 3� towards 2� give no indications
of a significant kinetic barrier associated with skeletal


Table 2. Charges on individual atoms and groups in key stationary points of the polymerization cycle for the
{[(C4H7)Ni�I(cis-C4H6)PH3]� � C2H4} catalyst model I.[a]


Species C1H2 C2H C3H C5H2 �crotyl �butadiene L/ethylene Ni


2s� 0.009 � 0.039 0.020 � 0.015 0.058 � 0.042 0.300/ ± 0.688
2s� � 0.082 � 0.043 0.098 � 0.017 0.040 0.001 0.261/� 0.061 0.760
2s�� 0.105 � 0.039 � 0.069 � 0.027 0.046 0.010 0.245/� 0.059 0.758
3s� 0.058 � 0.049 0.015 0.049 0.090 0.000 0.272/ ± 0.632
3s� � 0.036 � 0.067 0.089 0.006 0.048 � 0.016 0.334/� 0.086 0.719
5 0.087 � 0.077 � 0.093 � 0.021 � 0.042 0.034 0.276/� 0.034 0.765


[a] Based on natural population analyses; for atom labels, see Figure 5.
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rearrangements. In contrast, butadiene insertion via a TBPY
transition-state structure (i.e. , without skeletal rearrange-
ments involved) is not a viable pathway because it is
associated with a significantly higher barrier.
The analysis of the electronic structure of 3� and 3�, as


exemplified in Table 2 for syn-butenyl forms, provides
interesting insights into the difference of the electronic nature
for the monomer insertion along the alternative k1(�) and
k1(�) routes. What is similar to both paths is the observation
that the electron density on the C1 and C5 carbons of the
emerging C�C bond decreases in 3 when compared to 2. The
polarity of the two reacting terminal carbons, however, is
quite different in 3� and 3�. On the one hand, the two carbons
carry a very similar electron density in 3�, giving rise to an
overall small positive charge on the reactive centers. In
contrast, 3� is characterized by a distinct accumulation of
electron density on the reactive carbons, with the terminal
butenyl-C1 carbon carrying a notable negative charge. Over-
all, the differences in the electronic properties of the
monomer insertion step along k1(�) and k1(�) is attributed
to the polarity of the butenyl�Ni�I bond. For both 2 and 3, the
butenyl�Ni�I bond is found to be more polar for the �1(C1)-
mode relative to the �3-coordination mode.
The distinct electronic character of the insertion process


taking place along k1(�) and k1(�) is also reflected in the
geometries of the transition-state structures. In contrast to the
product-like 3�,[7b] cis-butadiene insertion into the more polar
�1(C1)-butenyl�Ni�I bond occurs at an earlier stage of the
process through an educt-like transition state 3� that is
characterized by a surprisingly large distance of �2.40 ä of
the C�C bond being formed.
The enthalpy gap between anti and syn forms in 2� is


preserved in 3�. Accordingly, the intrinsic insertion enthalpies
are very similar for the k1c(�) and k1t(�) pathways and amount
to 12.6 kcalmol�1 (�Hint


�
1c(�) , 2a�� 3a�)[34] and to 12.4 kcal


mol�1 (�Hint
�
1t(�) , 2s�� 3s�),[34] respectively (Table 1). This


indicates a nearly identical intrinsic reactivity of the anti- and
syn-�1(C1) forms, which is in contrast to the different
reactivity of the two isomeric �3-butenyl forms.[7b, 6e]


cis-Butadiene insertion into the �3-�-butenyl�NiII bond : For
purposes of comparison, we summarize in this section the
most important aspects of this process. The cis-butadiene
insertion into the �3-butenyl�Ni�I bond preferentially occurs
via a TBPY transition-state structure, composed of a quasi-
planar four-membered arrangement of the terminal butenyl-
C1, the double bonds of the inserting butadiene, and by the
nickel atom in the equatorial coordination plane. This entails
skeletal rearrangements from the formally 18e� SPY �3-
butenyl �4-cis-butadiene species 2� to the TBPY transition
state 3� and from there to the formally 16e� quasi square-
planar (SP) anti-�3-butenyl product 4a (Figure 5). Conse-
quently, prone butadiene forms are distinctly more reactive
than supine butadiene forms. This is because the insertion
commencing from the thermodynamically most stable supine
�4-cis-butadiene isomers via a SPY transition state (i.e.,
without skeletal rearrangements involved), a quasiplanar
arrangement of the reactive parts is precluded, giving rise to
an insurmountable barrier (�30 kcalmol�1 �H).[7b]


The activation enthalpy for cis-butadiene insertion into the
anti- and syn-�3-butenyl�Ni�I bond amounts to 16.6 kcalmol�1
(�H�


1c(�) , 2a�� 3a�)[34] and 15.3 kcalmol�1(�H�
1t(�) , 2s��


3s�),[34] respectively (Table 1). Therefore, the thermodynami-
cally more stable syn-butenyl isomer 2s�must be regarded as
also more reactive than the anti isomer 2a�. Additionally, the
kinetic barriers are found to be almost unaffected by the
enantioface of the butenyl group involved in the insertion
process, as indicated by very similar barriers for supine and
prone butenyl isomers (Table 1).


anti ± syn Isomerization : The interconversion of the two
isomeric forms of the �3-butenyl�transition metal bond is
most likely to take place by means of a �3-�� �1(C3)-�
butenyl group conversion, followed by internal rotation of the
vinyl group around the C2�C3 single bond. This has been
confirmed both by experimental[35] and theoretical[19] evidence.
A TBPY transition state, 5, is passed through for isomer-


ization along the most feasible pathway, which consists of the
internal rotation of the vinyl group around the formal C2�C3


single bond. We have located several isomers of 5 in which the
�1(C3)-butenyl group occupies an axial position. The ener-
getics for the energetically favored isomer are included in
Table 1. Following the reaction path downhill to both sides in
free optimizations starting from slightly distorted structures of
5 shows that 2�� is the direct precursor for isomerization.
For a facile isomerization, we found that both 2�� and 5


must be stabilized by a saturated ligand sphere around Ni�I.
Therefore, the coordination number of Ni�I must always be
kept at five during isomerization. cis-Butadiene, as well as the
growing polybutadienyl chain, are both likely to participate in
the isomerization process by coordination to the nickel atom.
Investigations on model systems in which cis-butadiene was
substituted by two ethylenes, to represent the coordination of
additional double bonds from the growing polybutadienyl
chain, revealed that the latter could not compete energetically
with cis-butadiene coordination.
Therefore, it is most probable that isomerization takes


place in 2 when commencing from the anti-�3-butenyl species
2a�, followed by rearrangement into 2a��, subsequent rota-
tional isomerization via the �1(C3) transition state 5 that gives
2s�� which rearranges into the thermodynamically more
stable �3-syn isomer 2s�. The intrinsic activation enthalpy
for anti ± syn isomerization amounts to 6.8 kcalmol�1


(�Hint
�
iso, 2a��� 5)[34] while a barrier of 21.4 kcalmol�1


(�H�
iso, 2a�� 5) must be overcome relative to the most


stable anti isomer 2a�.


Thermochemical reaction profile : The condensed thermo-
chemical profile for the trans-1,4 (along k1t) and cis-1,4 (along
k1c) production cycle for the catalyst model I is given in
Figure 4. It consists of cis-butadiene insertion into the �1(C1)-
butenyl�Ni�I bond and the �3-butenyl�Ni�I bond as well as
anti ± syn isomerization. From this profile it is evident that for
cis-butadiene insertion along k1(�) a distinctly higher activa-
tion barrier (��H�� 6.6 kcalmol�1 for k1t(�) relative to
k1t(�))[34] must be overcome than along k1(�). This corrobo-
rates our previous conclusion,[7] that the monomer insertion
step is most likely to proceed by cis-butadiene insertion into
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the �3-butenyl�Ni�I bond. However, �1(C1)-butenyl�Ni�I spe-
cies, although they are commonly believed to be reactive
intermediates, are predicted to be sparsely populated and also
to be distinctly less reactive than �3-butenyl�Ni�I species.
Therefore, �1(C1) species are not likely to be involved along
viable pathways for cis-butadiene insertion into the bute-
nyl�Ni�I bond. This clearly indicates that the �-allyl insertion
mechanism is the favorable mechanism for the monomer
insertion step in the allylnickel(��)-catalyzed 1,4-polymeriza-
tion of 1,3-butadiene, while the proposed alternative �-allyl
insertion mechanism must be considered as not operative. In
the discussions below, we shall elaborate further on the
implications for the mechanism of stereoregulation.


Catalyst model II : Among the number of isomeric forms
possible for each species, most of which have been carefully
explored, only the most stable isomers are reported. Similar to
our investigation for model I, isomers were explicitly consid-
ered here that originate from the two enantiomeric forms of
the cis-butadiene ±Ni�I coordination and the butenyl ±Ni�I


coordination, for both anti- and syn-butenyl forms. Table 3
summarizes the free energies (�G, �G�) of key stationary
points along the most feasible pathway of competing routes
for crucial elementary steps. The condensed Gibbs free-
energy profile of the catalytic cycle is presented in Figure 6.
The geometric and electronic features of critical elementary
steps of the overall polymerization cycle have been analyzed
in detail for the catalyst model I. Therefore, we shall focus the
discussion of the catalyst model II on energetic aspects.


Butadiene �-complex : As regards the �-butenyl species 2�,
they are found to be very similar for catalyst models I and II,
respectively. In both cases, 2� is the thermodynamically most
stable form of 2, with cis-butadiene preferentially coordinat-


ing in a supine-�4 fashion. With regard to the most stable
isomers, the syn-butenyl form 2S� is 2.4 kcalmol�1 lower in
energy than the anti form 2A�, respectively (�G),[34] which is
very similar to that found for model I (�H� 2.7 kcalmol�1).
The chelating polybutadienyl chain, however, substantially


influences the stability and reactivity of 2�. Despite numerous
attempts, we have not been able to locate the syn-�1(C1) form,
2S�. This might caused by the prohibitively large steric strain
associated with incorporation of a trans double bond in a
seven-membered chelate ring, where the C1 and C6, C7


carbons occupy axial and equatorial positions, respectively,
in the TBPY 2�. The stability of the anti �1(C1) form, 2A�, is
also found to be highly affected by steric strain. The energetic
gap between anti-�3 and -�1(C1) species, 2A� and 2A�,
respectively, increases to 17.7 kcalmol�1 (�G),[34] which is
�9.5 kcalmol�1 higher, than the results obtained for model I.
However, it is unlikely that the five-membered chelate ring in
2�� imposes any serious steric strain. Thus the thermodynamic
stability of 2�� remains essentially unaffected upon coordina-
tion of the first double bond of the growing polymer chain to
nickel. This is indicated by a very similar stability of
corresponding isomers for catalyst models I and II, respec-
tively. Again, both anti- (2A��) and syn- (2S��) butenyl
isomers as well as the two enantiomeric Re/Si-butenyl forms
for each of them are found to be very close in energy. As a
consequence of the different extents of steric strain associated
with the chelate rings in 2� and 2��, respectively, the �1(C3)-
butenyl species, 2��, becomes thermodynamically more stable
by 1.8 kcalmol�1 (�G)[34] relative to 2� for anti forms. This is
in contrast to the reverse order of thermodynamic stability,
between 2� and 2��, found for the catalyst model I.


Table 3. Calculated Gibbs free energy profile for crucial steps of the
polymerization cycle for the [(C8H13)Ni�I(cis-C4H6)PH3]� catalyst model
II.[a±d]


Category Description[b] Species �G, �G�


[kcalmol�1][c]


cis-butadiene
�-complex


syn-�3-butenyl (S/P) 2S� 0.0/2.8
anti-�3-butenyl (S/P) 2A� 2.4/6.3
syn-�1(C1)-butenyl (Re/Si) 2S� ±
anti-�1(C1)-butenyl (Re/Si) 2A� 20.0/20.2
syn-�1(C3)-butenyl (Re/Si) 2S�� 17.9/18.2
anti-�1(C3)-butenyl (Re/Si) 2A�� 18.5/18.1


insertion TS syn-�3-butenyl (S/P) 3S� 16.5/16.1
anti-�3-butenyl (S/P) 3A� 19.8/20.2
syn-�1(C1)-butenyl (Re/Si) 3S� ±
anti-�1(C1)-butenyl (Re/Si) 3A� 35.7/35.2
anti-�1(C3)-butenyl (Re/Si)[d] A�� 32.5/32.1


isomerization TS 5 22.0


[a] Only the most stable isomer for each species is reported. The two
enantiomeric forms for both the anti- and syn-butenyl ±Ni�I coordination
(cf. Figure 3) are explicitly given for the energetically favored cis-butadiene
orientation (see text). [b] The enantiomers of the butenyl ±Ni�I coordina-
tion are denoted in the following way. The notation given in parenthesis
refers to supine (S) or prone (P) for �3-butenyl ±Ni�I species and to Re or Si
for �1-butenyl ±Ni�I species (cf. Figure 3). [c] Gibbs free energies relative to
[(syn-�3-C8H13)Ni�I(�4-cis-C4H6)PH3]� 4S�. [d] The transition-state struc-
ture 3A�� for cis-butadiene insertion into the anti-�1(C3)-butenyl ±Ni�I


bond (not shown in Scheme 1) is included for comparison.


Figure 6. Condensed free-energy profile (�G, �G�[kcalmol�1]) of com-
petitive pathways for the generation of trans-1,4 (––, along k1t) and cis-1,4
(- - - -, along k1c) polymer units for the [(C8H13)Ni�I(cis-C4H6)PH3]� catalyst
model II, consisting of cis-butadiene insertion into the �1(C1)-�- and the �3-
�-butenyl ±Ni�I bond and of anti ± syn isomerization.
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cis-Butadiene insertion into the �3-�-butenyl�NiII bond and
into the �1-�-butenyl�NiII bond : For cis-butadiene insertion
into the �3-butenyl�Ni�I bond, activation barriers were
obtained that were very similar to those reported above.
The thermodynamically more stable syn-�3-butenyl form is
also predicted to be more reactive than the anti form, since the
free energy of activation for cis-butadiene insertion into the
syn-�3-butenyl�Ni�I bond and the anti-�3-butenyl�Ni�I bond
differ by 1.3 kcalmol�1 (�G�


1t(�)� 16.3 kcalmol�1, 2S��
3S� ; �G�


1c(�)� 17.6 kcalmol�1, 2A�� 3A�, respectively)[34]


with the syn form having the lower barrier. Nearly identical
kinetic barriers were obtained for k1t(�) and k1c(�) , respectively,
regardless of which butenyl enantioface is involved in the
insertion process (Table 3).
In contrast to the findings for the monomer insertion step


along k1(�), the activation barriers for cis-butadiene insertion
into the �1(C1)-butenyl�Ni�I bond are affected to a large
extent by the coordination of the chelating polybutadienyl
chain. The intrinsic free-energy barrier for anti forms
(�Gint


�
1c(�)� 2A�� 3A�)[34] increases to 17.2 kcalmol�1,


which is �5 kcalmol�1 higher than the enthalpic barrier for
the 2a�� 3a� process. This is due to the destabilization of
3A� relative to 2A�, caused by the higher steric strain
associated with the seven-membered chelate ring in 3A�, that
arises from the skeletal rearrangements involved along the
monomer insertion step (cf. Figure 5). In terms of total free-
energy barriers, relative to the most stable isomer of 2A�, the
two alternative routes for the monomer insertion step along
either k1c(�) or k1c(�) have a distinct separation of
15.5 kcalmol�1 (�G�


1c(�)� 17.6 kcalmol�1, 2A�� 3A� ;
�G�


1c(�)� 33.1 kcalmol�1, 2A�� 3A�, respectively). This
leads us to conclude that i) in agreement with the findings for
model I, cis-butadiene insertion into the �3-butenyl�Ni�I bond
has to be considered as the kinetically favored route for the
monomer insertion step, and ii) the distinctly less reactive
�1(C1)-butenyl species are precluded from the most feasible
pathway.
Although we are primarily concerned here with the stereo-


selective 1,4-polymerization of butadiene, we have also
probed the cis-butadiene insertion for the thermodynamically
more stable �1(C3)-butenyl species 2��. For cis-butadiene
insertion into the anti-�1(C3)-butenyl�Ni�I bond, we found a
free-energy of activation that is 3.2 kcalmol�1 lower than for
insertion into the anti-�1(C1)-butenyl�Ni�I bond (�G�� 29.9
and 33.1 kcalmol�1 for the 2A�� 3A�� and 2A�� 3A�
processes, respectively).[34] This indicates a higher reactivity of
the thermodynamically more stable 2�� species relative to 2�.
Consequently, provided that the �-allyl insertion mechanism
is operative, a 1,2-polybutadiene is suggested to be formed as
the predominant product. Furthermore, the 1,2-polybutadiene
should lack any stereoregularity within the vinyl groups
(atactic polymer structure), since nearly identical barriers are
predicted for the two enantiomeric Re/Si-�1(C3) forms. This
clearly contradicts with experiment and provides further
evidence that the �-allyl insertion mechanism is not operative.


anti ± syn Isomerization : Among the several possible isomers
of the TBPY transition state, 5, for anti ± syn isomerization,
most of which we have carefully scrutinized, the isomer that


preferentially passes along the minimum energy pathway is
19.6 kcalmol�1 higher in free-energy relative to 2A� (�G�


iso,
2A�� 5). The chelating polybutadienyl chain is seen to
decrease the activation barrier for anti ± syn isomerization,
since the barrier is lower than that for the catalyst model I (see
above).


Interrelation of kinetic barriers for monomer insertion and
anti ± syn isomerization–implications for the mechanism of
cis ± trans regulation : This section is devoted to the implica-
tions of the nature of the monomer insertion step on the
mechanism of cis ± trans regulation. As regards the �-allyl
insertion mechanism, we shall start with a brief summary of
crucial aspects in order to understand the high trans-1,4
selectivity of the catalyst under investigation. This has
previously been presented for the [(C8H13)Ni�I(cis-
C4H6)P(OMe)3]� model catalyst;[8] the condensed free-energy
profile is provided in the Supporting Information (Figure S1).
For cis-butadiene insertion into the �3-butenyl�Ni�I bond,


the thermodynamically more stable syn form is predicted to
also be more reactive than the anti form (i.e., k1t(�)� k1c(�)).
A facile anti ± syn isomerization is indispensable for making
the trans-1,4-polymer generating cycle along k1t(�) accessible
(Scheme 1). The barrier for isomerization (�G�


iso) is higher
than the insertion barrier along the trans-1,4-polymer gen-
erating cycle (�G�


1t(�)), but lower than the activation barrier
associated with the cis-1,4-polymer generating cycle
(�G�


1c(�), Figure S1). This would indicate that isomerization
can be considered to be facile enough to make the k1t(�)
pathway accessible, while the competing k1c(�) pathway
remains almost completely suppressed because of the lesser
reactivity of anti-�3-butenyl form when compared to the syn
form (k1t(�)� kiso� k1c(�)). Consequently, in the presence of
butadiene, the less reactive anti form should be enriched in
the reaction solution, while the thermodynamically more
stable syn form practically does not exist in a detectable
amount because of its higher reactivity. A polybutadiene of
predominantly trans-1,4 structure should be formed and anti ±
syn isomerization has to be considered as the rate-determin-
ing step of the entire polymerization cycle. All these aspects
are consistent with experimental observations.[6e]


Although nearly identical intrinsic barriers are found for
cis-butadiene insertion into the anti- and syn-�1-butenyl�Ni�I
bond for catalyst model I (relative to 2a� and 2s�, respec-
tively), in terms of total barriers (relative to most stable anti
and syn isomer of 2, namely 2a� and 2s�, respectively) our
calculations indicate a higher reactivity of the thermodynami-
cally less stable anti-�1-butenyl form relative to the thermo-
dynamically more stable syn-�1-butenyl form (20.5 and
21.9 kcalmol�1 for �H�


1c(�), 2a�� 3a��, and �H�
1t(�),


2s�� 3s��, respectively; cf. Figure 4).[34] Therefore, regard-
less of whether anti ± syn isomerization is slower or more rapid
relative to cis-butadiene insertion, a polybutadiene of pre-
dominantly cis-1,4 structure should always be formed if
monomer insertion follows the k1(�) route. For catalyst model
II with the chelating polybutadienyl chain, the relative
stability and reactivity between �1(C1)- and �1(C3)-butenyl
species is predicted to be reversed, with �1(C3) forms
becoming more favored. This would suggest that a polybuta-
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diene of predominantly 1,2-structure should be formed for
monomer insertion along the k1(�) route. This leads us to
conclude that the kinetically disabled �-allyl insertion mech-
anism does not provide a reasonable understanding of the
cis ± trans selectivity and the chemoselectivity in the allylnick-
el(��)-catalyzed 1,4-polymerization of 1,3-butadiene.


Conclusion


We have presented a theoretical investigation on the nature of
the monomer insertion step in the allylnickel(��)-catalyzed 1,4-
polymerization of 1,3-butadiene that employed a gradient-
corrected DFT-method aimed at elucidating the similarities
and differences between the twomechanistic proposals for the
monomer insertion step in the transition metal-catalyzed 1,4-
polymerizaion of 1,3-butadiene. These proposals are the �-
allyl insertion mechanism of Cossee/Arlman[10] and the �-allyl
insertion mechanism suggested by Taube et al.[13] We have
investigated cis-butadiene insertion into either the �1-�-
butenyl�Ni�I bond (�-allyl insertion mechanism along k1(�))
following competing pathways to generate trans-1,4 and cis-
1,4 polymer units and also anti ± syn isomerization for two
catalyst models of the trans-1,4 regulating
[RC3H4Ni�I(C4H6)L]� catalyst; namely {[(C4H7)Ni�I(cis-
C4H6)PH3]� (�C2H4)}, I, and [(C8H13)Ni�I(cis-C4H6)PH3]� ,
II. We have provided a detailed insight and understanding of
the different nature of the monomer insertion step according
to the two mechanistic alternatives and we have shown why
the �-allyl insertion mechanism is favored over the �-allyl
insertion mechanism.
The thermodynamically most stable �1-butenyl and �3-


butenyl forms of 2 arise from cis-butadiene coordination in a
bidentate fashion (�4-cis-butadiene). 2� and 2� represent the
direct precursor structures for cis-butadiene insertion into the
�3-butenyl�Ni�I bond following the k1(�) route and into the
�1(C1)-butenyl�Ni�I bond following k1(�), respectively. They
are energetically well-separated. 2� is thermodynamically
strongly preferred, while 2� should be sparsely populated. The
gap between �3-butenyl and �1-butenyl species becomes
increased by the chelating polybutadienyl chain as a result
of steric strain associated with the formation of the seven-
membered ring. The syn forms are thermodynamically more
stable than the anti forms for both 2� and 2�. The syn ± anti
gap, however, is less pronounced for the �1-mode relative to
the �3-mode of the butenyl ±Ni�I coordination.


cis-Butadiene insertion into the �3-butenyl�Ni�I as well as
into the �1(C1)-butenyl�Ni�I bond entails skeletal rearrange-
ments along the most feasible pathway. SPY and TBPY
transition-state structures, 3� and 3�, are passed through
along k1(�) and k1(�), respectively, which are characterized by
a quasiplanar four-membered arrangement of the reactive
parts, namely the terminal butenyl-C1, the double bond of the
inserting butadiene and the nickel atom. The orientation of
cis-butadiene is fixed in the insertion transition states, where-
as the enantioface of the butenyl group involved in the
insertion process has a minor influence on the kinetic barrier
in the absence of steric crowding.


The monomer insertion step along k1(�) and k1(�),
respectively, exhibits a different electronic character as a
consequence of the higher polarity of the �1-butenyl�Ni�I
bond compared to that of the �3-coordination mode. This gives
rise to a product-like transition state, 3�, along k1(�), whereas an
educt-like transition state, 3�, is passed through along k1(�).
The intrinsic reactivity of the isomeric anti- and syn-butenyl


forms is shown to be different along the k1(�) and k1(�) routes
for monomer insertion. Nearly identical intrinsic insertion
barriers were obtained for the two forms along k1(�), thus
indicating a very similar intrinsic reactivity of anti- and syn-
�1(C1)-butenyl forms. In contrast, a different intrinsic reac-
tivity of anti- and syn-�3-butenyl forms can be assumed from
the insertion barriers along k1(�), with the �3-syn form
expected to be more reactive than its �3-anti counterpart.


anti ± syn isomerization is most likely to proceed by means
of a �3� 1(C3) conversion of the butenyl group, followed by
internal rotation of the vinyl group around the C2�C3 single
bond via a TBPY �1(C3)-transition state. cis-Butadiene as well
as the coordinating polybutadienyl chain have to participate
in the most feasible pathway of this process.
For cis-butadiene insertion into the �1(C1)-butenyl�Ni�I


bond, a distinctly higher activation barrier has to be overcome
relative to the insertion into the �3-butenyl�Ni�I bond. Thus
the thermodynamically more stable and more highly popu-
lated �3-butenyl species also appear as more reactive than the
corresponding �1-butenyl species. The difference in stability
and reactivity between �3-� and �1-� species is shown to
increase under the influence of steric strain imposed by the
chelating polybutadienyl chain. The sparsely populated and
distinctly less reactive �1-�-butenyl species, although they are
commonly believed to be reactive intermediates, are not
likely to be involved along feasible pathways for monomer
insertion. This corroborates our previous conclusion,[7] that
the �-allyl insertion mechanism represents the preferred
mechanism for the monomer insertion step in the allylnick-
el(��)-catalyzed 1,4-polymerization of 1,3-butadiene, for both
thermodynamic and kinetic reasons. The alternatively pro-
posed �-allyl insertion mechanism has to be considered as
being not operative.
The cis ± trans regulation is elucidated in a consistent way


with preferential insertion of cis-butadiene into the �3-
butenyl�Ni�I bond. In contrast, monomer insertion according
to the �-allyl insertion mechanism would neither provide a
rationalization of cis ± trans selectivity nor of chemoselectivity
in the allylnickel(��)-catalyzed 1,4-polymerization of 1,3-buta-
diene.
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Molecular Design of a Pyrrole ± Imidazole Hairpin Polyamides for Effective
DNA Alkylation


Toshikazu Bando,[a] Akihiko Narita,[a] Isao Saito,[b] and Hiroshi Sugiyama*[a]


Abstract: New hairpin polyamide ±CPI
(CPI� cyclopropylpyrroloindole) con-
jugates, compounds 12 ± 14, were syn-
thesized and their DNA-alkylating ac-
tivities compared with the previously
prepared hairpin polyamide, compound
1, by high-resolution denaturing gel
electrophoresis with 450 base pair (bp)
DNA fragments and by HPLC product
analysis of the synthetic decanucleotide.
In accord with our previous results,
alkylation by compound 1 occurred
predominantly at the G moiety of the
sequence 5�-AGTCAG-3� (site 3). How-
ever, compound 12, in which the struc-
ture of the alkylating moiety of com-
pound 1 is replaced with segment A of


duocarmycin A DU-86 (CPI), did not
show any DNA alkylating activity. In
clear contrast, the hairpin CPI conjugate
13, which differs from compound 1 in
that it lacks one Py unit and possesses a
vinyl linker, alkylated the A of 5�-
AGTCAG-3� (site 3) efficiently at nano-
molar concentrations. Alkylation by
compound 14, which has a vinyl linker,
occurred at the A of 5�-AGTCCA-3�
(site 6) and at several minor alkylation
sites, including mismatch alkylation at A


of 5�-TCACAA-3� (site 2). The signifi-
cantly different reactivity of the alkylat-
ing hairpin polyamides 1, 12, 13, and 14
was further confirmed by HPLC product
analysis by using a synthetic decanucleo-
tide. The results suggest that hairpin
polyamide ±CPI conjugate 13 alkylates
effectively according to Dervan×s pair-
ing rule, and with a new mode of
recognition in which the Im ± vinyl link-
er (L) pair targets G ±C base pairs.
These results demonstrate that incorpo-
ration of the vinyl-linker pairing with Im
dramatically improves the reactivity of
hairpin polyamide ±CPI conjugates.


Keywords: antitumor agents ¥ DNA
cleavage ¥ DNA recognition ¥
molecular recognition ¥ nucleic acid


Introduction


Dervan and colleagues have developed minor groove-binding
hairpin molecules that uniquely recognize each of the four
Watson ±Crick base pairs.[1] Sequence-specific DNA recog-
nition in the minor groove depends on the sequence of side-
by-side aromatic amino acid pairing oriented in the amino ±
carboxyl (N ±C) direction with respect to the 5� ± 3� direction
of the DNA helix. Antiparallel pairing of Im opposite Py (Im/
Py) recognizes a G±C base pair, whereas a Py/Py pair
recognizes A±T or T±A base pairs.[2] A hydroxypyrrole ± Py
pairing (Hp/Py) distinguishes T-A from A-T base pairs.[3]


These Py ± Im hairpin polyamides have binding affinities


and sequence-specificity comparable to those of transcription
factors.[4] Therefore, Py ± Im hairpin polyamides can poten-
tially control DNA replication and gene expression. In fact,
synthetic Py ± Im polyamides that target promoter regions
have been shown to inhibit transcription by preventing
specific binding by transcription factors.[5] However, poly-
amides targeting coding regions do not inhibit transcription.[6]


Therefore, the target sequence of a nonreactive hairpin
polyamide is limited to the promoter region. On the other
hand, sequence-specific DNA alkylating polyamides can
potentially control gene expression by targeting not only the
promoter region, but also the coding sequence.[7]


We recently demonstrated that molecule 1, a hybrid
between segment A of duocarmycin A (Du)[8] and a Py ± Im
hairpin polyamide, selectively alkylates one of the matched
sequences within a 450 base pair (bp) DNA fragment (Fig-
ure 1).[9] Sequence-specific alkylation was observed even at
the 50 nanomolar concentration region of the alkylating
agent. However, the efficiency of alkylation (i.e. , the amount
of cleavage divided by the amount of alkylating agent) was
7.4%. Alkylation in this system was rather slow, and was
observed to continue even after one week.[9]


In trying to improve the alkylating activity of the poly-
amide, we found that insertion of a vinyl linker (L) between
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Figure 1. Chemical structure of compound 1 and a schematic representa-
tion of the recognition of the AGTCAG sequence by 1. The arrow indicates
the site of alkylation.


the polyamide and cyclopropylpyrroloindole (CPI) adjusted
the location of the reactive cyclopropane ring, enhancing its
reactivity. As a result, highly sequence-specific cooperative
double-strand alkylation of DNA is facilitated through highly
cooperative homodimer formation.[10] Quantitative analysis
indicated that the efficiency of this system reached 69%. In
these studies, we changed the alkylating moiety to segment A
of DU-86 (CPI) because it is more chemically stable under the
conditions in which it is coupled to Py/Im polyamides that
have L linkers. The highly efficient DNA alkylation facilitated
by the incorporation of L allowed us to develop a new type of
sequence-specific DNA interstrand cross-linking agent that
cross-links double strands only in the presence of ImImPy, at
the 9-bp sequence 5�-PyGGC(T/A)GCCPu-3�.[11] In develop-
ing an efficient sequence-specific alkylating hairpin poly-
amide, the choice of alkylating moiety and its location in the
minor groove is very important. We describe here a compa-
rative study of DNA alkylation by four different alkylating
Py/Im hairpin polyamides, three of which were newly
synthesized.


Results and Discussion


Synthesis : We synthesized hairpin polyamide-CPI conjugates
12 ± 14 as shown in Scheme 1. The reduction of compound 2 by
Pd/C and H2, followed by coupling with compound 3 using
pentafluorophenyl diphenylphosphinate (FDPP) produced
compound 4 with a good yield. Hydrolysis of 4 gave the key
carboxylic acid, compound 5, which was used as the common
N-terminal half of conjugates 12 ± 14. Compounds 8a and 8b
were prepared by previously reported procedures.[9±11] Com-
pound 8c was synthesized by the reduction of compound 6
with Pd/C and NaBH4, followed by coupling with compound 7
by using FDPP. Reduction of 8a ± c, followed by coupling with
compound 5 by using FDPP, produced 9a ± c. After subse-
quent deprotection with 1,8-diazabicyclo[4.3.0]undec-7-ene
(DBU), the carboxylic acids 10a ± c were activated with 1,1�-
carbonylimidazole (CDI), as previously described[10] to give


11a ± c. The alkylating moiety, segment A of DU-86 (CPI),
was prepared through five steps according to the reported
procedures.[12] Finally, the synthesis of conjugates 12 ± 14 was
accomplished by coupling 11a ± c and CPI, with a moderate
yield. After purification by HPLC, the hairpin polyamide ±
CPI conjugates 12 ± 14 were used for DNA alkylation experi-
ments.


Evaluation of DNA alkylation using 450-bp DNA fragments :
Sequence-selective alkylation by compounds 1, 12, 13, and 14
was investigated on 5�-Texas-Red-labeled 450-bp DNA frag-
ments, prepared by using an automated DNA sequencer, as
previously described.[9, 10, 13] Alkylation was carried out at
23 �C for 24 h and quenched by the addition of calf thymus
DNA. Samples were heated at 94 �C under neutral conditions
for 20 min. The sites of alkylation were visualized by thermal
cleavage of the DNA strand at the alkylated sites. Under these
heating conditions, all purine N3 alkylated sites in the DNA
produced cleavage bands almost quantitatively on the gel.
Subsequent hot piperidine treatment (0.1�, 90 �C, 20 min) did
not further enhance the cleavage bands, indicating that the
neutral heating conditions used (94 �C, 20 min) were sufficient
to cleave all the DNA alkylated sites. Sequencing analysis of
the alkylated DNA fragments after heat treatment is shown in
Figure 2. As previously reported, alkylation by hairpin poly-
amide 1 occurred predominantly at the G moiety of sequence
5�-AGTCAG-3� (site 3) at nanomolar concentrations (lanes
1 ± 4). In contrast to the reactivity of 1, alkylation by 12 was
not observed at concentrations of 12.5 ± 100n� of the
alkylating agent (lanes 5 ± 8). In separate experiments, DNA
alkylation was not even observed at a concentration of 10 ��
of 12 (data not shown). These results clearly indicate that
substitution of the alkylating moiety of 1 with CPI completely
abolishes the DNA alkylating activity. The dramatically
different reactivities of 1 and 12 could be attributed to the
reactivity of the alkylating moieties in a fixed geometry in the
DNA minor groove. On the other hand, conjugate 13, which
differs from 1 in that it lacks one Py unit and possesses a vinyl
linker, alkylated the A of 5�-AGTCAG-3� (site 3) and G of 5�-
AGTCG-3� (site 8) at a concentration of 12.5n� of 13, and
most of the DNA fragment was consumed by the alkylation at
a concentration of 100n� of 13 (lane 9). However, conjugate
14 has an additional vinyl linker with respect to 12 and showed
a level of DNA alkylating activity intermediate between those
of 1 and 13. Conjugate 14 mainly alkylates the A of 5�-
AGTCCA-3� (site 6), but also binds at several minor alkyla-
tion sites, including mismatch alkylation at the A of 5�-
TCACAA-3� (site 2) and 5�-TGAGAA-3� (site 10). These
results demonstrate that incorporation of a vinyl linker paired
with Im dramatically improves the reactivity of hairpin
polyamide ±CPI conjugates. These results suggest that the
hairpin polyamide ±CPI conjugate 13 alkylates effectively
according to Dervan×s pairing rule, and exhibits a new mode
of recognition in which the Im/vinyl linker (L) pair targets
G ±C base pairs.
To evaluate the improved reactivity of conjugate 13 relative


to 1, DNA alkylation was examined over a short incubation
period (�1 h). Surprisingly, alkylation by 13 was observed
even after 5 min, as shown in Figure 3. In clear contrast,
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alkylation by 1was not observed after 1 h of incubation. These
results clearly indicate that the DNA alkylating activity of
hairpin polyamide ±CPI conjugate 13 was dramatically im-
proved relative to the activity of 1. Densitometric analysis of
the alkylated DNA by 1 and 13 is summarized at the bottom
of Figure 3. The half-lives of DNAwere roughly estimated to
be 1 h for compound 13, and 4 d for 1. Therefore, the rate
acceleration due to the incorporation of the linker is roughly
estimated to be 100-fold.


Efficient DNA alkylation by conjugate 13 was further
confirmed at the oligonucleotide level by using HPLC
product analysis : To clarify the sites of DNA alkylation by
conjugates 1, 12, 13, and 14, we investigated the alkylation of
the duplex decanucleotide, 5�-CAAGTCAGAG-3� (ODN1)/


5�-CTCTGACTTG-3� (ODN2), which was designed according
to the results of the gel electrophoresis experiments described
above. HPLC analysis of the reaction mixtures combining the
decanucleotide with 1, 12, 13, or 14 revealed that these
conjugates alkylated at the A or G of the target sequence to
produce the corresponding alkylated products, although the
reactivities of these compounds varied, as summarized in
Figure 4. These alkylating sites were determined by HPLC
product analysis, by using a previously reported procedure.[14]


The ODN1-13 and ODN1-14 alkylation complexes in
Figure 4 were collected and heated at 90 �C for 10 min, and
the cleavage of the abasic site with hot alkali (0.1 N NaOH,
90 �C, 10 min) produced the corresponding cleaved oligonuc-
leotides. The compositions of these oligonucleotides were
unambiguously confirmed by enzymatic digestion with nucle-


Scheme 1. a) Pd/C, H2, MeOH/AcOEt; b) 3, FDPP, iPr2NEt, DMF; c) NaOH, H2O; d) Pd/C, NaBH4, MeOH/AcOEt; e) 7, FDPP, iPr2NEt, DMF; f) 5,
FDPP, iPr2NEt, DMF; g) DBU, H2O; h) CDI, DMF; i) segment A of DU-86, NaH, DMF.
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ase P1 and alkaline phosphatase, as shown in Scheme 2. The
ODN1-1 and ODN1-12 alkylation complexes were similarly
characterized (data not shown).
Alkylation of ODN1/ODN2 by compound 1 occurred


predominantly at the G8 of 5�-CAAGTCAGAG-3�, as pre-
viously reported.[9] After 5 h incubation, almost half of ODN1


was alkylated under these conditions. In contrast to the
reactivity of 1, DNA alkylation by 12 was the slowest of all the
conjugates (13% completed after 17 h, Figure 4). These
results clearly indicate the significantly different DNA-
alkylating activities of 1 and 12, as was observed in the
alkylation of 450-bp DNA fragments. Alkylation of ODN1/


Figure 2. Thermally-induced strand cleavage of 5�-Texas-Red-labeled 450-bp DNA fragments by conjugates 1, 12, 13, or 14. Results with a) 5�-end labeled
top strand (pUC 18 F780 ± 1229) and b) 5�-end labeled bottom strand (pUC 18 R1459 ± 1908) DNA fragments are shown. These two DNA fragments are
complementary. Lanes 1 ± 4, 100, 50, 25, 12.5n� of 1; lanes 5 ± 8, 100, 50, 25, 12.5n� of 12 ; lanes 9 ± 12, 100, 50, 25, 12.5n� of 13 ; lanes 13 ± 16, 100, 50, 25,
12.5n� of 14 ; lane 17, DNA control. c) Sequences containing the alkylation sites. Arrows indicate the site of alkylation by 1, 12 ± 14. Alkylated bases are
shown in bold.
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ODN2 by compound 13 proceeded dramatically faster than its
alkylation by conjugate 1 (75% complete after 5 min).
Furthermore, the alkylation of ODN1/ODN2 by 14 was
superior to that of 1 (46% complete after 2 h), which is
consistent with the results of the high-resolution gel experi-


ments. To confirm that DNA-alkylation occurs at the N3
position, alkylation of the deazaadenine-containing decamer,
5�-CAAGTCZGAG-3� (ODN1(Z))/ODN2 by 13 was exam-
ined. HPLC analysis of the reaction mixtures containing the
ODN1(Z)/ODN2 and 13 revealed that conjugate 13 alkylates
at N3 of Z7 of ODN1(Z) to produce the corresponding
alkylated products (Figure 4d and e). The reason that the
observed difference in reactivity is not as dramatic as that
observed in the gel experiments with ODN1/ODN2 is
presumably due to the large difference in the concentrations
of the decanucleotide substrate and hairpin polyamides.
To gain insight into the basis of the different reactivities of


hairpin polyamides, we constructed a model of a hairpin
polyamide ± decamer complex based on the 1H NMR struc-
ture of ImPyPy�PyPyPy-d(CGCTAACAGGC)/d(GCCTGT
TAGCG).[15] The energy-minimized structure of the ODN1/
ODN2-1 complex suggests that the cyclopropane subunit of
Du is located in close proximity to the nucleophilic N3 of the
G8 residues, and that one nucleotide unit (N) is probably
required between the reacting base and the recognition
sequence. Interestingly, the energy-minimized structure of
the ODN1/ODN2-13 complex indicates that the CPI unit
stacks well with the N-terminal Im residue, whereas such
stacking was not observed with the ODN1/ODN2-1 complex.
It is important to note that the stacking interaction between
CPI and Im would contribute to the efficiency of DNA
alkylation (Figure 5). Analogous stacking between Du and Py
of distamycin A was observed in the NMR structure of a
duocarmycin A/distamycin A/octamer complex in which
highly efficient DNA alkylation was observed.[16] In fact, the
hairpin polyamide 14, which shows intermediate alkylation
activity, does not participate in such a stacking interaction and
the alkylating moiety is located in the relatively opened minor
groove.


Conclusion


In conclusion, we successfully synthesized the new hairpin
polyamide ±CPI conjugate 13, which has significantly im-
proved DNA-alkylating activity over that of conjugate 1
reported previously. We evaluated the DNA alkylating
capacity of 13 in detail by high-resolution denaturing gel
electrophoresis with 450-bp DNA fragments and by HPLC
analysis with 10-bp oligonucleotides.
The results clearly indicate that the composition of the vinyl


linker dramatically affects the DNA alkylating reactivity.
Furthermore, a new combination of Im and the vinyl linker
effectively acted to target G±C base pairs in the sequence-
specific recognition by DNA-alkylating reagents. The effec-
tive DNA-alkylating agent developed in the present inves-
tigation provides a promising approach for developing new
types of biological agents to control gene transcription. We
are currently investigating whether DNA-alkylating hairpin
polyamides that target coding regions inhibit polymerase
elongation during transcription.


Figure 3. Thermally-induced strand cleavage of 5�-Texas-Red-labeled 450-
bpDNA fragments by conjugates 13 and 1: lane 1, DNA control; lanes 2 ± 4,
100, 50, 25n� of 13, 5 min incubation; lanes 5 ± 7, 100, 50, 25n� of 13,
60 min incubation; lanes 8 ± 10, 100, 50, 25n� of 13, 120 min incubation;
lanes 11 ± 13, 100, 50, 25n� of 1, 60 min incubation. The amount of
alkylated DNA under the same conditions using 1 and 13 are summarized
below.
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Figure 4. Schematic representation and HPLC analysis of ODN1-ODN2 with a) 12 b) 13, and c) 14, and d) ODN1(Z)-ODN2 with 13. HPLC profiles
correspond to a) 17 h, b) 5 min, c) 2 h, and d) 5 min incubations. e) Schematic representation of DNA alkylation by 13.


Scheme 2. Characterization of alkyaltion sites in ODN1 ± 13 and -14.
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Experimental Section


General : Reagents and solvents were purchased from standard suppliers
and used without further purification. Abbreviations of some reagents:
DBU: 1,8-diazabicyclo[4.3.0]undec-7-ene; iPr2NEt: N,N-diisopropylethyl-
amine; DMF: N,N-dimethylformamide; FDPP: pentafluorophenyl diphe-


nylphosphinate. Reactions were monitored by thin-layer chromatography
(TLC) using 0.25 mm silica gel 60 plates impregnated with 254 nm
fluorescent indicator (from Merck). Plates were visualized by UV
illumination. NMR spectra were recorded with a JEOL JNM-A500
nuclear magnetic resonance spectrometer, and tetramethylsilane was used
as the internal standard. Proton NMR spectra were recorded in parts per
million (ppm) downfield relative to tetramethylsilane. The following


Figure 5. Energy-minimized structure of the d(CAAGTCAGAG) ODN1/d(CTCTGACTTG) ODN2 ± 13 (top left) and -1 (top right) complexes.
Minimization was performed in the presence of 18 sodium cations and a 10 ä layer of H2O by CFF force-field. For simplicity, sodium ions and H2O are not
represented. Each strand of DNA is drawn in white and ribbon representation is drawn in light blue. Py and Im are drawn in blue and red, respectively. The
reacting G and A bases are drawn in green and purple, respectively. The cyclopropane units in the Du moiety of the hybrids are drawn in yellow. Top views of
hairpin polyamides, 13 (bottom left) and 1 (bottom right).
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abbreviations apply to spin multiplicity: s (singlet), d (doublet), t (triplet), q
(quartet), qu (quintet), m (multiplet), br (broad). Electrospray ionization
mass spectra (ESMS) were produced on a PE SCIEX API 150 mass
spectrometer. Polyacrylamide gel electrophoresis was performed on a
HITACHI 5500-S DNA sequencer. Ex Taq DNA polymerase and Suprec-
02 purification cartridges were purchased from Takara, the thermo
sequenase core sequencing kit and loading dye (dimethylformamide with
fuschin red) from Amersham, 5�-Texas-Red-modified DNA oligomer
(18 mer) from Kurabo, decanucleotides including 5�-CAAGTCZGAG-3�
from JBioS, and 50% Long RangerTM gel solution from FMC Bioproducts.
P1 nuclease and calf intestine alkaline phosphatase (AP, 1000 unitsmL�1)
were purchased from Roche Diagnostics. The following precursors were
prepared by the reported procedures.[9±11] NO2Py�CO2CH3 (2): 1H NMR
(500 MHz, [D6]DMSO): �� 8.39 (br t, J� 6.0 Hz, 1H; NH), 8.10 (d, J�
2.0 Hz, 1H; CH), 7.41 (d, J� 2.0 Hz, 1H; CH), 3.88 (s, 3H; NCH3), 3.57 (s,
3H; OCH3), 3.19 (dt, J� 6.0, 7.5 Hz, 2H; CH2), 2.35 (t, J� 7.5 Hz, 2H;
CH2), 1.74 (qu, J� 7.0 Hz, 2H; CH2); ESMS: m/z calcd for C11H16N3O5


[M��H]: 270.1; found: 270.1.


AcImPyCO2H (3): 1H NMR (500 MHz, [D6]DMSO): �� 12.22 (br s, 1H;
OH), 10.22 (s, 1H; NH), 10.01 (s, 1H; NH), 7.50 (d, J� 2.0 Hz, 1H; CH),
7.41 (s, 1H; NH), 6.92 (d, J� 2.0 Hz, 1H; CH), 3.92 (s, 3H; NCH3), 3.81 (s,
3H; NCH3), 2.01 (s, 3H; COCH3); ESMS: m/z calcd for C13H16N5O4


[M��H]: 306.1; found: 306.1.


NO2ImPyCO2H (7): 1H NMR (500 MHz, [D6]DMSO): �� 12.28 (br s, 1H;
OH), 10.84 (s, 1H; NH), 8.60 (s, 1H; CH), 7.48 (d, J� 2.0 Hz, 1H; CH), 7.02
(d, J� 2.0 Hz, 1H; CH), 4.03 (s, 3H; NCH3), 3.82 (s, 3H; NCH3); ESMS:
m/z calcd for C11H12N5O5 [M��H]: 294.1; found: 294.0.


NO2ImPyPyCO2CH3 (8a): 1H NMR (500 MHz, [D6]DMSO): �� 10.87 (s,
1H; NH), 9.98 (s, 1H; NH), 8.60 (s, 1H; CH), 7.46 (s, 1H; CH), 7.31 (s, 1H;
CH), 7.21 (s, 1H; CH), 6.91 (s, 1H; CH), 4.05 (s, 3H; NCH3), 3.84 (s, 3H;
NCH3), 3.83 (s, 3H; NCH3), 3.73 (s, 3H; OCH3); ESMS: m/z calcd for
C18H20N7O6 [M��H]: 430.1; found: 430.1.


NO2ImPyLCO2CH2CH3 (8b): 1H NMR (500 MHz, [D6]DMSO): �� 10.79
(s, 1H; NH), 8.59 (s, 1H; CH), 7.50 (d, J� 16.0 Hz, 1H; CH�CHCO), 7.45
(d, J� 2.0 Hz, 1H; CH), 6.92 (d, J� 2.0 Hz, 1H; CH), 6.07 (d, J� 16.0 Hz,
1H; CH�CHCO), 4.14 (q, J� 7.0 Hz, 2H; CH2), 4.03 (s, 3H; NCH3), 3.69
(s, 3H; NCH3), 1.23 (t, J� 7.0 Hz, 3H; CH3); ESMS: m/z calcd for
C15H18N5O5 [M��H]: 348.1; found: 348.1.


Molecular modeling studies : Minimizations were performed with the
Discover (MSI, San Diego, CA) program by using CFF force-field
parameters. The starting structure was built on the basis of the NMR
structure of the ImPyPy�PyPyPy-d(CGCTAACAGGC)/
d(GCCTGTTAGCG) complex[15] and the duocarmycin A/distamycin A/
octamer complex.[16] The connecting parts between them were built by
using standard bond lengths and angles. The Du moiety of the assembled
initial structure was energy minimized with a distance-dependent dielectric
constant of �� 4 r (r stands for the distance between atoms i and j) and with
convergence criteria having an RMS gradient of less than
0.001 kcalmol�1ä�1. Eighteen Na cations were placed at the bifurcating
position of the O-P-O angle at a distance of 2.51 ä from the phosphorus
atom. The resulting complex was soaked in a 10 ä layer of water. The
whole system was minimized without any constraint, to the stage where the
RMS was less than 0.001 kcalmol�1ä�1.


AcImPyPy�CO2CH3 (4): 10% Pd/C (220 mg) was added to a solution of
compound 2 (1.0 g, 3.72 mmol) in MeOH/AcOEt (1:1, 30 mL), and the
reaction mixture was stirred for 3 h at room temperature under an H2


atmosphere. The catalyst was removed by filtration through Celite. The
filtrate was concentrated in vacuo to produce crude amine (859 mg), which
was used in the next step without further purification. Compound 3
(820 mg, 2.69 mmol) and FDPP (1.70 g, 4.42 mmol), followed by iPr2NEt
(1.54 mL, 8.84 mmol) was added to the solution of crude amine (859 mg,
3.59 mmol) in DMF (15 mL). The solution was stirred for 24 h and
concentrated to a residue, which was subjected to column chromatography
(silica gel, 0 ± 10% MeOH in CHCl3, gradient elution) to produce
compound 4 (1.33 g, 94% yield) as a yellow powder. 1H NMR (500 MHz,
[D6]DMSO): �� 10.23 (s, 1H; NH), 9.94 (s, 1H; NH), 9.88 (s, 1H; NH),
8.02 (br t, 1H; NH), 7.42 (s, 1H; CH), 7.27 (d, J� 1.5 Hz, 1H; CH), 7.17 (d,
J� 1.5 Hz, 1H; CH), 7.12 (d, J� 1.5 Hz, 1H; CH), 6.87 (d, J� 1.5 Hz, 1H;
CH), 3.95 (s, 3H; NCH3), 3.85 (s, 3H; NCH3), 3.80 (s, 3H; NCH3), 3.59 (s,
3H; OCH3), 3.16 (dt, J� 6.0, 7.0 Hz, 2H; CH2), 2.34 (t, J� 7.0 Hz, 2H;


CH2), 2.03 (s, 3H; COCH3), 1.74 (qu, J� 7.0 Hz, 2H; CH2); ESMS: m/z
calcd for C24H31N8O6 [M��H]: 527.2; found: 527.1.


AcImPyPy�CO2H (5): NaOH (800 mg, 20 mmol) was added to a suspen-
sion of compound 4 (1.33g, 2.52 mmol) in H2O (50 mL). The solution was
stirred for 24 h at room temperature and was acidified by addition of HCl
(aq) to pH 2 at 0 �C. The precipitate was collected by filtration, washed with
water, and dried to produce compound 5 (1.10 g, 85% yield) as a white
powder. 1H NMR (500 MHz, [D6]DMSO): �� 10.24 (s, 1H; NH), 9.95 (s,
1H; NH), 9.89 (s, 1H; NH), 8.02 (br t, 1H; NH), 7.42 (s, 1H; CH), 7.26 (d,
J� 1.5 Hz, 1H; CH), 7.17 (d, J� 1.5 Hz, 1H; CH), 7.11 (d, J� 1.5 Hz, 1H;
CH), 6.86 (d, J� 1.5 Hz, 1H; CH), 3.94 (s, 3H; NCH3), 3.84 (s, 3H; NCH3),
3.78 (s, 3H; NCH3), 3.17 (dt, J� 6.0, 7.0 Hz, 2H; CH2), 2.24 (t, J� 7.0 Hz,
2H; CH2), 2.01 (s, 3H; COCH3), 1.70 (qu, J� 7.0 Hz, 2H; CH2); ESMS:
m/z calcd for C23H29N8O6 [M��H]: 513.2; found: 513.3.


NO2ImPyPyLCO2CH2CH3 (8c): 10% Pd/C (200 mg) was added to a
solution of compound 6 (500 mg, 2.23 mmol) in MeOH/AcOEt (1:1,
20 mL). After NaBH4 (170 mg, 4.47 mmol) in H2O (1 mL) was added
dropwise at 0 �C, the reaction mixture was stirred for 20 min at room
temperature. The catalyst was removed by filtration through silica gel. The
filtrate was concentrated in vacuo to produce crude amine (418 mg), which
was used in the next step without further purification. Ccompound 7
(330 mg, 1.13 mmol) and FDPP (1.3 g, 3.39 mmol), followed by iPr2NEt
(1.18 mL, 6.78 mmol) was added to a solution of crude amine (418 mg,
2.15 mmol) in DMF (14 mL). The solution was stirred for 20 h and
concentrated to a residue, which was subjected to column chromatography
(silica gel, 0 ± 10% MeOH in CHCl3, gradient elution) to produce
compound 8c (359 mg, 83% yield) as a yellow powder. 1H NMR
(500 MHz, [D6]DMSO): �� 10.86 (s, 1H; NH), 9.98 (s, 1H; NH), 8.61 (s,
1H; CH), 7.51 (d, J� 16.0 Hz, 1H; CH�CHCO), 7.41 (s, 1H; CH), 7.30 (s,
1H; CH), 7.22 (s, 1H; CH), 6.74 (s, 1H; CH), 6.07 (d, J� 16.0 Hz, 1H;
CH�CHCO), 4.14 (q, J� 7.0 Hz, 2H; CH2), 4.05 (s, 3H; NCH3), 3.85 (s,
3H; NCH3), 3.68 (s, 3H; NCH3), 1.23 (t, J� 7.0 Hz, 3H; CH3); ESMS: m/z
calcd for C21H24N7O6 [M��H]: 470.2; found: 470.1.


AcImPyPy�ImPyPyCO2CH3 (9a): 10% Pd/C (100 mg) was added to a
solution of compound 8a (200 mg, 0.466 mmol) in MeOH/AcOEt (1:1,
8 mL); the reaction mixture was stirred for 5 h at room temperature under
an H2 atmosphere. The catalyst was removed by filtration through Celite.
The filtrate was concentrated in vacuo to produce crude amine (178 mg),
which was used in the next step without further purification. compound 5
(190 mg, 0.373 mmol) and FDPP (268 mg, 0.699 mmol), followed by
iPr2NEt (0.243 mL, 1.39 mmol) was added to a solution of crude amine
(178 mg, 0.446 mmol) in DMF (2 mL). The solution was stirred for 16 h and
concentrated to a residue, which was subjected to column chromatography
(silica gel, 0 ± 10% MeOH in CHCl3, gradient elution) to produce 9a
(154.5 mg, 49% yield) as a brown powder. 1H NMR (500 MHz,
[D6]DMSO): �� 10.26 (s, 1H; NH), 10.23 (s, 1H; NH), 9.99 (s, 1H; NH),
9.96 (s, 1H; NH), 9.94 (s, 1H; NH), 9.90 (s, 1H; NH), 8.02 (br t, 1H; NH),
7.45 (s, 1H; CH), 7.42 (s, 2H; CH), 7.26 (s, 2H; CH), 7.17 (s, 1H; CH), 7.14
(s, 1H; CH), 7.12 (s, 1H; CH), 6.89 (s, 1H; CH), 6.88 (s, 1H; CH), 3.94 (s,
6H; NCH3), 3.84 (s, 3H; NCH3), 3.83 (s, 3H; NCH3), 3.82 (s, 3H; NCH3),
3.81 (s, 3H; NCH3), 3.79 (s, 3H; OCH3), 3.20 (m, 2H; CH2), 2.35 (m, 2H;
CH2), 2.01 (s, 3H; COCH3), 1.78 (m, 2H; CH2); ESMS: m/z calcd for
C41H48N15O9 [M��H]: 894.4; found: 894.3.


AcImPyPy�ImPyLCO2CH2CH3 (9b): 10% Pd/C (30 mg) was added to a
solution of compound 8b (68 mg, 0.196 mmol) in MeOH/AcOEt ( 1:1,
4 mL). After NaBH4 (20 mg, 0.528 mmol) in H2O (0.2 mL) was added
dropwise at 0 �C, the reaction mixture was stirred for 20 min at room
temperature. The catalyst was removed by filtration through silica gel. The
filtrate was concentrated in vacuo to produce crude amine (60 mg), which
was used in the next step without further purification. Compound 5 (97 mg,
0.189 mmol) and FDPP (109 mg, 0.284 mmol), followed by iPr2NEt (99 �L,
0.568 mmol) was added to a solution of crude amine (60 mg, 0.189 mmol) in
DMF (0.6 mL). The solution was stirred for 18 h and concentrated to a
residue, which was subjected to column chromatography (silica gel, 0 ±
10% MeOH in CHCl3, gradient elution) to produce 9b (107 mg, 69%
yield) as a brown powder. 1H NMR (500 MHz, [D6]DMSO): �� 10.27 (s,
1H; NH), 10.23 (s, 1H; NH), 9.95 (s, 1H; NH), 9.89 (s, 2H; NH), 8.01 (br t,
1H; NH), 7.51 (d, J� 16.0 Hz, 1H; CH�CHCO), 7.45 (s, 1H; CH), 7.43 (d,
J� 1.0 Hz, 1H; CH), 7.42 (s, 1H; CH), 7.27 (d, J� 1.0 Hz, 1H; CH), 7.17 (d,
J� 2.0 Hz, 1H; CH), 7.12 (d, J� 2.0 Hz, 1H; CH), 6.89 (d, J� 2.0 Hz, 1H;
CH), 6.83 (d, J� 2.0 Hz, 1H; CH), 6.11 (d, J� 16.0 Hz, 1H; CH�CHCO),
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4.15 (q, J� 7.0 Hz, 2H; CH2), 3.95 (s, 3H; NCH3), 3.94 (s, 3H; NCH3), 3.85
(s, 3H; NCH3), 3.80 (s, 3H; NCH3), 3.69 (s, 3H; NCH3), 3.20 (dt, J� 5.5,
7.0 Hz, 2H; CH2), 2.36 (t, J� 7.0 Hz, 2H; CH2), 2.02 (s, 3H; COCH3), 1.79
(qu, J� 7.0 Hz, 2H; CH2), 1.24 (t, J� 7.0 Hz, 3H; CH3); ESMS: m/z calcd
for C38H46N13O8 [M��H]: 812.4; found: 812.3.


AcImPyPy�ImPyPyLCO2CH2CH3 (9c): A similar synthetic procedure as
that described for 9b was followed in the preparation of 9c, with a yield of
28%. 1H NMR (500 MHz, [D6]DMSO): �� 10.26 (s, 1H; NH), 10.23 (s,
1H; NH), 9.97 (s, 1H; NH), 9.95 (s, 1H; NH), 9.94 (s, 1H; NH), 9.89 (s, 1H;
NH), 8.02 (br t, 1H; NH), 7.52 (d, J� 16.0 Hz, 1H; CH�CHCO), 7.46 (s,
1H; CH), 7.42 (s, 1H; CH), 7.41 (s, 1H; CH), 7.27 (s, 2H; CH), 7.17 (s, 1H;
CH), 7.15 (s, 1H; CH), 7.13 (s, 1H; CH), 6.90 (s, 1H; CH), 6.75 (s, 1H; CH),
6.08 (d, J� 16.0 Hz, 1H; CH�CHCO), 4.15 (q, J� 7.0 Hz, 2H; CH2), 3.95
(s, 3H; NCH3), 3.94 (s, 3H; NCH3), 3.85 (s, 3H; NCH3), 3.84 (s, 3H; NCH3),
3.80 (s, 3H; NCH3), 3.69 (s, 3H; NCH3), 3.21 (m, 2H; CH2), 2.36 (m, 2H;
CH2), 2.02 (s, 3H; COCH3), 1.79 (m, 2H; CH2), 1.24 (t, J� 7.0 Hz, 3H;
CH3); ESMS: m/z calcd for C44H52N15O9 [M��H]: 934.4; found: 934.4.


AcImPyPy�ImPyPyCO2H (10a): DBU (0.2 mL, 1.34 mmol) was added to
a suspension of compound 9a (154.5 mg, 0.181 mmol) in H2O (0.6 mL). The
solution was stirred for 2 h and the was acidified with HCl (aq) to pH 2 at
0 �C. The precipitate was collected by filtration, washed with water, and
dried to produce 10a (131.5 mg, 86% yield) as a brown powder. 1H NMR
(500 MHz, [D6]DMSO): �� 10.25 (s, 1H; NH), 10.23 (s, 1H; NH), 9.97 (s,
1H; NH), 9.95 (s, 1H; NH), 9.90 (s, 1H; NH), 9.89 (s, 1H; NH), 8.02 (br t,
1H; NH), 7.45 (s, 1H; CH), 7.41 (s, 2H; CH), 7.26 (s, 2H; CH), 7.17 (s, 1H;
CH), 7.12 (s, 2H; CH), 6.89 (s, 1H; CH), 6.84 (s, 1H; CH), 3.94 (s, 6H;
NCH3), 3.84 (s, 3H; NCH3), 3.83 (s, 3H; NCH3), 3.81 (s, 3H; NCH3), 3.79 (s,
3H; NCH3), 3.18 (m, 2H; CH2), 2.35 (m, 2H; CH2), 2.01 (s, 3H; COCH3),
1.78 (m, 2H; CH2); ESMS: m/z calcd for C40H46N15O9 [M��H]: 880.4;
found: 880.4.


AcImPyPy�ImPyLCO2H (10b): DBU (0.6 mL, 4.01 mmol) was added to a
suspension of compound 9b (143 mg, 0.176 mmol) in H2O (0.6 mL). The
solution was stirred for 6 h and concentrated to a residue, which was
subjected to trituration with Et2O and AcOEt. After column chromatog-
raphy (silica gel, 0 ± 20%MeOH in CHCl3, gradient elution), the crude was
acidified with 1% AcOH. The precipitate was collected by filtration,
washed with water, and dried to produce 10b (70 mg, 51% yield) as a
brown powder. 1H NMR (500 MHz, [D6]DMSO): �� 10.27 (s, 1H; NH),
10.23 (s, 1H; NH), 9.95 (s, 1H; NH), 9.89 (s, 2H; NH), 8.02 (br t, 1H; NH),
7.46 (d, J� 16.0 Hz, 1H; CH�CHCO), 7.45 (s, 1H; CH), 7.42 (s, 1H; CH),
7.41 (s, 1H; CH), 7.27 (d, J� 2.0 Hz, 1H; CH), 7.17 (s, 1H; CH), 7.13 (d, J�
2.0 Hz, 1H; CH), 6.89 (d, J� 2.0 Hz, 1H; CH), 6.80 (d, J� 2.0 Hz, 1H;
CH), 6.03 (d, J� 16.0 Hz, 1H; CH�CHCO), 3.95 (s, 3H; NCH3), 3.94 (s,
3H; NCH3), 3.85 (s, 3H; NCH3), 3.80 (s, 3H; NCH3), 3.68 (s, 3H; NCH3),
3.21 (m, 2H; CH2), 2.36 (m, 2H; CH2), 2.03 (s, 3H; COCH3), 1.79 (m, 2H;
CH2); ESMS: m/z calcd for C36H42N13O8 [M��H]: 784.3; found: 784.3.


AcImPyPy�ImPyPyLCO2H (10c): A synthetic procedure similar to that
described for compound 10b was followed in the preparation of 10c, with a
yield of 50%. 1H NMR (500 MHz, [D6]DMSO): �� 10.24 (s, 1H; NH),
10.21 (s, 1H; NH), 9.95 (s, 1H; NH), 9.93 (s, 1H; NH), 9.91 (s, 1H; NH),
9.88 (s, 1H; NH), 8.01 (br t, 1H; NH), 7.45 (d, J� 16.0 Hz, 1H;
CH�CHCO), 7.44 (s, 1H; CH), 7.41 (s, 1H; CH), 7.37 (s, 1H; CH), 7.26
(s, 2H; CH), 7.16 (s, 1H; CH), 7.12 (s, 1H; CH), 7.11 (s, 1H; CH), 6.88 (s,
1H; CH), 6.70 (s, 1H; CH), 5.99 (d, J� 16.0 Hz, 1H; CH�CHCO), 3.94 (s,
6H; NCH3), 3.84 (s, 6H; NCH3), 3.79 (s, 3H; NCH3), 3.66 (s, 3H; NCH3),
3.20 (m, 2H; CH2), 2.35 (m, 2H; CH2), 2.01 (s, 3H; COCH3), 1.78 (m, 2H;
CH2); ESMS: m/z calcd for C42H48N15O9 [M��H]: 906.4; found: 906.3.


AcImPyPy�ImPyPyCOIm (11a): 1,1�-Carbonyldiimidazole (3.5 mg,
22.0 �mol) was added to a solution of compound 10a (10 mg, 11.3 �mol)
in DMF (0.2 mL) was added. The mixture was stirred for 5 h at room
temperature. Evaporation of the solvent gave a yellow residue, which was
triturated with ethyl ether (5 mL� 3) to produce 11a (10 mg, 95%) as a
yellow powder. 1H NMR (500 MHz, [D6]DMSO): �� 10.25 (s, 1H; NH),
10.23 (s, 1H; NH), 10.06 (s, 1H; NH), 10.03 (s, 1H; NH), 9.96 (s, 1H; NH),
9.90 (s, 1H; NH), 8.26 (s, 1H; CH), 8.01 (br t, 1H; NH), 7.77 (s, 1H; CH),
7.69 (s, 1H; CH), 7.45 (s, 1H; CH), 7.41 (s, 1H; CH), 7.26 (s, 2H; CH), 7.20
(s, 1H; CH), 7.17 (s, 1H; CH), 7.13 (s, 2H; CH), 6.95 (s, 1H; CH), 6.89 (s,
1H; CH), 3.94 (s, 6H; NCH3), 3.90 (s, 3H; NCH3), 3.85 (s, 3H; NCH3), 3.84
(s, 3H; NCH3), 3.79 (s, 3H; NCH3), 3.20 (m, 2H; CH2), 2.35 (m, 2H; CH2),


2.01 (s, 3H; COCH3), 1.78 (m, 2H; CH2); ESMS:m/z calcd for C43H48N17O8


[M��H]: 930.4; found: 930.3.


AcImPyPy�ImPyLCOIm (11b): A synthetic procedure similar to that used
to prepare compound 11a was followed in the preparation of 11b, with a
yield of 94%. 1H NMR (500 MHz, [D6]DMSO): �� 10.26 (s, 1H; NH),
10.23 (s, 1H; NH), 10.08 (s, 1H; NH), 9.95 (s, 1H; NH), 9.89 (s, 1H; NH),
8.68 (s, 1H; CH), 8.02 (br t, 1H; NH), 7.90 (s, 1H; CH), 7.87 (d, J� 15.0 Hz,
1H; CH�CHCO), 7.63 (s, 1H; CH), 7.49 (s, 1H; CH), 7.47 (s, 1H; CH), 7.42
(s, 1H; CH), 7.31 (s, 1H; CH), 7.27 (s, 1H; CH), 7.18 (s, 1H; CH), 7.14 (d,
J� 15.0 Hz, 1H; CH�CHCO), 7.13 (s, 1H; CH), 6.90 (s, 1H; CH), 3.96 (s,
3H; NCH3), 3.95 (s, 3H; NCH3), 3.86 (s, 3H; NCH3), 3.81 (s, 3H; NCH3),
3.78 (s, 3H; NCH3), 3.21 (m, 2H; CH2), 2.37 (m, 2H; CH2), 2.02 (s, 3H;
COCH3), 1.80 (m, 2H; CH2); ESMS: m/z calcd for C39H44N15O7 [M��H]:
834.4; found: 834.3.


AcImPyPy�ImPyPyLCOIm (11c): A synthetic procedure similar to that
used in the preparation of compound 11a was followed to prepare
compound 11c, with a yield of 94%. 1H NMR (500 MHz, [D6]DMSO): ��
10.24 (s, 1H; NH), 10.21 (s, 1H; NH), 10.04 (s, 1H; NH), 9.99 (s, 1H; NH),
9.94 (s, 1H; NH), 9.88 (s, 1H; NH), 8.66 (s, 1H; CH), 8.01 (br t, 1H; NH),
7.89 (s, 1H; CH), 7.87 (d, J� 15.0 Hz, 1H; CH�CHCO), 7.63 (s, 1H; CH),
7.47 (s, 1H; CH), 7.45 (s, 1H; CH), 7.41 (s, 1H; CH), 7.28 (s, 1H; CH), 7.25
(s, 1H; CH), 7.22 (s, 1H; CH), 7.16 (s, 1H; CH), 7.13 (d, J� 15.0 Hz, 1H;
CH�CHCO), 7.11 (s, 1H; CH), 7.09 (s, 1H; CH), 6.89 (s, 1H; CH), 3.95 (s,
3H; NCH3), 3.94 (s, 3H; NCH3), 3.86 (s, 3H; NCH3), 3.84 (s, 3H; NCH3),
3.79 (s, 3H; NCH3), 3.77 (s, 3H; NCH3), 3.20 (m, 2H; CH2), 2.35 (m, 2H;
CH2), 2.01 (s, 3H; COCH3), 1.79 (m, 2H; CH2); ESMS: m/z calcd for
C45H50N17O8 [M��H]: 956.4; found: 956.5.


AcImPyPy�ImPyPyCPI (12): Segment A of DU-86 (3.7 mg, 14.5 �mol) in
DMF (0.1 mL) was added to a solution of sodium hydride (3.0 mg, 75 �mol,
60% oil suspension) in DMF (0.1 mL). Compound 11a (10 mg, 10.7 �mol)
in DMF (0.1 mL) was added at 0 �C, and the reaction mixture was then
stirred for 1 h at 0 �C. The reaction mixture was quenched by the addition of
50m� sodium phosphate buffer (2 mL, pH 6.86) at 0 �C. Evaporation of the
solvent gave a yellow residue, which was subjected to column chromatog-
raphy (silica gel, 0 ± 5% MeOH in CHCl3, gradient elution) to produce
compound 12 (5.7 mg, 49% yield) as a yellow powder. After further
purification by HPLC with a Chemcobond 5-ODS-H column (0.1%
AcOH/CH3CN 0 ± 50% linear gradient, 35.1 min/40 min, 254 nm), 12 was
used in the DNA alkylation reaction. 1H NMR (500 MHz, [D6]DMSO):
�� 12.37 (br s, 1H; NH), 10.25 (s, 1H; NH), 10.22 (s, 1H; NH), 9.96 (s, 1H;
NH), 9.94 (s, 1H; NH), 9.93 (s, 1H; NH), 9.88 (s, 1H; NH), 8.01 (br t, 1H;
NH), 7.44 (s, 2H; CH), 7.41 (s, 1H; CH), 7.25 (s, 2H; CH), 7.16 (s, 1H; CH),
7.14 (s, 1H; CH), 7.12 (s, 1H; CH), 6.88 (s, 1H; CH), 6.70 (s, 1H; CH), 6.14
(s, 1H; CH), 4.22 (m, 1H; NCHH), 4.08 (m, 1H; NCHH), 3.94 (s, 6H;
NCH3), 3.84 (s, 6H; NCH3), 3.79 (s, 3H; NCH3), 3.73 (s, 3H; NCH3), 3.72 (s,
3H; OCH3), 3.42 (m, 1H; CH), 3.21 (m, 2H; CH2), 2.41 (s, 3H; CH3), 2.34
(m, 2H; CH2), 2.17 (m, 1H; CHH), 2.01 (s, 3H; COCH3), 1.78 (m, 2H;
CH2), 1.41 (m, 1H; CHH); ESMS: m/z calcd for C54H58N17O11 [M��H]:
1120.4; found: 1120.5.


AcImPyPy�ImPyLCPI (13): A synthetic procedure similar to that used to
prepare compound 12 was followed in the preparation of compound 13,
with a yield of 50%. After further purification by HPLC with a
Chemcobond 5-ODS-H column (0.1% AcOH/CH3CN 0± 50% linear
gradient, 32.9 min/40 min, 254 nm), 13 was used in the DNA alkylation
reaction. 1H NMR (500 MHz, [D6]DMSO): �� 12.18 (br s, 1H; NH), 10.26
(s, 1H; NH), 10.22 (s, 1H; NH), 10.19 (s, 1H; NH), 9.94 (s, 1H; NH), 9.89 (s,
1H; NH), 8.02 (br t, 1H; NH), 7.57 (d, J� 15.0 Hz, 1H; CH�CHCO), 7.46
(s, 1H; CH), 7.42 (s, 1H; CH), 7.34 (s, 1H; CH), 7.27 (s, 1H; CH), 7.18 (s,
1H; CH), 7.13 (s, 1H; CH), 6.98 (s, 1H; CH), 6.89 (s, 1H; CH), 6.58 (d, J�
15.0 Hz, 1H; CH�CHCO), 5.96 (s, 1H; CH), 4.28 (m, 1H; NCHH), 4.15
(m, 1H; NCHH), 3.95 (s, 6H; NCH3), 3.85 (s, 3H; NCH3), 3.80 (s, 3H;
NCH3), 3.73 (s, 3H; NCH3), 3.72 (s, 3H; OCH3), 3.54 (m, 1H; CH), 3.20 (m,
2H; CH2), 2.46 (s, 3H; CH3), 2.36 (m, 2H; CH2), 2.09 (m, 1H; CHH), 2.02
(s, 3H; COCH3), 1.79 (m, 2H; CH2), 1.29 (m, 1H; CHH); ESMS:m/z calcd
for C50H54N15O10 [M��H]: 1024.4; found: 1024.4.


AcImPyPy�ImPyPyLCPI (14): A synthetic procedure similar to that used
for the preparation of compound 12 was followed to prepare compound 14,
with a yield of 51%. After further purification by HPLC with a
Chemcobond 5-ODS-H column (0.1% AcOH/CH3CN 0± 50% linear
gradient, 36.8 min/40 min, 254 nm), 14 was used in the DNA alkylation
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reaction. 1H NMR (500 MHz, [D6]DMSO): �� 12.37 (br s, 1H; NH), 10.26
(s, 1H; NH), 10.22 (s, 1H; NH), 10.19 (s, 1H; NH), 9.97 (s, 1H; NH), 9.94 (s,
1H; NH), 9.89 (s, 1H; NH), 8.02 (br t, 1H; NH), 7.58 (d, J� 15.0 Hz, 1H;
CH�CHCO), 7.46 (s, 1H; CH), 7.42 (s, 1H; CH), 7.39 (s, 1H; CH), 7.28 (s,
1H; CH), 7.27 (s, 1H; CH), 7.17 (s, 1H; CH), 7.15 (s, 1H; CH), 7.13 (s, 1H;
CH), 6.90 (s, 2H; CH), 6.58 (d, J� 15.0 Hz, 1H; CH�CHCO), 6.00 (s, 1H;
CH), 4.29 (m, 1H; NCHH), 4.15 (m, 1H; NCHH), 3.96 (s, 3H; NCH3), 3.95
(s, 3H; NCH3), 3.86 (s, 3H; NCH3), 3.85 (s, 3H; NCH3), 3.80 (s, 3H; NCH3),
3.73 (s, 3H; NCH3), 3.72 (s, 3H; OCH3), 3.54 (m, 1H; CH), 3.19 (m, 2H;
CH2), 2.47 (s, 3H; CH3), 2.38 (m, 2H; CH2), 2.09 (m, 1H; CHH), 2.02 (s,
3H; COCH3), 1.80 (m, 2H; CH2), 1.29 (m, 1H; CHH); ESMS:m/z calcd for
C56H60N17O11 [M��H]: 1146.5; found: 1146.5.


Preparation of 5�-Texas-Red-modified 450-bp DNA fragments : The 5�-
Texas-Red-modified 450-bp DNA fragments pUC18 F780*-1229 and
pUC18 R1459*-1908 (these two DNA fragments are complementary)
were prepared by polymerase chain reaction (PCR) with 5�-Texas-Red-
modified 20-mer primers: 5�-AGAATCAGGGGATAACGCAG-3�
(pUC18 forward, 780 ± 799) and 5�-TTACCAGTGGCTGCTGCCAG-3�
(pUC18 reverse, 1459 ± 1478). Fragments were purified by filtration with
Suprec-02 and their concentrations were determined by UV absorption.
The asterisk indicates Texas Red modification and the nucleotide
numbering starts with the replication site.


High-resolution gel electrophoresis : The 5�-Texas-Red-labeled DNA frag-
ments (9n�) were alkylated by various concentrations of 1, 12, 13, and 14 in
sodium phosphate buffer (5m�, 10 �L, pH 7.0) containing 10% DMF at
23 �C. The reaction was quenched by the addition of calf thymus DNA
(1 m�, 1 �L) and heating for 5 min at 90 �C. The DNA was recovered by
vacuum centrifugation. The pellet was dissolved in loading dye (formamide
with fuschin red, 8 �L), heated at 94 �C for 20 min, and then immediately
cooled to 0 �C. A 2 �L aliquot was subjected to electrophoresis on a 6%
denaturing polyacrylamide gel using a Hitachi 5500-S DNA Sequencer.


Alkylation of oligonucleotides by conjugates 1, 12, 13, and 14, as monitored
by HPLC : A reaction mixture (50 �L) containing conjugates 1, 12, 13, or 14
(150 ��) and the duplex oligonucleotide (100�� duplex concentration) in
sodium cacodylate buffer (50 m�, pH 7.0) was incubated at 23 �C for the
indicated periods. The progress of the reaction was monitored by HPLC
with a Chemcobond 5-ODS-H column (4.6� 150 mm). Elution was
performed with ammonium formate (50m�) and a 0 ± 50% acetonitrile
linear gradient (0 ± 40 min) at a flow rate of 1.0 mLmin�1. Products were
detected at 254 nm.


Characterization of ODN± conjugate 1, 12, 13, and 14 alkylation com-
plexes : The ODN1 alkylation products shown in Figure 4 were collected by
HPLC (elution with 50m� ammonium formate and a 0 ± 50% acetonitrile
linear gradient (0 ± 40 min) at a flow rate of 1.0 mLmin�1). The collected
fractions were evaporated, then heated at 90 �C for 10 min and heated in
the presence of 0.1� NaOH at 90 �C for 10 min. After neutralization, the
solution was analyzed by HPLC (elution with 50m� ammonium formate
and a 0 ± 15% acetonitrile linear gradient (0 ± 20 min) at a flow rate of
1.0 mLmin�1). The composition of the cleaved oligonucleotides was
confirmed by enzymatic digestion. Oligonucleotides were digested with
nuclease P1 (10 unitsmL�1)/AP (5 unitsmL�1) in Na cacodylate buffer
(5m�, pH 7.0) at 37 �C for 2 h, and analyzed by HPLC (elution with 50m�
ammonium formate and a 0 ± 15% acetonitrile linear gradient (0 ± 20 min)
at a flow rate of 1.0 mLmin�1).
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Solid-Phase Development of Chiral Phosphoramidite Ligands for
Enantioselective Conjugate Addition Reactions


Oliver Huttenloch, Eltepu Laxman, and Herbert Waldmann*[a]


Abstract: The development of a meth-
od for the optimization of chiral ligands
for the steric steering of enantioselective
Cu-catalyzed conjugate additions of Zn-
alkyls to enones is described. The meth-
od is based on combinatorial principles
and solid-phase techniques. It includes
the combinatorial synthesis of chiral
bispidine-derived ligands embodying a
phosphoramidite group on the solid
phase and their investigation in immo-
bilized form in the conjugate addition of


ZnEt2 to cyclohexenone as test reaction.
The best identified ligands were also
synthesized separately and investigated
in its soluble form. The results obtained
for the polymer-bound ligands correctly
mirrored the performance of the soluble


ligands. The library embodied members
giving ee values varying between 3 and
67%. The ™positional scanning∫ ap-
proach proved to be invalid for the
study of the ligand system, indicating
that this approach in general should be
applied with care. Taken together, the
method allowed for rapid and efficient
optimization of the ligands and led to
the development of the first enantiose-
lective, Cu-catalyzed conjugate addition
reaction with a polymer-bound ligand.


Keywords: asymmetric catalysis ¥
combinatorial chemistry ¥ conjugate
addition ¥ enantioselectivity ¥
solid-phase synthesis


Introduction


The development of enantioselective catalyzed transforma-
tions is among the most important areas of organic synthesis,
and within this field the use of chiral ligands for metal atoms
to direct the steric course of chemical transformations has
proven to be a key methodology. The introduction of new
approaches to accelerate identification and optimization of
such ligands has received particular attention. Very recently,
the application of combinatorial principles to address this
challenge has opened up entirely new opportunities to the
field. In particular, the synthesis of ligand libraries on solid
supports and their application as heterogeneous catalysts in
screening systems has emerged as a powerful technique for
the rapid development of finally soluble ligands for enantio-
selective catalysis.[1±9]


A key demand to be met by this strategy is that the results
obtained with the immobilized ligands should correctly dis-
play the same trends in stereoselection as the corresponding
soluble catalyst systems; ideally they should be (nearly)
identical.[2±8] This demand was partly met in the development
of peptide-derived salicylaldimine ligands for different trans-


formations by Hoveyda et al.[2] and Jacobsen et al.[3] For solid
phase bound salen ligands such a correlation could not be
determined.[6] While the use of immobilized bis-oxazoline
ligands in Mukaiyama aldol reactions gave results very similar
to the homogeneously catalyzed cycloadditions,[5] in the study
of polymer-bound sulfonamides in combination with dieth-
ylzinc, for this purpose the desired correlation was not given.[7]


The conjugate addition of organometallic reagents to �,�-
unsaturated carbonyl compounds is one of the most important
transformations of organic synthesis. For the enantioselective
steering of this reaction various methods have been devel-
oped,[10] and the Cu-catalyzed addition of dialkylzinc reagents
to �,�-unsaturated enones and related compounds in the
presence of chiral phosphoramidite ligands[10±12] pioneered by
Alexakis et al.[11] and further developed in particular by
Feringa et al.[12] but also by other groups[10] has emerged as a
particularly efficient process. The application of combinato-
rial principles to the development of chiral ligands for Cu-
catalyzed enantioselective conjugate addition processes has
been pursued only in a single case.[13] Gennari et al. employed
solid phase extraction techniques for the generation of soluble
sulfonamide ligands. However, the approach described above,
which has proven so successful for other types of trans-
formations, that is the synthesis of a library of ligands on solid
phase and its use in appropriate screening systems to
ultimately develop soluble chiral ligands, has not been applied
to enantioselectively catalyzed conjugate addition reactions.


Here we describe in full detail[14] the combinatorial syn-
thesis of a library of polymer-bound bispidine-derived phos-
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phoramidite ligands and its evaluation in the Cu-catalyzed
enantioselective addition of dialkylzinc reagents to enones.
We demonstrate that the results and trends gleaned from
assaying the polymer-bound ligands provide a sound and
reliable basis for the development of corresponding homoge-
neously soluble ligands.


Results and Discussion


We have recently shown that phosphoramidites, such as 1,
embodying a binaphthol unit and a bispidine-derived modu-
lating substituent, can successfully be employed for the steric
steering of Cu-catalyzed enantioselective conjugate addition
reactions.[15] In order to find more efficient catalysts embody-
ing the same underlying structural motifs it was decided to
synthesize a library of ligands 2 (Scheme 1) on a polymeric
support.
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Scheme 1. Solid-phase optimisation strategy for bispidine phosphorami-
dites 1 and 2.


The strategy envisioned to attach the ligands at the
9-position to the solid support. On the one hand, in the
course of the bispidine synthesis the 9-keto intermediate is
formed[16±18] which opens up various alternatives for attach-
ment of a linker group. On the other hand the 9-position is on
the face of the molecule opposite to the catalytically active
metal atom after complexation. It should, therefore, not or
only to a minor extent influence the course of stereoselective
transformations. After unsuccessful attempts to link the
bispidine system as an ester to the solid support,[19] coupling
by a Wittig olefination turned out to be the method of choice
(see below).


It was planned to vary the substitution pattern of the
binaphthyl-phosphoramidite attached to one nitrogen of the
underlying bicycled bispidine system and to vary the nature of
the second heteroatom (O, N, S) as well as the substituent
bound to it, if nitrogen was chosen (Scheme 1).


For the planning of the asymmetric reactions, the polymeric
carrier should be regarded as part of the solvent system and it
should have properties similar to the solvent employed.[20]


Since toluene is the regular solvent used with dialkylzinc


reagents an unpolar hydroxymethyl polystyrene matrix was
chosen to which the bispidine was attached by esterification.


To determine, if the results to be expected from investigat-
ing such immobilized ligands would be comparable to the
values recorded for soluble ligand 1 phosphoramidites 11 and
12 were synthesized as shown in Schemes 2 and 3. Compound
1 has been investigated thoroughly in the conjugate addition
of diethylzinc to cyclohexenone and gave the addition product
with an ee value of 43%.[15, 21]


The hydrogenation-sensitive benzyl group present in oxa-
bispidinone 5 is incompatible with the usual requirements of
solid-phase synthesis and was replaced by an acid-labile Boc
urethane.


N-Dealkylation was achieved by treatment with 1-chloro-
ethylchloroformate and subsequent heating in methanol.[23]


The resulting amine was acylated with di-tert-butylcarbonate
to give intermediate 6 (Scheme 2). The subsequent Wittig
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Scheme 2. Synthesis of the model systems 8 and 9 : i) ClCOOCH(Cl)CH3,
CH2Cl2, �, 2 h; ii) MeOH, �, 2 h; iii) Boc2O, KOH, H2O, dioxane, RT, 12 h,
87%; iv) BrPh3P(CH2)4COOH, KOtBu, THF, 0 �C �RT, 2.5 h, 54%;
v) EEDQ, MeOH, RT, 12 h, 82%; vi) DIC, DMAP, CH2Cl2, 12 h, RT,
71%, then Ac2O, pyridine.


reaction proceeded only with moderate yield which may be
due to the low reactivity of the 9-keto group in bispidinones[14]


observed by us in related cases as well.
Carboxylic acid 7 obtained thereby, was then either


converted to methyl ester 8 employing EEDQ as activating
reagent, or it was linked to hydroxymethyl polystyrene under
Steglich conditions to give polymer 9 with a loading of
0.52 mmolg�1. Unreacted hydroxy groups were capped by
acylation with acetic anhydride. After removal of the Boc
group from 8 and 9, coupling with (R)-[binaphthyl-2,2�-
diyl]chlorophosphite CIP(BINOL) (10a)[24] yielded phos-
phoramidites 11 and 12 (Scheme 3). Compound 11 was
obtained as mixture of isomers which could not be separated
and was employed as stereodirecting ligand in the conjugate
addition of ZnEt2 to cyclohexenone 13 as such. In this
transformation chiral ketone 14 was obtained with 46% ee at
complete conversion (Scheme 4), that is with slightly higher
stereoselectivity than with parent oxabispidine 1. Thus
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Scheme 3. Synthesis of phosphoramidites 11 and 12 : i) TFA, CH2Cl2, 0.5 h,
RT, quant.; ii) Et3N CH2Cl2 (only for 9); iii) 10a, Et3N, toluene, 12 h, RT.
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Scheme 4. Conjugate addition of diethylzinc to cyclohexen-2-one with
ligand 11: i) Et2Zn, Cu(OTf)2 (3 mol%), 11 (3.3 mol%), toluene, CH2Cl2,
�30 �C, 2 h, complete conversion.


,introduction of an alkenyl group into the 9-position of the
bicyclic system does not influence the stereoselectivity and
the catalytic activity significantly.


While 11 was synthesized according to the procedure
already established for 1,[15] in the synthesis of the polymer-
bound ligand chlorophosphite 10a was used in excess.
Loading of the resin was determined by gravimetry. Successful
formation of the phosphoramidite is a prerequisite for
catalytic activity and stereoselectivity. Thus, in the presence
of hydroxymethyl polystyrene pretreated with Ac2O or of a
polystyrene resin to which a fully protected bispidine pre-
cursor had been attached, and which subsequently was treated
with chlorophosphite 10a, only very low conversion and no
enantioselectivity was recorded. Finally, formation of the
phosphoramidite was ascertained by treatment of the func-
tionalized resin with TFA in methanol which resulted in
release of 2,2�-dihydroxy-[1,1�]binaphthol (see the Experi-
mental Section).


Alternatively, the desired polymer-bound phosphoramidite
was formed by treatment of the immobilized N-deprotected
oxabispidine with PCl3 and subsequent reaction of the
intermediary formed dichlorophosphine derivative with diol
15 (Scheme 5).


Boc
NO


O


O


O
O
P


NO


O


O


HO


HO9
12


15


i,ii,iii,iv


Scheme 5. Alternative synthesis of phosphoramidite 12 : i) TFA, CH2Cl2,
30 min; ii) Et3N, CH2Cl2, 15 min; iii) PCl3, Et3N, THF, 1 h; iv) 15, Et3N,
THF, 12 h.


The polymeric ligand systems synthesized by these different
methods were then subjected to the enantioselective trans-
formations described above. In the course of this investigation
the loading of the resin was varied as well. Initial experiments
employing toluene/CH2Cl2 mixtures (6:1) as solvent were only
poorly reproducible. This finally was traced back to the fact
that in this system both the immobilized ligand and Cu(OTf)2
are insoluble leading to unreproducible catalyst formation.
After substantial experimentation this problem was overcome
by addtion of 3 vol%DMF to the solvent CH2Cl2 to solubilize
Cu(OTf)2 before exposure to the immobilized bispidine
ligand. Treatment of the resin with such a solution (i.e. , with
an excess of Cu(OTf)2) resulted in complete and reproducible
loading of the polymer with the Cu salt, excess reagent was
easily washed off. DMF is only a weak ligand for CuII and is
readily replaced by stronger ligands like phosphoramidites.


Investigation of the different polymer catalysts prepared
according to the methods detailed above, gave the results
shown in Scheme 6 and Table 1. Gratifyingly, immobilization
of the ligand and performing the reaction at 0 �C instead of
�30 �C (to ensure sufficient swelling of the polymer) resulted
in only a minor drop of the enantioselectivity to 39%. The
method of preparation does not influence the performance of
the catalyst. However, if the catalyst loading becomes too low,
both yield and enantioselectivity decrease (compare entry 2
with entries 1, 3 and 4). Therefore, all further experiments
were carried out employing resins with a loading of
0.52 mmolg�1.


Table 1. Comparison of different solid phase oxa-bispidine ligands 12/16.


Entry[a] Loading/yield[b] Mode of synthesis[c] ee (conversion)[d]


1 0.52 mmolg�1/71% CIP(BINOL) 10a 39% (complete)
2 0.40 mmolg�1/27% CIP(BINOL) 10a 37% (complete)
3 1.11 mmolg�1/76% CIP(BINOL) 10a 40% (86%)
4 0.52 mmolg�1/71% PCl3, BINOL-OH 15 40% (complete)


[a] Addition of diethylzinc to cylohexen-2-one according to Scheme 7.
[b] Loading/yield of two different resins with a maximum loading of
0.87 mmolg�1 and 1.46 mmolg�1, respectively. [c] Either with the chloro-
phosphite reagent or with PCl3 and 2,2�-dihydroxy-[1,1�]-binaphthyl, see
text. [d] Determined by gas chromatographic analysis using a capillary
column (LipodexE, Macherey&Nagel), in all cases the (R) enantiomer was
formed predominantly.
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Scheme 6. Modified reaction conditions for the conjugate addition with
ligand 12/16 : i) Et2Zn, 16 toluene, CH2Cl2, 0 �C, complete conversion 37 ±
40% ee ; ii) 5 equiv Cu(OTf)2, CH2Cl2/3% DMF; iii) washing.
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Synthesis of the library : For the synthesis of a bispidinone-
phosphoramidite library a precursor for attachment to the
solid support was required which carries two orthogonal
protecting groups at the nitrogen atoms. This building block
was generated by double Mannich reaction from 17 yielding
bispidinone 18, subsequent olefination of the ketone to give
olefin 19 and exchange of the N-benzyl group for an Fmoc
urethane (20) (Scheme 7). During hydrogenolytic removal of
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Scheme 7. Synthesis of bispidine 20 and coupling to the solid phase:
i) PhCH2NH2, (HCHO)n, AcOH, MeOH, 65 �C, 4 h, 81%;
ii) BrPh3P(CH2)4COOH, KOtBu, THF, 0 �C � RT, 2.5 h, 68%; iii) H2,
Pd/C, EtOH, 12 h, RT, quant.; iv) FmocCl,NaHCO3, THF, H2O, 12 h, RT,
69%; v) DIC, DMAP, CH2Cl2, 12 h, RT, 94% (0.61 mmolg�1).


the benzylamine the 9-syn and 9-anti diastereomers are
formed in a 1:1 ratio. Neither at this stage nor after Fmoc
protection could their separation be achieved. Since the
9-substituent does not or only to a minor extent influence the
stereoselection (see above) it appeared justified to employ the
diastereomeric mixture for the library synthesis and evalua-
tion.


Fmoc/Boc-protected bispidine carboxylic acid 20 was
coupled to the solid support in high yield. Resin loading was
determined gravimetrically and by means of UV-spectromet-
ric quantification of the piperidine/fulvene adduct formed in
the course of Fmoc removal.


Library synthesis on the solid support required that reliable
methods for functionalization of the second nitrogen in the
bispidine are available. These were established in solution for
model compound 23which was obtained from intermediate 19
after esterification and N-debenzylation (Scheme 8). Thus,
methods for acylation, peralkylation, reductive amination,
sulfonation and phosphorylation were established, including
the choice of the right solvent system which should be
homogeneous and allow for good swelling of the resin (see the
Experimental Section for details). These were used for the
analogous reactions on the solid phase.


After the methodical prerequisites had been established,
the synthesis of the desired library was carried out. For this
purpose, three different underlying structural frameworks
were chosen, namely bispidine system A1 embodying a
phosphoramidite and a second nitrogen substituent to mod-
ulate the catalyst properties, hetero-bispidines A2 ±A4 in
which the modulating substituted nitrogen was replaced by an
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Scheme 8. Model reactions with bispidine system 23 : i) EEDQ, MeOH,
12 h, RT, 75%; ii) H2, Pd/C, EtOH, 12 h, RT, 90%; iii) various reactions
and conditions.


oxygen, a sulfur or a carbon atom and piperidine system A5
(Figure 1). Compounds A2 ±A4 were only derivatized as
phosphoramidites. As substituents of the modulating second
nitrogen atom present inA1 initially structural units B1 ±B28
were chosen (Figure 2). These include aliphatic acyl groups
(B1 ±B4), the Boc urethane (B5), urea and thiourea groups
(B6, B7), aromatic acyl groups (B8 ±B14), aromatic substi-
tuted (B15, B16) and simple aliphatic (B17, B18) substituents,
the permethylated amine (B19), sulfonamides (B20 ±B24)
and phosphorus (B25 ±B28) substituents.


Figure 1. (Hetero-)bispidines A1 ±A4 and piperidine A5 as ligand back-
bones.
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Figure 2. Building blocks for the ligand library: nitrogen substituents B1 ±
B28.
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The phosphoramidite structure was varied by introduction
of different ortho-substituents into the binaphthyl groups
(C1 ±C4, Figure 3) which were introduced by means of the
corresponding chlorophosphites (10a ±d).


R


R


O


O
P C1 C2 C3 C4


R = H R = Me R = Br R = Ph


Figure 3. Building blocks for the ligand library: BINOL-phosphite groups
C1 ±C4.


Library synthesis employing bispidine core A1 was carried
out by means of two successive deprotection/N-functionaliza-
tion steps (Scheme 9). Thus, after removal of the Fmoc group
from 21, the nitrogen atom was derivatized by means of the
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Scheme 9. Synthesis of solid phase ligands 23 and 25 : i) Piperidine;
ii) modification at the N atom; iii) TFA, CH2Cl2, NEt3; iv) ClP(R2BINOL)
Et3N, toluene; v) TFA, CH2Cl2; vi) CH2Cl2, NEt3; vii) ClP(R2BINOL)
Et3N, toluene.


transformations described above to yield intermediates 22.
The Boc group was removed under acidic conditions, the
secondary amine was liberated by treatment with NEt3 and
then the acid-labile phosphoramidites 23 were formed in the
last step. For frameworks A2 ±A4 embedded in 24 and by
analogy for piperidine derivative A5 the same Boc-depro-
tection/phosphitylation sequence was followed to give poly-
mer-bound ligands 25 (Scheme 9).


Screening of the ligand library : The ligand library was
synthesized and screened for enantioselective catalytic activ-
ity in two rounds of investigation. In the first round only


frameworksA1 were employed together with the underivated
basic binaphthol phosphoramidite in order to find the best
modulating nitrogen substituents. In the second step, the
structure of the most promising candidates from step one was
varied by introduction of differently substituted binaphthol
units. This round also included hetero-substituted bispidine
cores A2 ±A4 and piperidine derivative A5.


After completion of the synthesis the ligands were con-
verted to the corresponding polymer-bound copper com-
plexes as described above and investigated in the Cu-
catalyzed conjugate addition of ZnEt2 to cyclohexenone at
0 �C. After the transformations had reached �95% conver-
sion (2 h) the reactions were quenched with 2� HCl and the
enantiomeric ratio was determined without further separation
procedures by means of gas chromatography, employing a
chiral stationary phase.


The results of the first round of investigation are displayed
in Figure 5, see below. It is clearly visible that the nature of the
second nitrogen has a profound influence on the efficiency of
the stereoselection.


Thus, in the presence of sterically demanding acyl-sub-
stituents such as the isobutyryl (B2, 39% ee) and, in
particular, the pivaloyl group (B3, 44% ee) asymmetric
induction is high. An acetamide (B1, 11% ee), a Boc group
(B5, 29% ee), the urea and thiourea groups (B6, B7) (35 and
27%) are less advantageous. Among the aromatic amides,
weakly complexing functional groups such as the thiophene
group (B13, 38% ee) were much better than nitrogen
heterocycles or the unfunctionalized benzamide B8 (23%
ee). Pyridine heterocycles give particularly low ee values
probably due to their ability to from CuII complexes. A similar
trend is visible for B15 (35% ee) and B16 (21% ee)
incorporating an N-benzyl-and a 3-pyridylmethyl group,
respectively. In the presence of aliphatic amines (B17, B18)
the enantioselectivity is low. Permethylation (B19, 29% ee)
and generation of an aminophosphine were also less advanta-
geous. Remarkably, toluene sulfonamide B20 (56% ee) and
benzene sulfonamide (B21, 51% ee) gave the highest ee value
as determined in the first screening round; other sulfonamides
(B22 ±B24, 19 ± 33% ee) were less advantageous. The diphen-
yl phosphoric amide B26 (50% ee) gave the highest ee value
of the phosphorous substituents (B25 ±B28, 37 ± 41% ee) in
the first screening round.


In order to determine, if the introduction of stereogenic
centres into the N-substituent would give rise to higher
stereoselectivity, the bispidine core (A1) carrying the basic
binaphthol substituent (C1) was combined with N-acetylated
(D1) or N-sulfonylated (D2 ±D4) amino acids (AA1 ±AA7)
or dipeptides (AA1/2 ±AA3) (Figure 4). The synthesis of the
polymer-bound ligands followed the route described above.
However, evaluation of these ligands in the conjugate
addition to cyclohexenone showed that the chiral N-substitu-
ents did not exert a positive effect (Figure 6). Thus, in the
presence of an acetylated or sulfonylated amino acid, the ee
value in most cases remained below the 30% line. For
dipeptide substituents even the 20% value was reached in
only one case.


Based on these results ligands B3, B13, B20 and B26
embodying the most promising N-substituents were subjected
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to a second round of investigation in which the structure of the
binaphthol system was varied (C1 ±C4). This second round
also included the bispidine analogues A2 ±A5. The results of
the corresponding enantioselective conjugate addition reac-
tions are shown in Figure 7.


Several trends are apparent from these reactions. First, for
the pivaloyl amide (A1-B3-C1/C2) raising the steric demand
of the binaphthyl substituent from H to CH3 led to significant
improvement of the enantioselectivity from 44 to 67% ee.
This is the highest value recorded in this study. However, the
selectivity was lower in the presence of a bromo- or phenyl
substituent.


A similar oberservation is made for the thiophenoylamide,
for which the ee raises from 38% (A1-B13-C1) to 54% (A1-
B13-C2) if a methyl group is
introduced, but in the presence
of a bromine or a phenyl group
it is lower again (A1-B13-C3/4).
Interestingly, this trend is re-
versed for compounds embody-
ing a toluene sulfonamide (A1-
B20-C1/2) and a diphenyl-phos-
phorylamide (A1-B26-C1/2). In
both cases the ee value was
lower, if a sterically more de-
manding methyl substituent was
introduced into the binaphthol
residue.


In the presence of hetero-
substituted bispidine analogues
A2 ±A4, and if piperidine build-
ing block A5 was introduced,
the enantioselectivity did not
reach the highest values deter-
mined for the most efficient
combination in the bispidine
system A1. Strikingly, this sub-


stituted analogueA3 was the least advantageous ligand. In its
presence the polymer turned green, indicating strong com-
plexation of the copper. This is in accordance with the finding
of the pyridine-containing ligand discussed above.


The results shown in Figures 5 ± 7 show that the two
substituents attached to the underlying bispidine core display
cooperative effects. But these effects are not necessarily
additive in each combination within the bispidine system
studied here. A positive influence of a substituent determined
through varying ligand structure at one position while keeping
the other unchanged does not necessarily remain when the
second group is varied.


Therefore, the most advantageous modulating N-substitu-
ent identified in the first screening round, that is the 4-tosyl
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Figure 5. ee Values determined with ligand combinationsA1-B(1 ± 28)-C1.


Figure 6. ee Values determined with amino acid ligands incorporating substituted amino acids or dipeptides.
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group B20 did not emerge as the substituent of choice after
the second round. Rather, the pivaloyl amide B3 which
reached only rank four in the first round turned out to be most
advantageous after appropriate combination with the right
binaphthyl unit. Thus, if we had followed the frequently used
strategy of ™positional scanning∫[2, 25] optimizing each sub-
stituent independently and subsequently carrying only the
best candidate through (instead of several ones as done here),
the most efficient ligand A1-B3-C2 would not have been
identified. This finding is of general relevance to combinato-
rial ligand and catalyst development. It shows that the concept
of ™positional scanning∫ may not be general and should be
applied with care.


Solution-phase validation of the screening results : In order to
validate the screening of the solid phase bound ligands and to
prove the concept of ligand optimization on the solid support,
four soluble ligands were synthesized and the results obtained
in homogeneous solution were compared with the values
determined for the transformations in the presence of the
same ligands immobilized on the solid support. To this end,N-
tosyl-N�-binaphthyl ligand 31 as well as N-pivaloyl- and N-
tosyl-N�-ortho-methylbinaphthyl ligands 32 and 33, and oxa-
N-ortho-methylbinaphthyl bispidine 34 were synthesized as
shown in Schemes 10 and 11.


Boc-/benzyl-protected bispidinone 18 was deoxygenated to
give bispidine 26 by conversion into the tosylhydrazone and
subsequent treatment with NaCNBH3.[25] After hydrogeno-
lytic removal of the N-benzyl protecting group monoprotect-
ed bispidine 26 was obtained, which was converted without
isolation and in high yield into pivalic acid amide 28 and
toluene-sulfonamide 29 (Scheme 10). By analogy Boc-
masked oxa-bispidine 30 was synthesized from ketone 6.
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Scheme 10. Synthesis of Boc-protected (hetero-)bispidines 28, 29 and 30 :
i) H2, Pd/C, EtOH, 12 h, RT; ii) TosNHNH2, TosOH, NaCNBH3, DMF,
2 h, 100 �C, 43%; iii) Piv2O, DMAP, pyridine, 12 h, RT, 71%; iv) TosCl,
DMAP, pyridine 12 h, RT, 72% (two steps); v) TosNHNH2, TosOH,
NaCNBH3, DMF, 2 h, 100 �C, 48%.


The Boc group was removed from 28 ± 30 by treatment with
TFA and the liberated amines were then converted into the
desired phosphoramidites employing the method for phos-
phoramidite formation with chlorophosphite 10a and product
isolation developed earlier.[15] However, this procedure was
only practical for ligand 31 which embodies an underivatized
binaphthyl substituent.


If chlorophosphite 10b carrying ortho-methyl-substituted
binaphthol was used in 1.5-fold excess, only traces of the
desired products were isolated. Obviously, the steric demand
of the methyl groups prevent efficient product formation.[27]


Utilization of a large excess of chlorophosphite as in the
generation of the polymer-bound ligand resulted in contam-
ination of the products with the binaphthol after chromato-
graphic separation employing Florisil as the stationary phase.


The synthesis of 30 ± 32 could be achieved by treatment of
the amines obtained from 28 ± 30 with PCl3 first and
subsequent coupling of the resulting dichlorophosphoric acid
amides with ortho-methyl-substituted binaphthol 35 accord-


Figure 7. ee Values determined with ligand combinations Ax-Bx-C(1 ± 4).
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Scheme 11. Synthesis of phosphoramidites 31 ± 34 : i) TFA, CH2Cl2,
30 min, RT; ii) ClP(BINOL), 10a, Et3N, toluene, 12 h, RT, 51%; iii) TFA,
CH2Cl2, 30 min, RT; iv) PCl3, Et3N, THF, 1 h, 0 �C, then 35, Et3N, THF,
12 h, RT.
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ing to the alternative procedure for phosphoramidite forma-
tion described above (see Scheme 5). Although yields were
low, phosphoramidites 32 ± 34 were available in sufficient
amounts for further investigation as stereodirecting ligands.


The results obtained in the Cu-catalyzed conjugate addition
of ZnEt2 to cyclohexenone are given in Table 2 and compared
with the results observed for the immobilized ligands. In all
cases, the results for the homogeneously catalyzed reactions
very similar to the heterogeneous transformations and also
the trends gleaned from the ligand screening are correctly
mirrored.


Thus, for the oxa-bispidine system (entries 1 and 2) the ee is
slightly higher in both cases if the ortho-methyl substituted
binaphthol is present, and the ee values are very similar.


The pivalic acid amide was also the best ligand in the
homogeneously catalyzed transformations, with a slightly
lower ee value (entry 4).


Also, the observation that an ortho-methyl group in the
binaphthol substituent leads to a reduction of the enantiose-
lectivity is recorded in the homogeneous case, and once more
the ee values are fairly similar (entries 5 and 6).


Conclusion


We have successfully established a method for the combina-
torial development of chiral ligands for Cu-catalyzed enan-
tioselective conjugate addition reactions to enones. An
important feature of this method is that ligand optimization
on the solid phase correctly mirrors the results obtained with
the analogous ligands in homogeneous solution. In addition,
ligand generation on the solid support in this case was much
more advantageous than the synthesis and isolation of the
soluble ligands. Thus, in the case described here the use of the
immobilized ligands appears to be more advantageous. This is
the first case of a development and successful use of chiral


polymer-bound ligands for enantioselective Cu-catalyzed
conjugate addition reactions.


Our study provides a convincing example for the validity of
the concept that ligand optimization for asymmetric catalysis
by means of combinatorial and solid-phase chemistry is
feasible and efficient. By means of the developed method-
ology a library of 78 ligands was readily synthesized and
screened for performance.


In the screening reported herein, ee values ranging from
3% to 67% were determined; the best ligand showed much
better enantioselectivity than the oxa-bispidine phosphor-
amidite which served as guiding structure for library develop-
ment.


These results open up and indicate the application of our
approach to much broader ligand development both for
conjugate addition reactions and the use of phosphoramidite
ligands in other enantioselective transformations.


Experimental Section


General remarks : Melting points were determined in open capillaries using
a B¸chi 540 apparatus and are uncorrected. 1H and 13C NMR spectra were
recorded on a Bruker AC250, AM400, DRX500, or Varian Mercury400
spectrometer at room temperature. IR spectra were recorded on a Bruker
IFS88 spectrometer. Mass spectra, high-resolution mass spectra (HRMS)
and fast-atom-bombardement mass spectra (FAB) were measured on a
Finnigan MAT MS70 spectrometer. Specific optical rotation values were
determined with a Perkin ±Elmer polarimeter 341. For gas chromatog-
raphy a Hewlett ± Packard 5890 Series II gas chromatograph with FID
detector and a capillary column FS Lipodex E (Macherey ±Nagel) was
used.


Bispidines with N-acyl groups show splitting of all signals in NMR. This
phenomenon was already described in the literature[28] and is due to the
hindered rotation of the nitrogen substituents.


Solvents were dried by standard methods and used immediately or stored
over molecular sieves. For column chromatography silica gel (40 ± 64 �m,
Baker or Fluka) or Florisil (Fluka) were used. Commercial reagents were
used without further purification except for PCl3 which was distilled. (R)-
1,1�-Binaphthyl-2,2�-diol was purchased from Merck and diethylzinc (1.1�


Table 2. Comparison of polymer supported ligands with the corresponding soluble ligands.
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Entry[a] Ligand group BINOL substitution Heterogenous ee[b] [%] (ligand) homogenous ee[b] [%] (ligand)


1 oxa- (35) H 39 (A2-C1) 43 (1)
2 Me 45 (A2-C2) 47 (34)[c]


3 pivaloyl- (36) H 44 (A1-B3-C1) n.d.
4 Me 67 (A1-B3-C2) 64 (32)
5 toluene-4-sulfonyl- (37) H 56 (A1-B20-C1) 56 (31)
6 Me 46 (A1-B20-C2) 51 (33)


[a] Addition of diethylzinc to cylohexen-2-one according to Scheme 6 using resins with 0.5 ± 0.6 mmolg�1 loading or according to Scheme 4 with soluble
ligands at 0 �C. [b] Determined by gas chromatographic analysis using a capillary column (LipodexE, Macherey&Nagel), in all cases the (R) enantiomer was
formed predominantly. [c] Using 1 mol% ligand.
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in toluene) was purchased from Fluka. Pd/C (10%) was donated by
Degussa AG.


Disubstituted 2,2�-dihydroxy-[1,1�]-binaphthyls[27, 30] were prepared accord-
ing to literature methods.


7-Benzyl-3-oxa-7-azabicyclo[3.3.1]nonan-9-one (5):[5, 22] A solution of tet-
rahydropyran-4-one (0.92 mL, 5.0 mmol), benzylamine (1.11 g, 10.3 mmol)
and acetic acid (0.57 mL, 10.0 mmol) in dry methanol (20 mL) was added
over a period of 1 hto a suspension of coarse-grained paraformaldehyde
(0.66 g, 22.1 mmol) in dry methanol (20 mL) at 65 �C. Another portion of
paraformaldehyde (0.66 g, 22.1 mmol) was added and the mixture was
stirred for 1 h at 65 �C. After cooling water (200 mL) and 1� KOH solution
(10 mL) were added, and the aqueous phase was extracted with diethyl
ether (3� 100 mL). The combined organic layers were dried over MgSO4


and the solvent was evaporated in vacuo. The residue was purified by flash
chromatography on silica gel (n-hexane/ethyl acetate 2:1) to yield an oil
(1.74 g, 7.52 mmol, 75%) {ref. [22]: 39%}. Rf� 0.37 (n-hexane/ethyl acetate
2:1); 1H NMR (CDCl3, 400 MHz): �� 7.36 ± 7.24 (m, 5H; arom. H), 4.22 (d,
J� 11 Hz, 2H; CH2eqO), 3.89 (dd, J� 11 Hz, J� 3 Hz, CH2axO), 3.57 (s,
2H; CH2Ph), 3.13 (dd, J� 11.5 Hz, J� 3 Hz CH2eqN), 2.95 (dd, J� 11.5 Hz,
J� 6 Hz, CH2axN), 2.53 (br, 2H; CH).


7-(tert-Butyloxycarbonyl)-3-oxa-7-azabicyclo[3.3.1]nonan-9-one (6):
1-Chloroethylchloroformate (306 �L, 2.81 mmol) was added at 0 �C to a
solution of bispidinone 5 (500 mg, 2.16 mmol) in CH2Cl2 (20 mL). After
slowly warming to room temperature the mixture was refluxed for 2 h. All
volatiles were removed in vacuo and the resulting oil was taken up in
methanol (20 mL) and refluxed for 1 h. The solvent was evaporated and the
solid residue was taken up in 1� KOH solution (10 mL) and dioxane
(10 mL). To this mixture was added Boc2O (708 mg, 3.24 mmol) and it was
stirred overnight. The mixture was extracted with diethyl ether (3�
30 mL). The combined organic layers were dried over MgSO4 and the
solvent was evaporated in vacuo. The residue was purified by flash
chromatography on silica gel (cyclohexane/ethyl acetate 2:1) to yield a
solid (456 mg, 1.89 mmol, 87%). M.p. 86 ± 87 �C; Rf� 0.35 (cyclohexane/
ethyl acetate 2:1); 1H NMR (CDCl3, 400 MHz): �� 4.83 (d, J� 14 Hz, 1H;
CH2eqN), 4.62 (d, J� 14 Hz, 1H; CH2eqN), 4.41 (d, J� 11 Hz, 1H; CH2eqO),
4.34 (d, J� 11 Hz, 1H; CH2eqO), 3.93 (d, J� 11 Hz, 1H; CH2axO), 3.88 (d,
J� 11 Hz, 1H; CH2axO), 3.35 (d, J� 14 Hz, 1H; CH2axN), 3.22 (d, J�
14 Hz, 1H; CH2axN), 2.39 (s, 1H; CH), 2.35 (s, 1H; CH), 1.50 (s, 9H;
(CH3)3C); 13C NMR (CDCl3, 100.6 MHz): �� 210.9 (CHC�O), 155.3
(C�O urethane), 80.5 (C(CH3)3), 74.2, 74.2 (CH2O), 50.7 (CH2N), 50.6, 50.3
(CH), 49.9 (CH2N), 28.6 ((CH3)3C); IR (KBr): �� � 2856 (Bohlmann-
band),[29] 1738, 1671 (C�O); MS (EI, 70 eV): m/z (%): 241 (40) [M]� , 185
(35) [M� tBu]� , 141 (20) [M�Boc]� ; HRMS (EI, 70 eV): calcd for
C12H19NO4: 241.1314, found: 241.1314.


7-(tert-Butyloxycarbonyl)-9-(4�-carboxybutylidene)-3-oxa-7-azabicy-
clo[3.3.1]nonane (7): Potassium-tert-butoxide (837 mg, 7.46 mmol) was
added in portions at 0 �C to a suspension of (4-carboxybutyl)-triphenyl-
phosphonium bromide (1.65 g, 3.73 mmol) in THF (30 mL). The suspen-
sion was warmed to room temperature and stirred for 30 min. After cooling
to 0 �C a solution of bispidinone 6 (300 mg, 1.24 mmol) in THF (10 mL) was
added slowly. The mixture was warmed to room temperature slowly and
stirred for 2 h. The suspension was poured on sat. NH4Cl solution (100 mL)
and extracted with chloroform (3� 50 mL). The combined organic layers
were dried over MgSO4 and the solvent was evaporated in vacuo. The
residue was purified by flash chromatography on silica gel (chloroform/
methanol 1%, then 2%) to yield an oil (293 mg, 0.90 mmol, 72%). Rf�
0.30 (chloroform/methanol 3%); 1H NMR (CDCl3, 400 MHz, mixture of
isomers): �� 5.27, 5.26 (t, J� 7 Hz, 1H (isomers); CH�), 4.47 (t, J� 13 Hz,
1H; CH2eqN), 4.30 (t, J� 11 Hz, 1H; CH2eqN), 4.14 (dd, J� 10 Hz, J� 7 Hz,
1H; CH2eqO), 4.07 (dd, J� 10 Hz, J� 4 Hz, 1H; CH2eqO), 3.70 ± 3.58 (m,
2H; CH2axO), 3.09 (m, 1H; CH2axN), 2.99 (m, 1H; CH2axN), 2.54 (m, 1H;
CHCH2O), 2.36 (t, J� 7 Hz, 2H; CH2COOH), 2.12 ± 2.06 (m, 3H;
CHCH2O, CH2CH2COOH), 1.71 (dt, J� 7 Hz, 2H; CH2CH�), 1.47 (s,
9H; (CH3)3C); 13C NMR (CDCl3, 100.6 MHz, mixture of isomers): ��
178.7, 178.6 (COOH), 155.6, 155.55 (C�O urethane), 139.6 (C�CH), 118.9
(CH�C), 79.8 (C(CH3)3), 74.3, 74.2, 73.5, 73.4 (CH2O), 51.1, 50.4, 50.1, 49.4
(CH2N), 42.3, 42.2, 35.6, 35.4 (CHC�), 33.5 (CH2COOH), 28.7 ((CH3)3C),
25.9 (CH2CH�), 25.2 (CH2CH2COOH); IR (KBr): �� � 2851 (Bohlmann-
band),[29] 1694 cm�1 (C�O); MS (FAB, glycerol):m/z (%): 326 (5) [M�H]� ,
226 (45) [M�Boc�H]� ; HRMS (FAB, glycerol): calcd for C17H28NO5:
326.1967, found: 326.1951.


7-(tert-Butyloxycarbonyl)-9-(4�-methoxycarbonylbutylidene)-3-oxa-7-aza-
bicyclo[3.3.1]-nonane (8): EEDQ (236 mg, 0.95 mmol) was added to a
solution of carboxylic acid 7 (259 mg, 0.80 mmol) in methanol (8 mL) and
the mixture was stirred at room temperature overnight. After evaporation
of the solvent in vacuo the residue was taken up in ethyl acetate (10 mL)
and extracted with 1� HCl (3� 5 mL). The organic layer was dried over
MgSO4 and the solvent was evaporated in vacuo. The residue was purified
by flash chromatography on silica gel (cyclohexane/ethyl acetate 5:2 to
yield an oil (221 mg, 0.65 mmol, 82%). Rf� 0.38 (cyclohexane/ethyl acetate
5:2); 1H NMR (CDCl3, 400 MHz, mixture of isomers): �� 5.26, 5.25 (t, J�
7 Hz, 1H (isomers); CH�), 4.48 (t, J� 13 Hz, 1H; CH2eqN), 4.31 (dd, J�
13 Hz, J� 8 Hz, 1H; CH2eqN), 4.13 (t, J� 9 Hz, 1H; CH2eqO), 4.07 (dd, J�
11 Hz, J� 5 Hz, 1H; CH2eqO), 3.70 ± 3.58 (m, 2H; CH2axO), 3.67 (s, 3H;
CH3OCO), 3.08 (t, J� 13 Hz, 1H; CH2axN), 2.98 (m, 1H; CH2axN), 2.53 (m,
1H; CHCH2O), 2.33 (t, J� 7 Hz, 2H; CH2COO), 2.12 ± 2.03 (m, 3H;
CHCH2O, CH2CH2COO), 1.71 (dt, J� 8 Hz, 2H; CH2CH�), 1.47 (s, 9H;
(CH3)3C); 13C NMR (CDCl3, 100.6 MHz, mixture of isomers): �� 174.1
(COOCH3), 155.5, 155.4 (C�O urethane), 139.70, 139.67 (C�CH), 118.9,
118.8 (CH�C), 79.5 (C(CH3)3), 74.31, 74.25, 73.5, 73.4 (CH2O), 51.7
(CH3OCO), 51.1, 50.4, 50.2, 49.4 (CH2N), 42.4, 42.3, 35.6, 35.5 (CHC�),
33.5, 33.4 (CH2COO), 28.7 ((CH3)3C), 26.0 (CH2CH�), 25.4
(CH2CH2COO); IR (KBr): �� � 2849 (Bohlmann-band),[29] 1738,
1694 cm�1 (C�O); MS (FAB, 3-NBA): m/z (%): 340 (20) [M�H]� , 338
(15) [M�H]� , 240 (100) [M� tBu�H]� , 238 (45) [M� tBu�H]� ; HRMS
(FAB, 3-NBA): calcd for C18H30NO5: 340.2124, found: 340.2150.


9-(4�-Methoxycarbonylbutylidene)-3-oxa-7-azabicyclo[3.3.1]nonane-7-[(R)-
binaphthyl-2,2�-diyl]phosphite (11): Trifluoroacetic acid (1 mL) was added
to a solution of Boc-bispidine derivative 8 (108 mg, 0.32 mmol) in CH2Cl2
(1 mL) and the solution was stirred at room temperature for 30 min. After
evaporation of the solvent and additional coevaporation with toluene the
residue was dissolved in toluene (3 mL) and treated with triethylamine
(400 �L, 2.9 mmol). To this solution was added dropwise a solution of (R)-
[binaphthyl-2,2�-diyl]-chlorophosphite 10 (151 mg, 0.43 mmol) in toluene
(1 mL) at room temperature and the mixture was stirred overnight at 80 �C.
The mixture was filtered and the solvent was evaporated in vacuo. The
residue was purified by flash chromatography on Florisil (pre-treated with
triethylamine; cyclohexane/CH2Cl2 2:1, 2% Et3N) to yield a mixture of
diastereomers as a solid (72 mg, 0.13 mmol, 41%). M.p. 105 ± 106 �C;
Rf� 0.9 (CH2Cl2/Et3N 10:1); 1H NMR (CDCl3, 400 MHz, mixture of
diastereomers): ��7.96 (d, J�9 Hz, 1H; arom. H), 7.92±7.87 (m, 3H; arom.
H), 7.56 (dd, J� 9 Hz, J� 3 Hz, 1H; arom. H), 7.44 ± 7.33 (m, 5H; arom. H),
7.30 ± 7.22 (m, 2H; arom. H), 5.22, 5.17 (t, J� 3 Hz, 1H (isomers); CH�),
4.08 (d, J� 10 Hz, 1H; CH2eqO), 3.99 (t, J� 10 Hz, 1H; CH2eqO), 3.76 ± 3.45
(m, 5H; CH2axO, CH2N(3)), 3.67, 3.64 (s, 3H (isomers); CH3OCO), 3.28 ±
3.19 (m, 1H; CH2N), 2.57 ± 2.51 (m, 1H; CHCH2O), 2.33, 2.30 (t, J� 8 Hz,
2H (isomers); CH2COO), 2.11 ± 2.08 (m, 1H; CHCH2O), 2.05, 1.98 (dt, J�
7 Hz, 2H (isomers); CH2CH2COO), 1.74 ± 1.63 (m, 2H; CH2CH�);
13C NMR (CDCl3, 100.6 MHz, mixture of diastereomers): �� 174.1
(COOCH3), 148.4, 148.3, 147.3, 147.2 (arom. C), 138.7 (C�CH), 132.54,
132.47, 132.0, 131.6 (arom. C), 131.4, 131.0, 128.7, 127.5, 127.2, 126.9, 126.8,
125.8, 125.7 (arom. CH), 123.9, 123.5 (arom. C), 121.6, 121.5 (arom. CH),
119.9, 119.8 (CH�C), 73.7, 73.6, 72.9, 72.8 (CH2O), 52.1 (CH2N), 51.8
(CH3OCO), 51.5, 50.8, 50.7 (CH2N), 42.0, 35.3, 35.2 (CHC�), 33.51, 33.49
(CH2COO), 26.0 (CH2CH�), 25.36, 25.32 (CH2CH2COO); 31P NMR
(CDCl3, 202.5 MHz): �� 148.5; IR (KBr): �� � 2852 (Bohlmann-band),[29]


1736 cm�1 (C�O); MS (FAB, 3-NBA):m/z (%): 554 (90) [M�H]� , 315 (35)
[PBINOL]� , 240 (10) [M�PBINOL�H]� ; HRMS (FAB, 3-NBA): m/z
(%): calcd for C33H32NO5P: 554.2096, found: 554.2075.


General procedure for the synthesis of the (3,3�-disubstituted) (R)-
[binaphthyl-2,2�-diyl]-chlorophosphite 10a ± d :[24] A solution of (3,3�-dis-
ubstituted) 2,2�-dihydroxy-[1,1�]-binaphthyl[27, 30] in THF was added over a
period of 30 min to a solution of PCl3 (1.3 equiv) and triethylamine
(2.05 equiv) in THF. The mixture was stirred at room temperature for
90 min. The precipitate was filtered off under argon and the solvent was
evaporated in vacuo. The residue was taken up in diethyl ether and filtered
again under argon. The solvent was evaporated in vacuo. The remaining
voluminous solid was obtained in almost quantitative yield and was used in
coupling procedures with bispidines without further purification.


Proof of the formation of the phosphoramidites by cleavage from the solid
support : A solution of methanol (0.5 mL), trifluoroacetic acid (0.1 mL) and
CH2Cl2 (2 mL) was added to the phosphoramidite resin 12 (53 mg,
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0.52 mmolg�1, 0.028 mmol) in a syringe reactor. The mixture was shaken
for 1 h. The liquid phase was separated and the resin was washed with
CH2Cl2 (2� ). The combined organic layers were evaporated in vacuo
to yield a colourless solid, 2,2�-dihydroxy-[1,1�]-binaphthyl (7.7 mg
(0.027 mmol, 98%). 1H NMR (CDCl3, 400 MHz): �� 7.98 (d, J� 11 Hz,
2H; arom. H), 7.90 (d, J� 11 Hz, 2H; arom. H), 7.40 ± 7.28 (m, 6H; arom.
H), 7.16 (d, J� 10 Hz, 2H; arom. H), 4.83 (br s, 2H; OH).


Addition of diethylzinc to cyclohexen-2-one with soluble ligands, 3-ethyl-
cyclohexanone : The phosphoramidite ligand (0.033 mmol) was added as a
solid to a suspension of copper(��)trifluoromethanesulfonate (11 mg,
0.030 mmol) in a mixture of toluene/CH2Cl2 (3.5 mL, 6:1). The mixture
was stirred for 1 h at room temperature and cooled to the indicated
temperature. Then cyclohexen-2-one (96 �L, 1.0 mmol) and diethylzinc
(1.2 mL, 1� solution in toluene, 1.2 mmol) were added. The yellow,
heterogeneous reaction mixture was stirred for 2 h at the indicated
temperature. Then 1� HCl (5 mL) was added and the mixture was stirred
for 30 min thoroughly. The mixture was extracted with diethyl ether (3�
15 mL). The combined organic layers were dried over MgSO4, filtered and
the solvent was evaporated in vacuo with caution. The residue was
chromatographed on silica gel with pentane/diethyl ether and the product
was obtained as a colourless liquid.


The results with ligand 8 and ligand 32 are given as representative
examples.


a) with ligand 8 : Yield: 95%, 46% ee, (R)-enantiomer predominating,
[�]20D ��10.6 (c� 1.5, CHCl3), {ref. [31]: positive for (R)-enantiomer}.


b) with ligand 32 : Yield: 96%, 64% ee, (R)-enantiomer predominating,
[�]20D ��12.5 (c� 1.0, CHCl3), {ref. [31]: positive for (R)-enantiomer}.


General data: Rf� 0.35 (pentane/diethyl ether 7:1); 1H NMR (CDCl3,
250 MHz): �� 2.48 ± 2.18 (m, 3H), 2.12 ± 1.85 (m, 3H), 1.76 ± 1.55 (m, 2H),
1.43 ± 1.26 (m, 3H), 0.91 (t, 3J� 9 Hz, 3H, CH3); GC (100 �C, isothermal):
tR� 16.7 min [(R)-enantiomer], tR� 17.4 min [(S)-enantiomer].


3-(tert-Butyloxycarbonyl)-7-benzyl-3,7-diazabicyclo[3.3.1]nonan-9-one
(18): A solution of 1-Boc-piperidin-4-one (2.00 g, 10.0 mmol), benzylamine
(1.11 g, 10.3 mmol) and acetic acid (0.57 mL, 10.0 mmol) in dry methanol
(50 mL) was added dropwise over a period of 1 h at 65 �C to a suspension of
coarse-grained paraformaldehyde (0.66 g, 22.1 mmol) in dry methanol
(40 mL). Another portion of paraformaldehyde (0.66 g, 22.1 mmol) was
added and the mixture was stirred for 1 h at 65 �C. After cooling water
(400 mL) and 1� KOH solution (20 mL) was added and the aqueous phase
was extracted with diethyl ether (3� 200 mL). The combined organic layers
were dried over MgSO4 and the solvent was evaporated in vacuo. The
residue was purified by flash chromatography on silica gel (n-hexane/ethyl
acetate 3:1) to yield an oil (2.63 g, 7.96 mmol, 79%). Rf� 0.35 (n-hexane/
ethyl acetate 3:1); 1H NMR (500 MHz, CDCl3): �� 7.35 ± 7.24 (m, 5H;
arom. H), 4.58 (d, J� 13 Hz, 1H; CH2eqN(3), 4.41 (d, J� 13 Hz, 1H;
CH2eqN(3), 3.54 (d, J� 13 Hz, 1H; NCH2Ph), 3.48 (d, J� 13 Hz, 1H;
NCH2Ph), 3.36 (d, J� 13 Hz, 1H; CH2axN(3)), 3.28 (d, J� 13 Hz, 1H;
CH2axN(3), 3.19 (d, J� 11 Hz, 1H; CH2eqN(7), 3.15 (d, J� 11 Hz, 1H;
CH2eqN(7), 2.72 (d, J� 10 Hz, 1H; CH2axN(7), 2.66 (d, J� 10 Hz, 1H;
CH2axN(7), 2.44 (s, 3H; CHCH2N), 2.40 (s, 3H; CHCH2N), 1.54 (s,
(CH3)3C); 13C NMR (CDCl3, 125.8 MHz): �� 213.5 (CHC�O), 154.7
(C�O urethan), 137.4 (arom. C), 128.7, 128.3, 127.2 (arom. CH), 80.0
(C(CH3)3), 61.8 (CH2Ph), 59.0, 58.7 (CH2N(7)), 50.5, 49.8 (CH2N(3)), 47.6
(CHC�O), 28.6 (CH3)3C); IR (drift): �� � 2801 (Bohlmann-band),[29] 1734,
1695 cm�1 (C�O); MS (FAB, 3-NBA):m/z (%): 331 (65) [M�H]� , 329 (50)
[M�H]� , 275 (35) [M� tBu�H]� , 273 (55) [M� tBu�H]� , 91 (100);
HRMS (FAB, 3-NBA): calcd for C19H27N2O3: 331.2022, found: 331.2035.


3-(tert-Butyloxycarbonyl)-7-benzyl-9-(4�-carboxybutylidene)-3,7-diazabi-
cyclo[3.3.1]-nonane (19): Potassium-tert-butoxide (1.36 g, 12.1 mmol) was
added in portions at 0 �C to a suspension of (4-carboxybutyl)-triphenyl-
phosphonium bromide (2.68 g, 6.05 mmol) in THF (60 mL). The suspen-
sion was warmed to room temperature and stirred for 30 min. After cooling
to�20 �C a solution of bispidinone 18 (500 mg, 1.51 mmol) in THF (10 mL)
was added slowly. The mixture was warmed to room temperature slowly
and stirred for 2.5 h. The suspension was poured on sat. NH4Cl solution
(150 mL) and extracted with chloroform (3� 50 mL). The combined
organic layers were dried over MgSO4 and the solvent was evaporated in
vacuo. The residue was purified by flash chromatography on silica gel
(chloroform/methanol 20:1) to yield an oil (424 mg, 1.02 mmol, 68%). Rf�
0.23 (chloroform/methanol 20:1); 1H NMR (CDCl3, 400 MHz): �� 7.35 ±


7.21 (m, 5H; arom. H), 5.24 (t, J� 8 Hz, 1H; CH�), 4.29 ± 4.19 (m, 1H; cycl.
NCH2), 4.12 ± 4.02 (m, 1H; cycl. NCH2), 3.53 ± 3.38 (m, 2H; NCH2Ph),
3.10 ± 2.90 (m, 4H; cycl. NCH2), 2.74 ± 2.67 (m, 1H; CHCH2N), 2.40 ± 2.22
(m, 3H; CHCH2N and cycl. NCH2), 2.33 (t, J� 9 Hz, 2H; CH2COOH),
2.09 ± 2.03 (m, 2H; CH2CH�), 1.70 (dt, J� 7 Hz, 2H; CH2CH2COOH), 1.50
(s, 9H; (CH3)3C); 13C NMR (CDCl3, 100.6 MHz): �� 178.8 (COOH), 155.3
(C�O urethane), 139.8 (C�CH), 138.0 (arom. C), 129.1, 128.4, 127.2 (arom.
CH), 119.8 (CH�C), 79.5 (C(CH3)3), 62.7 (CH2Ph), 60.0, 59.3 (CH2N(7),
51.0, 50.2, 49.4 (CH2N(3), 40.81 (CHC�), 34.0 (CH2COOH), 33.5 (CHC�),
22.9 ((CH3)3C), 26.3 (CH2CH�), 25.3 (CH2CH2COOH); IR (KBr): �� �
2797 (Bohlmann-band),[29] 1693 cm�1 (C�O);MS (FAB, glycerol):m/z (%):
415 (85) [M�H]� , 413 (15) [M�H]� , 359 (40) [M� tBu�H]� , 357 (20)
[M� tBu�H]� , 315 (10) [M�Boc�H]� , 91 (70); HRMS (FAB, glycerol):
calcd for C24H35N2O4: 415.2600, found: 415.2624.


3-(tert-Butyloxycarbonyl)-9-(4�-carboxybutyl)-7-(9��-fluorenylmethyloxy-
carbonyl)-3,7-diazabicyclo[3.3.1]nonane (20): PD/C (10%, 150 mg) was
added to a solution of bispidine derivative 19 (338 mg, 0.815 mmol) in
ethanol (7 mL). The atmosphere was exchanged for hydrogen three times.
The suspension was stirred overnight, filtered over Celite and evaporated
in vacuo. The residual oil was taken up in a suspension of 1� NaHCO3


(5 mL) and THF (2.5 mL) and cooled to 0 �C. To this suspension was added
dropwise a solution of Fmoc-Cl (316 mg, 1.22 mmol) in THF (2.5 mL).
After warming to room temperature the suspension was stirred overnight.
The pH was lowered to 3 with 1� HCl and the solution was extracted with
chloroform (3� 40 mL). The combined organic layers were dried over
MgSO4 and the solvent was evaporated in vacuo. The residue was purified
by flash chromatography on silica gel (n-hexane/ethyl acetate 3:1, 1%
acetic acid) to yield an oil (309 mg, 0.563 mmol, 69%). Rf� 0.32 (cyclo-
hexane/ethyl acetate 3:1, 1% acetic acid); 1H NMR (CDCl3, 400 MHz,
mixture of diastereomers): �� 7.75 (d, J� 7 Hz, 2H; Fmoc-CH), 7.63 (d,
J� 7 Hz, 1H; Fmoc-CH), 7.56 (d, J� 7 Hz, 1H; Fmoc-CH), 7.38 (t, J�
7 Hz, 2H; Fmoc-CH), 7.31 (t, J� 7 Hz, 2H; Fmoc-CH), 4.34 ± 3.90 (m, 7H;
Fmoc-CH2, Fmoc-CH, cycl. NCH2eq), 3.28 ± 2.95 (m, 4H; cycl. NCH2ax),
2.36 (t, J� 7 Hz, 2H; CH2COOH), 1.74 ± 1.62 (m, 5H; CHCH (3H),
CH2CH2COOH), 1.57 ± 1.31 (m, 4H; CH2(CH2)2COOH,
CH2(CH2)3COOH), 1.45 (s, 9H; (CH3)3C); 13C NMR (CDCl3,
100.6 MHz, mixture of diastereomers): �� 178.6 (COOH), 155.8, 155.3,
155.0 (C�O urethane), 144.8, 144.2, 141.6, 141.4 (quart. , Fmoc), 127.8, 127.7,
127.3, 125.6, 125.3, 120.1 (Fmoc-CH), 79.9 (C(CH3)3), 67.7 (Fmoc-CH2),
50.9, 50.8 (CH2NBoc), 47.5 (Fmoc-CH), 43.3, 42.3 (CH2NFmoc), 38.3
(CHCH2N), 34.1 (CH2COOH), 31.8 (CH2(CH2)4COOH), 30.3
(CH2(CH2)3COOH), 28.6 ((CH3)3C), 26.5 (CH2(CH2)2COOH), 25.0
(CH2CH2COOH); IR (KBr): �� � 2866 (Bohlmann-band),[29] 1708 cm�1


(C�O); MS (FAB, glycerol): m/z (%): 547 (3) [M�H]� , 493 (10) [M�
tBu�H]� ; HRMS (FAB, glycerol): calcd for C32H41N2O4: 549.2965, found:
549.2978.


Coupling of ligand precursors to the solid phase


a) Boc-oxa-bispidine system 9 : A solution of Boc-oxa-bispidine acid 7
(210 mg, 0.645 mmol), N,N�-diisopropylcarbodiimde (133 �L, 0.859 mmol)
and DMAP (10 mg, 0.082 mmol) in CH2Cl2 (8 mL) was added to
hydroxymethylpolystyrene (495 mg, 0.87 mmolg�1, 0.431 mmol) in a sy-
ringe reactor. The reactor was shaken overnight, and the resin was washed
with CH2Cl2 (3� ) and dried in vacuo. The yield of the anchoring reaction
was determined from the total mass of the resin after the procedure (for
different loadings of the resin, the amount of Boc-oxa-bispidine acid 7 was
increased or lowered accordingly). Yield: 590 mg (71%, equals
0.52 mmolg�1).


b) Boc-Fmoc-bispidine system 21: A solution of Boc-Fmoc-bispidine
acid 20 (395 mg, 0.720 mmol), N,N�-diisopropylcarbodiimde (143 �L,
0.919 mmol) and DMAP (10 mg, 0.082 mmol) in CH2Cl2 (8 mL) was added
to hydroxymethylpolystyrene (480 mg, 0.87 mmolg�1, 0.418 mmol) in a
syringe reactor. The reactor was shaken overnight and the resin was washed
with DMF (2� ) and CH2Cl2 (3� ) and dried in vacuo. Yield: 690 mg (94%,
equals 0.61 mmolg�1).


Loading according to UV absorption of fulvene/piperidine adduct after
cleavage of the Fmoc group: 0.58 mmolg�1.


c) Capping : Capping was performed twice for 10 min with each a mixture
of acetic anhydride, pyridine and CH2Cl2 (1:2:2). The resin was washed with
CH2Cl2 (5� ) and dried in vacuo.
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Synthesis of phosphoramidite ligands on solid support : The following
general procedures were used as required for the synthesis of the individual
ligand system on solid support.


a) Cleavage of the Fmoc protecting group : A mixture of DMF and
piperidine (4:1, 2 mL) was added to Boc-Fmoc-bispidine resin 21 (55 mg,
0.032 mmol) in a syringe reactor, and the mixture was shaken for 15 min.
The resin was washed with CH2Cl2 (3� ) and dried in vacuo.


b) Acylation : To the resin after Fmoc-cleavage (0.032 mmol) in a syringe
reactor, was added either [i) acid anhydride (0.16 mmol) and DMAP (2 mg,
0.016 mmol) in pyridine/CH2Cl2 (1.5 mL, 1:1) or ii) acid chloride
(0.16 mmol) and DMAP (2 mg, 0.016 mmol) in pyridine/CH2Cl2 (2 mL,
1:1) or iii) acid (0.16 mmol, activated with HATU (55 mg, 0.14 mmol) and
iPr2EtN (60 �L, 0.35 mmol) in CH2Cl2 (1.5 mL) for 30 min] and shaken
overnight. The resin was washed with DMF (2� ) and CH2Cl2 (4� ).


c) Urea and thiourea groups : To the resin after Fmoc cleavage
(0.032 mmol) in a syringe reactor, was added a solution of phenyl
isocyanate (0.16 mmol, 19 mg) and phenyl isothiocyanate (0.16 mmol,
21.6 mg) in CH2Cl2 (2 mL). The reaction mixture was shaken for overnight
and washed with DMF (3� ) and CH2Cl2 (5� ).


d) Reductive amination : To the resin after Fmoc cleavage (0.032 mmol) in
a syringe reactor, was added the aldehyde (10 equiv, 0.32 mmol) and
NaCNBH3 (0.64 mmol, 40 mg) in a mixture of methanol/CH2Cl2 (2 mL,
1.5:1). The mixture was shaken overnight and washed with methanol (2� ),
methanol/CH2Cl2 (1:1) and CH2Cl2 (4� ).


e) Tosylation, phosphorylation : To the resin after Fmoc cleavage
(0.032 mmol) in a syringe reactor, was added either [i) a solution of
toluene-4-sulfonyl chloride (0.16 mmol, 30.5 mg), ii) a solution of chlor-
odiphenylphosphine (0.16 mmol, 30 �L) or iii) a solution of phosphoric
acid diphenylester chloride (0.16 mmol, 33 �L)] and triethylamine
(0.22 mmol, 31 �L) in CH2Cl2 (1.5 mL) (for chlorodiphenylphosphine:
toluene instead of CH2Cl2). The mixture was shaken overnight and washed
with DMF (2� ) and CH2Cl2 (4� ).


f) Amino acids : After Fmoc cleavage to the resin (0.032 mmol) in a syringe
reactor, was added a solution of Fmoc-amino acid (0.16 mmol), HBTU
(0.16 mmol, 60.6 mg), HOBT (0.16 mmol, 21.6 mg) and DIPEA
(0.16 mmol, 20 mg) in CH2Cl2/DMF (2 mL, 1:1) and the mixture was
shaken for 3 h. The resin was washed with DMF (3� ) and CH2Cl2 (5� )
and dried in vacuo.


The yield was quantitative, as determined by Fmoc-cleavage. The Fmoc
group was again deprotected and the amino acid was treated with i) Ac2O
(0.16 mmol, 16.3 mg) and DMAP (0.016 mmol, 2 mg) in pyridine/CH2Cl2
(2 mL, 1:1), ii) methanesulfonyl chloride (0.16 mmol, 18.2 mg), iii) benze-
nesulfonyl chloride (0.16 mmol, 28 mg) or iv) toluene-4-sulfonyl chloride
(0.16 mmol, 30.5 mg) and DIPEA (0.32 mmol). The reaction mixture was
shaken for overnight and washed with DMF (2� ) and CH2Cl2 (4� ).


g) Dipeptides : In a syringe reactor, the Fmoc group of the amino acid
derivatives as described above was removed and treated again with another
Fmoc-amino acid (0.16 mmol) as mentioned above. After subsequent Fmoc
removal, the liberated amine was treated with Ac2O, methanesulfonyl
chloride or toluene-4-sulfonyl chloride (0.16 mmol) as described above.
The resin was washed with DMF (3� ) and CH2Cl2 (5� ).


h) Cleavage of the Boc protecting group : To the resin from steps b) ± g)
(0.032 mmol) or the Boc-oxa-bispidine resin 9 (0.032 mmol) in a syringe
reactor, was added a solution of trifluoroacetic acid (1 mL) in CH2Cl2
(1 mL). The mixture was shaken for 30 min and washed with CH2Cl2 (5� ).
A solution of triethylamine (0.5 mL) in CH2Cl2 (2 mL) was added and the
mixture was shaken for 15 min, washed with CH2Cl2 (5� ) and dried in
vacuo to yield the free amine base.


i) Coupling to the phosphoramidite (bispidine and chlorophosphite): The
corresponding solid BINOL-chlorophosphite 10a, 10b, 10c or 10d
(0.16 mmol) was added under argon to the resin in a syringe reactor after
Boc cleavage (0.032 mmol). Immediately a solution of triethylamine
(0.32 mmol, 44 �L) in toluene (1.5 mL) was added and the mixture was
shaken overnight. The mixture was washed with DMF (2� ) and CH2Cl2
(4� ) and dried in vacuo.


j) Coupling to the phosphoramidite (bispidine and PCl3/BINOL): A
solution of PCl3 (28 �L, 0.32 mmol) in THF (1 mL) and a solution of
triethylamine (44 �L, 0.32 mmol) in THF (1 mL) was added to the resin
(0.032 mmol) in a syringe reactor after Boc cleavage. The mixture was


shaken for 1 h and washed with THF (2� ). To the resin was added a
solution of (R)-2,2�-dihydroxy-[1,1�]-binaphthyl (46 mg, 0.16 mmol) and
triethylamine (44 �L, 0.32 mmol) in THF (2 mL). The mixture was shaken
overnight and washed with DMF (2� ) and CH2Cl2 (4� ) and dried in
vacuo.


Conjugate addition with polymer-bound ligands : 3-Ethylcyclohexanone : A
solution of copper(��)-trifluoromethanesulfonate (63 mg, 0.175 mmol) in
CH2Cl2 (3 mL) and DMF (0.1 mL) was added to the phosphoramidite resin
(0.032 mmol) in a syringe reactor. The mixture was shaken for 1 h and
washed with a mixture of CH2Cl2/DMF (3:0.1, 1� ) and CH2Cl2 (5� ).
After drying in vacuo a light brown to deep green resin was obtained.


To this resin (0.032 mmol) in a round-bottomed flask under argon was
added a mixture of toluene (2.4 mL) and CH2Cl2 (0.4 mL) and the mixture
was stirred slowly for 15 min at 0 �C.


To this mixture was added cyclohexen-2-one (77 �L, 0.80 mmol) and
diethylzinc (0.96 mL, 1� solution in toluene, 0.96 mmol). The yellow,
heterogeneous reaction mixture was stirred for 2 h at 0 �C. Then 1� HCl
(5 mL) was added and the mixture was stirred for 30 min thoroughly. The
mixture was transferred to a separation funnel and extracted with diethyl
ether (3� 10 mL). The combined organic layers were dried over MgSO4,
filtered and examined by gas chromatography.


Below all results obtained with different ligands are presented in tabulated
form. The coding of the different ligands is explained in Figure 1 ± 4 (see
Results and Discussion). Analytical data of the products are given above
(Table 3).


Table 3. Analytical data for the different products.


Compound Con-
version [%]


ee [%] Compound Con-
version [%]


ee [%]


A1-B1-C1 94 11 A1-B24-C1 84 33
A1-B2-C1 quant. 39 A1-B25-C1 quant. 36
A1-B3-C1 quant. 44 A1-B26-C1 quant. 50
A1-B4-C1 quant. 29 A1-B27-C1 quant. 38
A1-B5-C1 quant. 21 A1-B28-C1 quant. 41
A1-B6-C1 83 35 A2-C1 quant. 39
A1-B7-C1 81 27 A2-C2 quant. 45
A1-B8-C1 quant. 23 A2-C3 quant. 39
A1-B9-C1 74 21 A2-C4 quant. 36
A1-B10-C1 quant. 18 A3-C1 77 18
A1-B11-C1 98 11 A4-C1 quant. 36
A1-B12-C1 quant. 32 A4-C2 94 32
A1-B13-C1 quant. 38 A4-C3 quant. 30
A1-B14-C1 quant. 31 A5-C1 97 29
A1-B15-C1 98 35 A1-B3-C2 quant. 67
A1-B16-C1 97 21 A1-B3-C3 82 21
A1-B17-C1 quant. 12 A1-B3-C4 quant. 38
A1-B18-C1 quant. 19 A1-B13-C2 quant. 54
A1-B19-C1 80 29 A1-B13-C3 quant. 49
A1-B20-C1 quant. 56 A1-B13-C4 quant. 38
A1-B21-C1 quant. 51 A1-B20-C2 quant. 46
A1-B22-C1 78 19 A1-B26-C2 98 41
A1-B23-C1 73 27
C1-AA1-D1 41 7 C1-AA5-D3 65 3
C1-AA2-D1 75 11 C1-AA6-D3 61 20
C1-AA3-D1 64 10 C1-AA1-D4 76 30
C1-AA4-D1 80 7 C1-AA2-D4 63 24
C1-AA5-D1 69 6 C1-AA3-D4 90 34
C1-AA1-D2 56 5 C1-AA4-D4 78 23
C1-AA2-D2 66 13 C1-AA5-D4 65 12
C1-AA3-D2 69 15 C1-AA7-D4 80 29
C1-AA4-D2 34 9 C1-AA1-AA3-D1 71 12
C1-AA5-D2 56 3 C1-AA2-AA3-D1 48 7
C1-AA6-D2 69 13 C1-AA1-AA3-D2 72 15
C1-AA1-D3 68 31 C1-AA2-AA3-D2 84 14
C1-AA2-D3 70 25 C1-AA1-AA3-D4 83 19
C1-AA3-D3 78 23 C1-AA2-AA3-D4 83 21
C1-AA4-D3 52 21
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3-(tert-Butyloxycarbonyl)-7-benzyl-3,7-diazabicyclo[3.3.1]nonane (26):
Toluene-4-sulfonylhydrazide (584 mg, 3.14 mmol) and toluene-4-sulfonic
acid (64 mg, 0.34 mmol) was added to a suspension of bispidinone 18
(740 mg, 2.24 mmol) in DMF (12 mL). The mixture was heated to 100 �C
for 10 min. Then sodium cyanoborohydride (704 mg, 11.2 mmol) was added
and the mixture was further heated for 2 h to 100 �C. After cooling, toluene
(100 mL) was added and the mixture was washed with water (50 mL), 1�
NaHCO3 solution (50 mL) and water (50 mL) and then dried over MgSO4.
The organic solvent was evaporated in vacuo and the residue was purified
by flash chromatography on silica gel (cyclohexane/ethyl acetate 4:1) to
yield a colourless oil (302 mg 0.95 mmol, 43%). Rf� 0.42 (cyclohexane/
ethyl acetate 4:1). 1H NMR (CDCl3, 400 MHz): �� 7.34 ± 7.18 (m, 5H;
arom. H), 4.16 (d, J� 13 Hz, 1H; CH2eqN(3), 3.99 (d, J� 13 Hz, 1H;
CH2eqN(3), 3.43 (d, J� 14 Hz, 1H; CH2Ph), 3.30 (d, J� 14 Hz, 1H;
CH2Ph), 3.09 (d, J� 13 Hz, 1H; CH2eqN(3), 3.04 (d, J� 13 Hz, 1H;
CH2eqN(3), 2.98 (d, J� 11 Hz, 1H; CH2eqN(7), 2.88 (d, J� 11 Hz, 1H;
CH2eqN(7), 2.21 (d, J� 11 Hz, 1H; CH2axN(7), 2.16 (d, J� 11 Hz, 1H;
CH2axN(7), 1.86 (br s, 1H; CHCH2O), 1.78 (br s, 1H; CHCH2O), 1.68 ± 1.58
(m, 2H; CH2-bridge), 1.59 (s, 9H; (CH3)3C); 13C NMR (CDCl3,
100.6 MHz): �� 155.3 (C�O), 139.2 (arom. C), 128.8, 128.3, 126.8 (arom.
CH), 78.9 (C(CH3)3), 63.7 (CH2Ph), 59.2, 59.0 (CH2N(7)), 48.6, 47.8
(CH2N(3)), 31.4 (CH2-bridge), 29.2 (CHCH2N), 28.9 ((CH3)3C); IR (KBr):
�� � 2795 (Bohlmann-band[29]), 1692 cm�1 (C�O); MS (FAB, 3-NBA): m/z
(%): 317 (45) [M�H]� , 316 (60) [M]� , 315 (35) [M�H]� , 261 (45) [M�
tBu�H]� , 260 (40) [M� tBu]� , 259 (100) [M� tBu�H]� , 215 (15) [M�
Boc�H]� ; HRMS (FAB, 3-NBA): calcd for C19H28N2O2: 316.2151, found:
316.2169.


3-(tert-Butyloxycarbonyl)-7-(2�,2�-dimethylpropionyl)-3,7-diazabicy-
clo[3.3.1]nonane (28): Pd/C (250 mg, 10%) was added to a suspension of
bispidine 26 (241 mg, 0.76 mmol) in ethanol (5 mL). The atmosphere was
exchanged for hydrogen three times. The mixture was stirred overnight and
the progress of the reaction was checked by TLC. If some starting material
was still remaining further palladium on charcoal (250 mg) was added and
proceeded as above. The mixture was filtered over Celite and the solvent
was evaporated in vacuo. The residue was taken up in pyridine (7 mL) and
treated with DMAP (10 mg, 0.08 mmol) and pivaloyl anhydride (1.55 mL,
7.62 mmol). The mixture was stirred overnight at room temperature. The
solvent was evaporated in vacuo and the residue was taken up in CH2Cl2
(30 mL). This mixture was washed once with 1� HCl (15 mL), 1� NaHCO3


(15 mL) and saturated NaCl solution (15 mL) and dried over MgSO4. The
solvent was evaporated in vacuo. The crude product was purified by flash
chromatography on silica gel (cyclohexane/ethyl acetate 2:1) to yield an
colourless oil (169 mg, 0.54 mmol, 71%). Rf� 0.33 (cyclohexane/ethyl
acetate 2:1); 1H NMR (CDCl3, 400 MHz): �� 4.54 (d, J� 13 Hz, 1H;
CH2eqN(3), 4.34 (d, J� 13 Hz, 1H; CH2eqN(3), 4.20 (d, J� 12 Hz, 1H;
CH2eqN(7), 4.07 (d, J� 12 Hz, 1H; CH2eqN(7), 3.21 ± 2.96 (m, 4H; CH2N),
1.94 (br s, 2H; CHCH2N), 1.83 ± 1.74 (m, 2H; CH2-bridge), 1.42 (s, 9H;
(CH3)3C, Boc), 1.27 (s, 9H; (CH3)3C, Piv); 13C NMR (CDCl3, 100.6 MHz):
�� 177.1 (C�O, Piv), 154.9 (C�O, Boc), 79.6 (C(CH3)3, Boc), 50.6, 48.8, 47.4
(CH2N), 39.1 (C(CH3)3, Piv), 31.3 (CH2-bridge), 28.9 ((CH3)3C, Boc), 28.6
((CH3)3C, Piv), 28.4, 28.2 (CHCH2N); IR (KBr): �� � 2843 (Bohlmann-
band[29]), 1676, 1626 cm�1 (C�O); MS (FAB, 3-NBA): m/z (%): 333 (7)
[M�Na]� , 311 (10) [M�H]� , 255 (100) [M� tBu�H]� , 209 (40) [M�
Boc]� ; HRMS (FAB, 3-NBA): calcd for C17H31N2O3: 311.2335, found:
311.2337.


7-(tert-Butyloxycarbonyl)-3-(toluene-p-sulfonyl)-diazabicyclo[3.3.1]no-
nane (29): The procedure for the synthesis of pivaloyl-bispidine 28 for the
cleavage of the benzyl group by catalytic hydrogenation was followed. The
residue was taken up in pyridine (7 mL) and treated with DMAP (10 mg,
0.08 mmol) and toluene-4-sulfonylchloride (726 mg, 3.81 mmol). The
mixture was stirred overnight and the solvent was evaporated in vacuo.
The residue was taken up in CH2Cl2 (30 mL) and was washed with 1� HCl
(15 mL), 1� NaHCO3 (15 mL) and sat. NaCl solution (15 mL) and dried
over MgSO4. The solvent was evaporated in vacuo and the crude product
was purified by flash chromatography on silica gel (cyclohexane/ethyl
acetate 2:1) to yield a colourless solid (210 mg, 0.55 mmol, 72%). Rf� 0.32
(cyclohexane/ethyl acetate 2:1); 1H NMR (CDCl3, 400 MHz): �� 7.60 (d,
J� 8 Hz, 2H; arom. Tos), 7.31 (d, J� 8 Hz, 2H; arom. Tos), 4.30 (d, J�
13 Hz, 1H; CH2eqN(7), 4.16 (d, J� 13 Hz, 1H; CH2eqN(7), 3.81 (d, J�
11 Hz, 1H; CH2eqN(3), 3.74 (d, J� 11 Hz, 1H; CH2eqN(3), 3.12 (d, J�
13 Hz, 1H; CH2axN(7), 3.01 (d, J� 13 Hz, 1H; CH2axN(7), 2.55 (d, J�


11 Hz, 1H; CH2axN(3), 2.51 (d, J� 11 Hz, 1H; CH2axN(3), 2.42 (s, 3H;
CH3 Tos), 1.91 (br s, 2H; CHCH2N), 1.70 (m, 1H; CH2-bridge), 1.52 (s, 9H;
(CH3)3C), 1.46 (m, 1H; CH2-bridge); 13C NMR (CDCl3, 100.6 MHz): ��
155.5 (C�O), 143.4, 132.6 (arom. C), 129.6, 128.0 (arom. CH), 79.8
(C(CH3)3), 50.5, 50.4 0 (CH2N(3)), 48.2, 47.3 (CH2N(7)), 30.3 (CH2-bridge),
28.7 ((CH3)3C), 27.9 (CHCH2N), 21.7 (CH3 Tos); IR (drift): �� � 2838
(Bohlmann-band[29]), 1698 cm�1 (C�O); MS (FAB, 3-NBA): m/z (%): 403
(5) [M�Na]� , 381 (5) [M�H]� ; HRMS (EI, 70 eV): calcd for C19H29N2O4S:
381.1849, found: 381.1846.


7-(tert-Butyloxycarbonyl)-3-oxa-7-azabicyclo[3.3.1]nonane (30): Toluene-
4-sulfonylhydrazide (259 mg, 1.39 mmol) and toluene-4-sulfonic acid
(28 mg, 0.23 mmol) were added to a solution of bispidinone 6 (240 mg,
0.99 mmol) in DMF (5 mL) and the mixture was heated for 10 min to
100 �C. Then sodium cyanoborohydride (313 mg, 4.97 mmol) was added
and the mixture was further heated for 2 h to 100 �C. After cooling toluene
(30 mL) was added and the mixture was washed with water (15 mL), 1�
NaHCO3 solution (15 mL) and water (15 mL) and dried over MgSO4. The
organic solvent was evaporated in vacuo and the residue was purified by
flash chromatography on silica gel (cyclohexane/ethyl acetate 4:1) to yield
a colourless solid (108 mg, 0.47 mmol, 48%). M.p. 39 �C; Rf� 0.34 (cyclo-
hexane/ethyl acetate 4:1); 1H NMR (CDCl3, 400 MHz): �� 4.34 (d, J�
13 Hz, 1H; CH2eqN), 4.19 (d, J� 13 Hz, 1H; CH2eqN), 4.01 (d, J� 11 Hz,
1H; CH2eqO), 3.95 (d, J� 11 Hz, 1H; CH2eqO), 3.73 (d, J� 11 Hz, 1H;
CH2axO), 3.70 (d, J� 11 Hz, 1H; CH2axO), 3.14 (d, J� 13 Hz, 1H; CH2axN),
3.04 (d, J� 13 Hz, 1H; CH2axN), 1.95 ± 1.91 (m, 1H; CHCH2O), 1.82 ± 1.78
(m, 1H; CHCH2O), 1.67 (br s, 1H; CH2-bridge), 1.47 (br s, 1H; CH2-
bridge), 1.47 (s, 9H; (CH3)3C); 13C NMR (CDCl3, 100.6 MHz): �� 155.5
(C�O urethane), 79.3 (C(CH3)3), 72.3, 72.2 (CH2O), 49.0, 48.0 (CH2N), 31.2
(CH2-bridge), 29.7, 29.6 (CHCH2O), 28.7 ((CH3)3C); IR (drift): �� � 2863
(Bohlmann-band[29]), 1709 cm�1 (C�O); MS (EI, 70 eV): m/z (%): 227 (30)
[M]� , 171 (50) [M� tBu]� , 127 (35) [M�Boc]� ; HRMS (EI, 70 eV): calcd
for C12H21NO3: 227.1521, found: 227.1523.


3-(Toluene-p-sulfonyl)-3,7-diazabicyclo[3.3.1]nonane-7-[(R)-binaphthyl-
2,2�-diyl]-phosphite (31): Trifluoroacetic acid (0.5 mL) was added to a
suspension of Boc-bispidine 29 (70 mg, 0.26 mmol) in CH2Cl2 (0.5 mL) and
the solution was stirred at room temperature for 30 min. After evaporation
of the solvent in vacuo and coevaporation with toluene the residue was
taken up in toluene (2 mL) and treated with triethylamine (262 �L,
1.89 mmol). To this mixture was added slowly a solution of chlorophosphite
10 (86 mg, 0.245 mmol) in toluene (3 mL) and the mixture was heated for
5 h at 80 �C. The precipitate was filtered off and the solvent was evaporated
in vacuo. The residue was purified by flash chromatography over Florisil
(treated with triethylamine) with cyclohexane/CH2Cl2 2:1, 2% triethyl-
amine to yield a colourless solid (50 mg, 0.094 mmol, 51%). Rf� 0.95
(CH2Cl2/Et3N 10:1); m.p. 230 ± 231 �C; [�]20D ��297 (c� 0.85, CH2Cl2);
1H NMR (CDCl3, 400 MHz): �� 7.97 ± 7.86 (m, 4H; arom., BINOL), 7.76
(d, J� 9 Hz, 1H; arom., BINOL), 7.62 (d, J� 8 Hz, 2H; arom., Tos), 7.45 ±
7.20 (m, 9H; arom., BINOL, Tos), 3.74 ± 3.63 (m, 3H; CH2N), 3.37 ± 3.27
(m, 2H; CH2N), 2.61 ± 2.48 (m, 3H; CH2N), 2.43 (s, 3H; CH3), 1.85 (br s,
1H; CHCH2N), 1.68 ± 1.59 (m, 2H; CH2-bridge), 1.51 (br s, 1H; CHCH2N);
13C NMR (CDCl3, 100.6 MHz): �� 150.2, 150.1 (arom. C, BINOL), 143.2,
132.8 (arom. C, Tos), 132.9, 131.6, 130.9, 123.9, 123.6 (arom. C, BINOL),
130.5, 130.0, 128.6, 128.4, 127.4, 127.1, 126.1, 126.0, 124.7, 124.6 (arom. CH,
BINOL), 129.7, 128.0 (arom. CH, Tos), 50.4, 50.0, 49.4, 46.6 (CH2N), 30.7
(CH2-bridge), 27.8, 27.1 (CHCH2N), 21.7 (CH3); 31P NMR (CDCl3,
202.5 MHz): �� 147.8; IR (drift): �� � 2848 (Bohlmann-band[29]),
1698 cm�1 (C�O); MS (FAB, 3-NBA): m/z (%): 595 (20) [M�H]� , 439
(15) [M�Tos�H]� ; HRMS (FAB, 3-NBA): calcd for C34H32N2O4PS:
595.1821, found: 595.1835.


7-(2�,2�-Dimethylpropionyl)-3,7-diazabicyclo[3.3.1]nonane-3-[(R)-(3,3�-di-
methyl)-binaphthyl-2,2�-diyl]phosphite (32): Trifluoroacetic acid (0.5 mL)
was added to a suspension of Boc-bispidine 28 (50.6 mg, 0.163 mmol) in
CH2Cl2 (0.5 mL) and the reaction was stirred at room temperature for
30 min. After evaporation of the solvent in vacuo and coevaporation with
toluene the residue was taken up in 2� KOH solution (5 mL) and extracted
with diethyl ether (3� 10 mL). The combined organic layers were dried
over MgSO4 and the solvent was evaporated in vacuo. The crude product
was taken up in THF (1.5 mL) and this solution was added slowly to a
mixture of PCl3 (20 �L, 0.228 mmol) and triethylamine (33 �L, 0.238 mmol)
in THF (1 mL) at 0 �C. The mixture was stirred for 45 min at 0 �C. To this
mixture was added dropwise a solution of (R)-(3,3�-dimethyl)binaphthyl-
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2,2�-diol 35 (118 mg, 0.375 mmol) and triethylamine (66 �L, 0.476 mmol) in
THF (2 mL) at 0 �C. After warming to room temperature the mixture was
stirred for 1.5 h, filtered and the solvent was evaporated in vacuo. The
residue was purified by flash chromatography on Florisil (treated with
triethylamine) with cyclohexane/CH2Cl2 2:1, 2% triethylamine to yield a
colourless solid (27 mg, 0.049 mmol, 30%). Rf� 0.95 (CH2Cl2/Et3N 10:1);
m.p. 153 �C; [�]20D ��299 (c� 0.69, CH2Cl2); 1H NMR (CDCl3, 400 MHz):
�� 7.82 ± 7.73 (m, 4H; arom. H), 7.38 ± 7.10 (m, 6H; arom. H), 3.98 ± 3.93
(m, 2H; CH2N), 3.66 ± 3.61 (m, 2H; CH2N), 3.26 ± 3.21 (m, 3H; CH2N),
2.58 (s, 3H; CH3, BINOL), 2.51 (s, 3H; CH3, BINOL), 2.20 (d, J� 12 Hz,
1H; CH2N), 1.97 (br s, 1H; CHCH2N), 1.65 ± 1.59 (m, 3H; CH2-bridge,
CHCH2N), 1.32 (s, 9H; (CH3)3C); 13C NMR (CDCl3, 100.6 MHz): �� 176.5
(C�O), 149.1, 148.6, 131.6, 131.5, 131.2, 129.5 (arom. C), 129.6, 129.4, 127.5,
127.4, 127.0, 126.8, 125.1, 125.0, 124.7, 124.5 (arom. CH), 50.0, 49.5, 47.1, 46.3
(CH2N), 38.9 (C(CH3)3), 28.6 ((CH3)3C), 28.2, 28.0 (CHCH2N), 26.9 (CH2-
bridge), 18.0, 17.6 (CH3 BINOL); 31P NMR (CDCl3, 202.5 MHz): �� 145.5;
IR (drift): �� � 2850 (Bohlmann-band[29]), 1629 cm�1 (C�O); MS (FAB,
3-NBA): m/z (%): 553 (90) [M�H]� , 343 (80) [Me2BINOLP]� , 209 (65)
[M�Me2BINOLP]� ; HRMS (FAB, 3-NBA): calcd for C34H18N2O3P:
553.2620, found: 553.2601.


3-(Toluene-p-sulfonyl)-3,7-diazabicyclo[3.3.1]nonane-7-[(R)-(3,3�-dime-
thyl)binaphthyl-2,2�-diyl]phosphite (33): Trifluoroacetic acid (0.5 mL) was
added to a suspension of Boc-bispidine 29 (60 mg, 0.158 mmol) in CH2Cl2
(0.5 mL) and the mixture was stirred for 30 min. After evaporation of the
solvent in vacuo and coevaporation with toluene the residue was taken up
in 2� KOH solution (5 mL) and extracted with diethyl ether (3� 10 mL).
The combined organic layers were dried over MgSO4 and the solvent was
evaporated in vacuo. The crude product was taken up in THF (1.0 mL) and
was slowly added to a mixture of PCl3 (17 �L, 0.197 mmol) and triethyl-
amine (29 �L, 0.208 mmol) in THF (1 mL) at 0 �C. The mixture was stirred
for 45 min at 0 �C. To this mixture was added dropwise a solution of (R)-
(3,3�-dimethyl)binaphthyl-2,2�-diol (93 mg, 0.297 mmol) and triethylamine
(45 �L, 0.326 mmol) in THF (1 mL) at 0 �C. After warming to room
temperature the mixture was stirred for 1.5 h, filtered and the solvent was
evaporated in vacuo. The residue was purified by flash chromatography on
Florisil (treated with triethylamine) with cyclohexane/CH2Cl2 2:1, 2%
triethylamine to yield a colourless solid (11.8 mg, 0.019 mmol, 12%). Rf�
0.95 (CH2Cl2/Et3N 10:1); m.p. 261 ± 263 �C; [�]20D ��377 (c� 0.37, CH2Cl2);
1H NMR (CDCl3, 400 MHz): �� 7.82 ± 7.74 (m, 4H; arom. H, BINOL), 7.58
(d, J� 8 Hz, 2H; arom. H, Tos), 7.38 ± 7.11 (m, 8H; arom. H, BINOL, Tos),
3.65 (d, J� 11 Hz, 1H; CH2eqN(3), 3.56 (d, J� 11 Hz, 1H; CH2eqN(3), 3.35
(d, J� 13 Hz, 1H; CH2eqN(7), 3.24 (d, J� 13 Hz, 1H; CH2eqN(7), 2.68 (s,
3H; CH3, BINOL), 2.64 ± 2.23 (m, 4H; CH2N), 2.50 (s, 3H; CH3, BINOL)
and 2.42 (s, 3H; CH3, Tos), 1.91 (br s, 1H; CHCH2N), 1.65 ± 1.55 (m, 3H;
CH2-bridge, CHCH2N); 13C NMR (CDCl3, 100.6 MHz): �� 149.4, 149.1
(arom. C, BINOL), 143.2, 132.7 (arom. C, Tos), 131.7, 131.5, 130.9 (arom. C,
BINOL), 129.9 (arom. CH, BINOL), 129.7, 128.0 (arom. CH, Tos), 127.7,
127.6, 127.3, 126.9, 125.2, 125.0, 124.7, 124.6 (arom. CH, BINOL), 49.8, 49.5,
45.7 (CH2N), 27.7 (CHCH2N), 27.1 (CH2-bridge), 27.0 (CHCH2N), 21.7
(CH3, Tos), 18.1, 17.8 (CH3, BINOL); 31P NMR (CDCl3, 202.5 MHz): ��
145.2; IR (drift): �� � 2833 (Bohlmann-band[29]); MS (FAB, 3-NBA): m/z
(%): 623 (15) [M�H]� , 343 (10) [Me2BINOLP]� ; HRMS (FAB, 3-NBA):
m/z (%): calcd for C36H36N2O4PS: 623.2133, found: 623.2143.


3-Oxa-7-azabicyclo[3.3.1]nonane-7-[(R)-(3,3�-dimethyl)binaphthyl-2,2�-
diyl]phosphite (34): Trifluoroacetic acid (1 mL) was added to a suspension
of Boc-oxa-bispidine 30 (70 mg, 0.308 mmol) in CH2Cl2 (1 mL) and the
mixture was stirred at room temperature for 30 min. After evaporation of
the solvent in vacuo and coevaporation with toluene the residue was taken
up in 2� KOH solution (5 mL) and extracted with diethyl ether (6�
10 mL). The combined organic layers were dried over MgSO4 and the
solvent was evaporated in vacuo. The resulting waxy residue was taken up
in THF (1.5 mL) and was added dropwise to a mixture of PCl3 (27 �L
0.31 mmol) and triethylamin (45 �L, 0.32 mmol) in THF (1 mL) at 0 �C.
The mixture was stirred for 45 min at 0 �C. To this mixture was added
dropwise a solution of (R)-(3,3�-dimethyl)binaphthyl-2,2�-diol (106 mg,
0.34 mmol) and triethylamine (94 �L, 68 mg, 0.68 mmol) in THF (1.5 mL)
at 0 �C. After warming to room temperature the mixture was stirred for
1.5 h, filtered and the solvent was evaporated in vacuo. The residue was
purified by flash chromatography on Florisil (treated with triethylamine)
with cyclohexane/CH2Cl2 2:1, 2% triethylamine to yield a colourless solid
(4 mg, 0.009 mmol, 3%). Rf� 0.95 (CH2Cl2/Et3N 10:1); m.p. 167 �C;


1H NMR (CDCl3, 400 MHz): �� 7.83, 7.74 (m, 4H; arom. H), 7.39 ± 7.33
(m, 3H; arom. H), 7.27 ± 7.24 (m, 1H; arom. H), 7.21 ± 7.13 (m, 2H; arom.
H), 3.97 (d, J� 11 Hz, 1H; CH2eqO), 3.88 (d, J� 11 Hz, 1H; CH2eqO), 3.79
(d, J� 11 Hz, 1H; CH2axO), 3.73 (d, J� 14 Hz, 1H; CH2N), 3.62 (d, J�
11 Hz, 1H; CH2axO), 3.36 (d, J� 13 Hz, 1H; CH2N), 3.32 ± 3.28 (m, 1H;
CH2N), 2.60 (s, 3H; arom. CH3), 2.50 (s, 3H; arom. CH3), 2.46 (d, J� 13 Hz,
CH2N), 1.91 ± 1.87 (m, 1H; CHCH2O), 1.78 ± 1.74 (m, 1H; CHCH2O), 1.64
(s, 1H; CH2-bridge), 1.56 (s, 1H; CH2-bridge); 31P NMR (CDCl3,
202.5 MHz): �� 145.8; MS (FAB, 3-NBA): m/z (%): 470 (10) [M�H]� ,
469 (8) [M]� , 343 (30) [Me2BINOLP]� ; HRMS (FAB, 3-NBA): calcd for
C29H29NO3P: 470.1885, found: 470.1877.
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Monodisperse CdSe Nanorods at Low Temperatures


Thomas Nann* and J¸rgen Riegler[a]


Abstract: A new synthetic method is
presented that allows the preparation of
highly monodisperse CdSe nanorods (so
called quantum rods) at relatively low
temperatures (160 �C). This method is
characterized by a high aspect ratio of
the particles and affords good reprodu-
cibility. The morphology of the resulting
nanorods was examined by means of


transmission electron microscopy
(TEM) and the electro-optic properties
by means of fluorescence spectroscopy.


The conditions of the reaction of nano-
particle growth were examined by vary-
ing the concentration of the organome-
tallic precursors, the growth tempera-
ture, and the growth time. The
experimental findings correspond well
with previously published semiempirical
pseudo-potential calculations.


Keywords: materials science ¥
nanotechnology ¥ quantum rods ¥
semiconductor nanoparticles ¥
synthetic methods


Introduction


In the last decade, semiconductor nanoparticles have been of
increasing interest in many disciplines of science. Essentially,
three reasons are responsible: first, a quantum size effect can
be observed in semiconductor nanoparticles because of the
quantum confinement, which has been predicted for a long
time; second, highly monodisperse nanoparticles have been
available since the early nineties; and third, this new class of
materials has an extraordinarily high potential for applica-
tions, particularly as labels for biological molecules,[1] as
phosphors,[2] in polymer±LED applications,[3] in polymer
electronics,[4] and in photovoltaic devices.[5]


Initially, science was focused on quantum dots, which can be
prepared in a highly monodisperse form under mild con-
ditions.[6] The electronic structure of quantum dots has been
described extensively in theory[7] and has been verified by
many scientists.[8]


The synthesis and characterization of quantum rods (QRs)
has already been reported.[9] The present paper reports a new
synthetic route enabled by a new starting precursor (cadmium
naphthenate). In contrast to the previous studies, the new
method is performed at much lower temperatures and in a
different reaction medium.


Even before it was possible to prepare monodisperse QRs,
changes in the electronic structure due to the elongation of
the crystallographic c axis could be expected. Furthermore, it


has been shown that QRs exhibit a polarized photolumines-
cence.[10] These properties lead to many new and potentially
interesting electro-optic applications, such as the develop-
ment of materials with anisotropic macroscopic properties.


Results and Discussion


The newly developed CdSe quantum rod synthesis has been
investigated in terms of its kinetic and thermodynamic
reaction parameters. Concentration, temperature, and time
were each varied, while keeping the remaining two parame-
ters constant. The morphology of the particles was measured
by means of transmission electron microscopy (TEM). It was
observed that rods with a high aspect ratio at nucleation were
formed.


With relative ease and under mild conditions, QRs were
obtained that show polarized photoluminescence in the
complete wavelength range achieved by quantum dots. The
half width of the peaks in the emission spectra was usually
about 35 nm. The results are presented in detail below.


Transmission electron microscopy (TEM): Quantum rods of
varying thickness were examined and measured by means of
TEM. Figure 1a ± e present QRs with diameters of approx-
imately 2.0, 2.4, 3.1, 3.8, and 4.6 nm, respectively. The
measurements were taken from TEM micrographs and
exhibit an average standard deviation of 10%, whereby this
does not necessarily correspond to the thickness distribution
of the QRs. The lengths of the rods vary from about 10 to
20 nm. Typical aspect ratios of approximately 3.5 were
measured for all samples. Due to the quantum confinement,
these rods show luminescence in colors ranging from blue to
red (see Figure 2).
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Figure 2. Photographic image of CdSe nanorod colloids in chloroform
(from left to right ca. 2.0, 2.4, 3.1, 3.8, and 4.6 nm). The photoluminescense
was excited with an UV lamp at 366 nm.


TEM measurements indicate that some of the quantum
rods are bent. The angle of this bend was measured, and it was
observed to be 112� for all bent rods. The ™bent∫ QRs appear
to be twins with the angle corresponding to the distorted
tetrahedron of the wurtzite lattice.


Concentration dependency : We investigated the influence of
the variation of concentration of the organometallic precur-
sors (i.e., cadmium naphthenate and Se/trioctylphosphine (Se/
TOP)) on the growth rate of the nanocrystals. Temperature
and reaction time were kept constant for all experiments. The
Se/TOP solution was injected at 250 �C with a particle growth
time of five minutes at 220 �C. Figure 3 shows the interde-
pendence of the emission maximum �max of the nanoparticles
formed and the concentration of the selenium injected. For all
concentrations, particles with an emission maximum of about
590 nm were found. Also, the half width of the peaks in the
emission spectra differed only slightly (about 35 nm).


Figure 3. Fluorescence emission maxima versus concentration of the
precursors in the reaction flask. Ratio cadmium:selenium 1.2:1 in all
experiments.


This means that controlling the growth of the particles is
much easier as the concentration has no influence on the
chemical kinetics and a linear scale-up is performed easily
within the concentration range measured.


Temperature dependency : To investigate the dependency of
the growth rate on the temperature, the concentration of the
organometallic precursors and the growth time was kept
constant: all syntheses were performed at a Se/TOP concen-
tration of 300 �mol in hexadecylamine (HDA; 4 g) within a
period of five minutes. As stated in a previously published
synthesis for CdSe nanoparticles (quantum dots),[11] no
influence of the injection temperature on the nucleation and


Figure 1. TEM micrograph of CdSe nanorods grown at a) 160 �C, b) 180 �C, c) 200 �C, d) 220 �C and e) 240 �C for 5 minutes.
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particle growth was observed for the new synthesis in HDA.
Nevertheless an injection temperature above growth temper-
ature was chosen to prevent a temperature decline below the
growth temperature due to mixing the cold Se/TOP solution
with the hot HDA solution.


Growth temperatures of between 140 �C to 240 �C were
investigated. Under these conditions, nanorods with emission
maxima of between about 500 nm and up to more than 600 nm
are formed. This corresponds completely with the photo-
luminescence (PL) achieved for CdSe quantum dots. Figure 4


Figure 4. Fluorescence spectra of CdSe nanorods in chloroform. The
spectra were recorded from the particles depicted in Figure 1a ± e (from left
to right).


shows the PL emission spectra of the nanoparticles formed at
the various growth temperatures. Figure 2 shows dispersions
of these particles in chloroform excited to luminescence at
366 nm by means of an ultraviolet lamp. Figures 2 and 4
demonstrate the high uniformity of the nanoparticles formed
(typical half width maxima of 35 nm).


Figure 5 shows emission maxima plotted against the various
growth temperatures. A linear correlation can be observed
between growth temperature and emission maxima for


Figure 5. Growth temperatures of CdSe nanorods versus photolumines-
cence maximum (�max). All particles were grown for 5 minutes.


temperatures below 200 �C. No linear correlation could be
found for temperatures above 200 �C. For temperatures below
160 �C, no luminescent particles could be found within the
growth times investigated (5 min.).


The high reproducibility of the dependency of the PL
emission maximum (and the growth rate) of the particles from


the growth temperature can intentionally be used to create
rods of a defined diameter. Because growth temperature and
growth time can be easily controlled and as it has already been
determined that the concentrations of the organometallic
precursors have no influence on the particle growth, we were
able to synthesize nanoparticles of given emission maxima to
within a nanometer.


The volumes of the synthesized nanorods were determined
by means of TEM. In addition, the concentration of Cd from
the reaction supernantant was determined by means of atomic
absorption spectroscopy (AAS). The number of particles
formed (and the yield) can be calculated from the volume of
the particles and the concentration measured. The results of
these measurements and the calculations are given in Table 1.
It was observed that more particles formed at low growth
temperatures rather than at higher temperatures.


Time dependency : The last parameter investigated was the
time of particle growth. For this, the concentrations of the
organometallic precursors and the temperature were kept
constant. By means of a special reaction arrangement,
fluorescence emission spectra were taken in situ during the
course of the reaction. The concentrations of the precursors
were 360 �mol of cadmium naphthenate in HDA (4 g) and
300 �mol selenium in TOP. The measurements were taken at
160 �C. The experiment was terminated after three hours.
Figure 6 shows the temporal course of the fluorescence


Figure 6. Photoluminescence maxima (�max) of CdSe nanorods versus
growth time. Spectra were recorded in situ at a growth temperature of
160 �C.


emission maxima. As can be seen, the width growth of the
nanorods takes a logarithmic course. Figures 5 and 6 reveal
that the reaction kinetic follows a broken reaction order.


Table 1. Results of CdSe nanorod growth in HDA at different temper-
atures.


growing �max rod width number of
temperature [�C] [nm] [nm] particles [nmol]


240 600.6 4.61 40.5
220 589.2 3.85 55.4
200 569.6 3.13 68.5
180 537.7 2.44 104.1
160 507.4 2.00 186.2
140 ± ± ±
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These results suggest the possibility of controlling the size
of the nanoparticles through the growth time. Because the
particles grow slowly, the reaction can easily be terminated at
the desired particle size.


By comparing the spectra of both the reaction start and end,
we observed that the half width of the peaks in the emission
spectra drops from about 50 nm to 30 nm. This leads to the
conclusion that slow particle growth leads to increased
monodispersity. This also allows for the increase of mono-
dispersity of the particles by slow growth at low temperatures
and the termination of the reaction at a desired wavelength.


Theory : By pyrolysis, Li et al. prepared CdSe quantum rods of
various widths and lengths from dimethyl cadmium and Se/
tributylphosphine in a mixture of trioctylphosphine oxide
(TOPO) and hexylphosphonic acid (HPA).[12] They inves-
tigated the correlation between the effective band-gap
energies of the QRs and the length and width of the rods.
They found that the effective band-gap energy depends on
both the width and the length of the nanorods. It was observed
that the photoluminescence of the QRs prepared by the new
method seems to depend solely on the width of the rods and
not on the length. Because the QRs formed by the new
method show an aspect ratio of mostly over 3.5 and the rods
prepared by Li et al. a minor aspect ratio, this finding
corresponds well to the quantum mechanical calculations.[13]


Additionally, the fact that the QRs show a red shift of the
photoluminescence relative to quantum dots of the same
diameter corresponds to theoretical expectations.[14]


The effective band-gap energies of the nanorods were
calculated from the emission maxima; the radii were taken
directly from the TEM measurements. Figure 7 depicts a plot


Figure 7. Effective band gaps (calculated from photoluminescence max-
ima) of CdSe nanorods versus width of the particles (estimated from TEM
micrographs).


of these values. Fitting with 1/r leads to a good correlation, but
it must be stressed that this correlation is found empirically
and depends, according to the theory, also on the aspect ratio
of the nanorods.


Conclusion


A new synthesis method is presented here that allows the
preparation of quantum rods with a high aspect ratio. The new
method is easily reproducible and can be performed under
mild reaction conditions. Furthermore, the reactants are


readily available and, with respect to their toxicity and risk,
uncomplicated. It was demonstrated that the reaction could
be controlled by variation of the growth temperature and the
growth time. For the first time, a method has been presented
that allows nanoparticle synthesis on an industrial scale. The
low reaction temperature allows a synthesis with usual
reaction apparatus because the temperatures is always below
260 �C, which is the softening point of most PTFE sealings and
components.


Experimental Section


Transmission electron microscopy (TEM) measurements were carried out
on a LEO 912 Omega operating at 120 kV. Fluorescence spectroscopy was
executed on a J&M FL3095 fluorimeter. Atomic absorption spectrometer
(AAS) measurements were performed on a Analytik Jena AG, model AAS
vario 6 spectrometer. Cadmium naphthenate was purchased form Alfa
Aesar (Karlsruhe, Germany), all other chemicals from Aldrich (Munich,
Germany).


A typical CdSe nanorod synthesis was carried out by dissolving cadmium
naphthenate (17.2% Cd, 235.3 mg, 360 �mol) under inert gas atmosphere
(N2) in hexadecylamine (4 g) within a Schlenk flask. The solution was
heated to 190 �C and degassed three times. A solution of selenium (23.7 mg,
300 �mol) in trioctylphosphine (2 mL) was prepared in a drybox and
transferred into a syringe. The selenium solution was quickly injected into
the cadmium solution under Schlenk conditions, and the mixture was
stirred for 5 minutes at 160 �C. The reaction mixture was allowed to cool
down to room temperature, and the nanorods were precipitated with dry
methanol. After centrifugation, the cadmium concentration was measured
in the supernatant. The yield was calculated to 51% (29.3 mg, 0.186 �mol)
nanorods with approximately 2 nm width and 10 nm lengths. The nanorods
were washed three times with dry methanol and redissolved in chloroform
for further measurements.
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Stable Oligonucleotide-Directed Triplex Formation at Target Sites with CG
Interruptions: Strong Sequence-Specific Recognition by 2�,4�-Bridged
Nucleic-Acid-Containing 2-Pyridones under Physiological Conditions


Satoshi Obika, Yoshiyuki Hari, Mitsuaki Sekiguchi, and Takeshi Imanishi*[a]


Abstract: A sequence of double-strand-
ed DNA (dsDNA) which can be recog-
nized by a triplex-forming oligonucleo-
tide (TFO) is limited to a homopurine ±
homopyrimidine sequence. To develop
novel nucleoside analogues which rec-
ognize CG interruption in homopur-
ine ± homopyrimidine dsDNA, we syn-
thesized a novel 2�-O,4�-C-methyleneri-
bonucleic acid (2�-O,4�-C-methylene
bridged nucleic acid; 2�,4�-BNA) that
bears the unnatural nucleobases, 2-pyr-
idone (PB) or its 5-methyl congener
(mPB); these analogues were introduced
into pyrimidine TFOs using a DNA
synthesizer. A TFO with a 2�-deoxy-�-
�-ribofuranosyl-2-pyridone (P) or 2�,4�-


BNA abasic monomer (HB) was also
synthesized. The triplex-forming ability
of various synthesized 15-mer TFOs and
the corresponding homopurine ± homo-
pyrimidine dsDNA, which contained a
single pyrimidine ± purine (PyPu) inter-
ruption, was examined in UV melting
experiments. It was found that PB and
mPB in the TFOs successfully recognized
CG interruption under physiological
conditions (7m� sodium phosphate,
140m� KCl, 5m� spermine, pH 7.0).


Furthermore, triplex formation between
the dsDNA target which contained three
CG interruptions and the TFO with
three PB units was also confirmed. Addi-
tional four-point 2�,4�-BNA modifica-
tions of the TFO containing three PB


units significantly enhanced its triplex-
forming ability towards the dsDNA and
had a Tm value of 43 �C under physio-
logical conditions. These results indicate
that a critical inherent problem of TFOs,
namely, the sequence limitation of the
dsDNA target, may be overcome to a
large extent and this should promote
antigene applications of TFOs in vitro
and in vivo.


Keywords: molecular recognition ¥
nucleic acids ¥ nucleobases ¥
oligonucleotides


Introduction


Triplex-forming oligonucleotides (TFOs) can interact with
double-stranded DNA (dsDNA) in a sequence-specific man-
ner. These TFOs have been largely studied as novel reagents
for the control of gene expression in vitro and in vivo
(antigene strategy).[1±4] Recognition of dsDNA by TFO
follows two patterns that is a pyrimidine or purine. In a
pyrimidine motif triplex, homopyrimidine TFO binds to the
homopurine tract of the dsDNA target by the formation of
Hoogsteen hydrogen bonds to form T ¥AT and C� ¥GC triads
(Figure 1a). In a purine motif triplex, homopurine TFO forms
A ¥AT (or T ¥AT) and G ¥GC triads with the homopurine
tract of the dsDNA target through reverse-Hoogsteen hydro-
gen bonds. In other words, the dsDNA target in both motifs is
restricted to a homopurine ± homopyrimidine duplex. There-


fore, the development of nucleoside analogues is a prereq-
uisite for effective recognition of a pyrimidine ± purine (PyPu)
base pair (a CG or TA base pair) in dsDNA. In order to
overcome the restriction of the sequence of a dsDNA target, a
large number of synthetic homopyrimidine TFOs containing
unnatural nucleobases have been reported.[5] However, de-
velopment of a modified TFO that has selective and strong
binding affinity with a PyPu base pair has not yet been
achieved. Although T or C bases have been known to bind to
CG interruptions through a single hydrogen bond,[6, 7] these
nucleobases recognize either ATor GC base pairs much more
strongly. Results from a molecular modeling study suggested
that the 2-carbonyl group in T or C play a crucial role in the
recognition of a CG base pair (Figure 1b).[8] Therefore, we
assumed that 2-pyridone, which lacks suitable functional
groups for ATor GC base pair recognition, could succeed as a
nucleobase for selective interaction with CG interruptions
(Figure 1c).
We recently achieved the first synthesis of the novel


nucleosides, 2�-O,4�-C-methyleneribonucleic acid (2�-O,4�-C-
methylene bridged nucleic acid, 2�,4�-BNA)[9, 10] , which has a
fixed N-type conformation, and 3�-O,4�-C-methyleneribonu-
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Figure 1. a) Canonical T ¥AT and C� ¥GC triads in a pyrimidine motif
triplex; b) structure of T ¥CG and C ¥CG triads; c) proposed structure of a
P ¥CG triad.


cleic acid (3�,4�-BNA)[11, 12] which has a restricted S-type
conformation. Moreover, we have found that oligonucleotides
with a 2�,4�-BNA modification leads to a marked increase in
their triplex formation with dsDNA at neutral pH as well as in
their duplex formationwith single-strandedRNA (ssRNA).[10, 13±18]


We report here the synthesis of the novel 2�,4�-BNAmonomers,
2-pyridone derivative and its 5-methyl-2-pyridone congener
(Figure 2), and the effective recognition of one or more CG
base pairs in homopurine ± homopyrimidine dsDNA by
pyrimidine TFOs containing these 2�,4�-BNA monomers.[19]


Results


Synthesis of 2�,4�-BNA containing 2-pyridone and 5-methyl-2-
pyridone : The synthetic route to the phosphoramidites 6a and
6b is shown in Scheme 1. According to method of Vorbr¸g-
gen,[20] the starting material 1,[21]


which was easily prepared from
�-glucose, was treated with
2-pyridone, N,O-bis(trimethyl-
silyl)acetamide and trimethyl-
silyl trifluoromethanesulfonate
(TMSOTf) in 1,2-dichloro-
ethane to give 2a as the sole
�-anomer in 74% yield. By
using 5-methyl-2-pyridone, 2b
was produced in 87% yield in a
similar manner. The exposure
of 2 to potassium carbonate in
methanol gave the bicyclic nu-
cleosides 3 in yields of 96 ±
100%. Subsequent hydrogenol-
ysis of 3 afforded the diols 4 in
91 ± 95% yields. 1H NMR anal-
ysis of 4a and 4b showed that


the 2�,4�-BNAmonomers exhibited singlet signals for the C1�-,
C2�- and C3�-hydrogens of the sugar moiety. This indicated
that the sugar in their 2�,4�-BNA monomers was locked in
N-type conformation.[22] Furthermore, X-ray crystallographic
analysis[19, 23] of the structure of 4a confirmed that the
conformation of the sugar moiety was in a 3�-endo (N-type)
conformation, in which the sugar pseudorotation phase angle
(P) was 18.0�.[24] Protection of the primary alcohol of 4 with
4,4�-dimethoxytrityl chloride (DMTrCl) in pyridine gave
compound 5 in 96 ± 97% yields. The phosphoramidite 6a, a
suitable building block for DNA synthesis, was obtained in
98% yield by phosphitylation of 5a. The yield of phosphor-
amidite 6b was 91%. Then the phosphoramidites 6a and 6b
were incorporated into TFOs by standard phosphoramidite
protocol in a DNA synthesizer (Figure 3). TFOs that con-
tained P[25, 26] or HB[16, 27] were also synthesized. The purity of
the modified TFOs was verified using reversed-phase high
performance liquid chromatography (HPLC) and the compo-
sitions were determined by matrix-assisted laser desorption
ionization time-of-flight MS (MALDI-TOF-MS) (see Exper-
imental Section).


The triplex-forming ability of PB and mPB-containing TFO
with dsDNA (single interruption): Initially, UV-melting
experiments were used to investigate whether the nucleoside
analogue P, which bears 2-pyridone, could recognize a CG
interruption in dsDNA when incorporated into TFOs. The
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TFOs sequence


target dsDNA


7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22


5'-GCTAAAAAGAXAGAGAGATCG-3'
3'-CGATTTTTCTYTCTCTCTAGC-5'


5'-TTTTTmCTTTmCTmCTmCT-3'


5'-TTTTTmCTmCTmCTmCTmCT-3'


5'-TTTTTmCTPTmCTmCTmCT-3'


5'-TTTTTmCTPBTmCTmCTmCT-3'


5'-TTTTTmCTmPBTmCTmCTmCT-3'


5'-TTTTTmCTHBTmCTmCTmCT-3'


5'-TTTTTmCTTmCmCTmCTmCT-3'


5'-TTTTTmCTPBmCmCTmCTmCT-3'


5'-TTTTTmCmCTTmCTmCTmCT-3'


5'-TTTTTmCmCPBTmCTmCTmCT-3'


5'-TTTTTmCmCTmCmCTmCTmCT-3'


5'-TTTTTmCmCPBmCmCTmCTmCT-3'


5'-TTTTTTTTTTTmCTmCT-3'


5'-TTTTTPBTPBTPBTmCTmCT-3'


5'-TTBTTBTPBTPBTPBTmCBTmCBT-3'


5'-TTBTTBTmPBTmPBTmPBTmCBTmCBT-3'


23


24


25


26


27


5'-GCTAAAAAGAXGGAGAGATCG-3'
3'-CGATTTTTCTYCCTCTCTAGC-5'


5'-GCTAAAAAGGXAGAGAGATCG-3'
3'-CGATTTTTCCYTCTCTCTAGC-5'


5'-GCTAAAAAGGXGGAGAGATCG-3'
3'-CGATTTTTCCYCCTCTCTAGC-5'


5'-GCTAAAAACACACAGAGATCG-3'
3'-CGATTTTTGTGTGTCTCTAGC-5'


XY = CG, GC, TA or AT (23-26)


Figure 3. The TFOs sequence and the sequence of the DNA targets.


melting temperature (Tm) was measured in 7m� sodium
phosphate buffer (pH 7.0) that also contained 140m� KCl and
5m� spermine to approach physiological conditions in the
nucleus.[28] The Tm value of the triplex 9 ¥ 23 (XY�CG) was
45 �C, while those of the triplexes 9 ¥ 23 (XY�GC, TA and
AT), which contained a P ¥GC, P ¥TA and P ¥AT triad, were
much lower (33, 34 and 34 �C, respectively). This indicated
that the nucleoside analogue, P, effectively recognized the CG
interruption in dsDNA (Table 1, Figure 4). The thermal
stabilization effect of a T ¥CG and mC ¥CG triad (mC:
5-methylcytosine) was comparable to that of a P ¥CG triad,
while T and mC formed stable triads, T ¥ATand mC� ¥GC with
Tm values of 59 and 58 �C, respectively (Table 1). This result
suggests that the 2-carbonyl oxygen in P (or T and mC) plays
an important role in the binding with a CG base pair and that
the absense of a functional group at the 3- and 4-position in a
pyrimidine nucleobase effectively prevents hybridization with
PyPu base pairs.
Next, the effect of the 2�,4�-BNA modification of P was


examined. The triplex formation of PB-containing TFO 10was
also found to be sequence-selective, and the Tm value of the
triplex 10 ¥ 23 (XY�CG) was 10 ± 13 �C higher than those of
the triplexes 7 ¥ 23 (XY�CG), 8 ¥ 23 (XY�CG), 9 ¥ 23 (XY�
CG) or 12 ¥ 23 (XY�CG) (Table 1, Figure 5). Moreover, the
thermal stability of the triplex 10 ¥ 23 (XY�CG) was almost
comparable to that of the canonical triplexes 7 ¥ 23 (XY�AT)
and 8 ¥ 23 (XY�GC), which contained a T ¥AT and mC� ¥GC


Figure 4. UV-melting profiles (260 nm) for the triplexes 9 ¥ 23 (XY�CG,
red; GC, green; TA, blue; AT, cyan). The presented melting curves were
normalized.


Figure 5. UV-melting profiles (260 nm) for the triplexes which were
formed with the duplex 23 (XY�CG) by TFOs 7 (blue), 9 (green), 10
(red), 11 (cyan) and 12 (black) triads. These melting curves have been
normalized.


Table 1. Tm values [�C] of TFOs 7 ± 18with their corresponding duplexes.[a]


XY
TFO Target duplex CG GC TA AT


7 (T) 23 44 35 33 59
8 (mCB) 23 42 58 35 35
9 (P) 23 45 33 34 34
10 (PB) 23 55 37 36 44
11 (mPB) 23 56 42 35 44
12 (HB) 23 44 35 44 35
13 (T) 24 39 33 29 53
14 (PB) 24 49 33 29 37
15 (T) 25 34 33 33 55
16 (PB) 25 43 33 35 34
17 (T) 26 15[c] 17[c] nd[b,c] 15[c]


18 (PB) 26 34 21 nd[b] 23


[a] Conditions: 7m� sodium phosphate buffer (pH 7.0) containing 140m�
KCl and 5m� spermine, concentration of triplex� 1.5��. [b] A typical
transition in the UV-melting curve was not observed. [c] All the Tm values
were extremely low, and that might mean incomplete formation of the
corresponding triplexes, perhaps due to sequence-peculiarity of the TFO
used though the details in this respect are not clear.
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triad, respectively. The 5-methyl substitution of U or C in
TFO is known to cause relatively large enhancement of triplex
stability,[29] but notable improvement in recognition of a CG
interruption was not observed in the mPB-containing TFO
(Table 1). Possibly the difference in the spatial position of the
5-methyl group between T ¥AT (mC ¥GC) and mPB ¥CG triads
may explain why the 5-methyl group in mPB did not give the
desired effect.
To confirm the general apllicability of this result, we also


studied the ability of PB to recognize CG interruption in other
dsDNA targets (Table 1). Due to the low stability of the mC� ¥
GC triad under physiological conditions,[30] the replacement
of an AT base pair by a GC base pair at the neighboring sites
of the target CG interruption caused a decrease in the Tm
values. However, the TFOs 14, 16 or 18 maintained reason-
able triplex-forming ability towards the corresponding target
duplexes 24, 25 or 26 (XY�CG) with almost no effect on a
variety of base pairs at the neighboring sites (Table 1). The
increase in Tm values of TFOs 14, 16 and 18 for a CG
interruption ranged from �9 ± 19 �C with respect to those of
TFOs 13, 15 and 17.


Triplex-forming ability of TFO containing PB and mPB with
dsDNA including three CG interruptions : It is of considerable
interest as to whether the TFO that bears PB or mPB can form a
stable triplex with dsDNA that includes multiple CG inter-
ruptions. Therefore, the triplex-forming ability of TFOs 19 ±
22, which have three-point PB or mPB modifications, with the
target duplex 27 was evaluated (Figure 6).[31] In the case of


Figure 6. UV-melting profiles (260 nm) for the triplexes 19 ¥ 27 (blue), 20 ¥
27 (cyan), 21 ¥ 27 (red) and 22 ¥ 27 (green). Their Tm values were 22 �C (20 ¥
27), 43 �C (21 ¥ 27) and 35 �C (22 ¥ 27). Typical hyperchromicity of triplex 19 ¥
27 was not observed. These melting curves have been normalized.


natural TFO 19, the formation of a triplex with three T ¥CG
triads was not observed. However, under physiological
conditions, the TFO 20 was found to form a triplex containing
three PB ¥CG triads with a Tm value of 22 �C. As we previously
reported, 2�,4�-BNA modification of T or mC in homopyrimi-
dine TFO significantly promoted the triplex formation.[16±18]


Therefore, to enhance the triplex stability, an additional four
2�,4�-BNA modifications were introduced into TFO 20. This
new TFO, 21, exhibited a potent triplex-forming ability with


Tm value of 43 �C, even though the target duplex 27 had three
CG interruptions in its 15-bp TFO-binding region. The TFO
22, the 5-methyl congener of TFO 21, was also found to form a
stable triplex with the target duplex 27 with Tm value of 35 �C.


Discussion


Extensive research on TFOs, which involve nucleoside
analogues for the recognition of CG interruption in dsDNA,
has been reported to date.[8, 32±35] Most of the nucleoside
analogues have complicated structures that consist of highly
fused-aromatic ring and many functional groups in order to
form hydrogen bonds with the 4-amino hydrogen in C and the
6-carbonyl oxygen and 7-nitrogen atoms in G. However, their
mode of recognition of a CG base pair remained vague, and
the development of an ideal nucleoside analogue to interact
with a CG interruption was not been achieved. However, the
simple structure of 2-pyridone, which we selected as a
nucleobase, has only one functional group that can form a
hydrogen bond in a triplex. By using the 2-pyridone as a
nucleobase, successful recognition of CG interruption in
dsDNA was demonstrated (Table 1, Figure 5), and this
indicates the importance of the hydrogen bond between the
2-carbonyl oxygen in P and the 4-amino hydrogen in C
(Figure 1c). Moreover, the stability of a triplex that contained
a P ¥CG triad was comparable to that of triplexes containing a
T ¥CG or C ¥CG triad (Table 1). Again this demonstrates the
requirement of the 2-carbonyl oxygen not only in P but also in
T and C.[8]


On the other hand, Jayaraman and co-workers investigated
triplex-forming ability of TFOs that contained 2-pyridone or
4-pyridone nucleobases in order to confirm the hydrogen
bond arrangement of an antiparallel T ¥CG triad.[26] Conse-
quently, the 4-carbonyl oxygen in T was shown to play an
important role in an antiparallel triplex in the recognition of
the 4-amino hydrogen in C. Their results also support the
requirement of the 2-carbonyl oxygen in P, C or T for
recognition of CG interruption in a parallel triplex formation
since the 4-carbonyl oxygen at T in an antiparallel motif is
considered to be spatially identical with the 2-carbonyl
oxygen at T in a parallel motif. A 2�,4�-BNA modification of
the P nucleoside in TFO retained the sequence-selectivity and
promoted a significant increase in the binding affinity with
CG interruption (Table 1). However, 2�,4�-BNA abasic ana-
logue (HB) did not show particular specific recognition of a
CG base pair (Table 1). The excellent binding properties of PB


is likely to arise from a combination of the sequence-
selectivity of the 2-pyridone nucleobase moiety and of the
potent triplex-forming ability by the 2�,4�-methylene bridged
sugar moiety. As described by Dervan et al.,[30a, 32] their
nucleoside analogue D3 achieved a shape-selective recogni-
tion of PyPu base pairs in dsDNA when the D3 ¥PyPu triad
was flanked by two T ¥AT triads but its binding affinity was
drastically decreased when the T ¥AT triad in the adjacent 3�
direction was replaced by a C� ¥GC triad. In the case of the
interaction of a TA base pair with G,[36±38] the thermal stability
of TFOs containing a G ¥TA triad was deeply influenced by a
variety of neighboring base triads.[30a] Moreover, in the case of
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triplexes that contain a T ¥CG triad, UV-melting experiments
showed that the triplex 17 ¥ 26 (XY�CG), which has a mC� ¥
GC triad at the adjacent 5� direction, was the most destabi-
lized although the destabilization was not large. The triplexes
with a PB ¥CG triad also displayed similar tendencies. These
results suggest that the nearest 5�-sided, rather than the
nearest 3�-sided, GC base pair of CG interruption in a dsDNA
target causes greater destabilization of a formed triplex. In
any event, it was clearly shown that PB interacts strongly with
CG interruption in a sequence-specific manner, regardless of
the triads adjacent to the PB ¥CG triad (Table 1). In a triplex
between TFO 20 and dsDNA 27, which included three CG
interruptions (Figure 6), the Tm value was 22 �C and the
triplex was showed to decrease in �Tm per PB modification by
approximately 9 �C with respect to the fully matched triplex
7 ¥ 23 (XY�AT), whereas the triplex 10 ¥ 23 (XY�CG) with a
PB ¥CG triad was 4 �C less stable in Tm value than the full-
matched triplex. As we have previously reported,[14, 16±18] in the
case of 2�,4�-BNA (TB or mCB), which has natural nucleobases,
similar results were also obtained. For example, a triplex,
which contained a TB ¥AT triad, dramatically increased in Tm
value by 13 �C with respect to the corresponding natural
triplex, while the Tm values of triplexes containing multiple
TB ¥AT triads showed an increase by 5 ± 6 �C per 2�,4�-BNA
modification. These results are probably due to a slight warp
of the sugar moiety by 2�,4�-BNA modification. However, it
was shown that 20, which contains three PB modifications,
successfully recognized the dsDNA target 27 with three CG
interruptions and formed a triplex that included three PB ¥CG
triads.
An additional four 2�,4�-BNA modifications of the TFO 21


further stabilized the triplex, which included three PB ¥CG
triads, and its Tm value was 43 �C. On the other hand, a triplex
consisting of the TFO (5�-TTBTTBTTTTTTTmCBTmCBT-3�),
with T instead of the PB in 21, and a duplex 27 had a Tm value
of 18 �C. These results showed that the excellent recognition
of CG interruption shown by PB was maintained even if
natural-type 2�,4�-BNA such as TB and mCB were introduced
into the TFO with PB to enhance the stability of a triplex.
To the best of our knowledge, this is the first example of a


modified TFO to have achieved effective recognition of the
dsDNAwhich contained three CG interruptions.[39] The use of
PB should substantially overcome one of the critical problems
in pyrimidine motif triplex formation, that is, a limitation of
the target sequence, and these results should afford a vital clue
to the development of practical antigene strategy.


Conclusion


The results presented here demonstrate that the 2-carbonyl
oxygen of pyridone or pyrimidine nucleobases plays an
important role in the recognition of a CG base pair in a
pyrimidine motif triplex. The 2-pyridone derivative (P) has
sufficient CG selectivity due to the lack of a 3-nitrogen atom
and a 4-carbonyl group which are crucial for the formation of
hydrogen bonds with AT base pairs. The combination of
2-pyridone or 5-methyl-2-pyridone and the 2�-O,4�-C-methyl-
ene bridged sugar moiety significantly enhances the binding


affinity with a CG base pair without loss of selectivity. The
triplexes were formed between the TFO, which contained PB


or mPB, and the target duplex, which included three CG
interruptions. Moreover, the additional four-point 2�,4�-BNA
modifications of the TFO to involve three PB units led to
dramatic enhancement of the triplex stability. We believe that
the novel 2�,4�-bridged nucleic acid analogue, PB, should
eventually lead to the advancement of practical applications
of the antigene strategy.


Experimental Section


1-[2-O-Acetyl-3,5-di-O-benzyl-4-(p-toluenesulfonyloxymethyl)-�-�-ribo-
furanosyl]-2-pyridone (2a): Under a nitrogen atmosphere at room temper-
ature, 2-pyridone (52 mg, 0.52 mmol) andN,O-bis(trimethylsilyl)acetamide
(0.16 mL, 0.57 mmol) were added to a solution of compound 1 (154 mg,
0.26 mmol) in anhydrous 1,2-dichloroethane (4 mL) and the mixture was
heated under reflux for 2 h. Trimethylsilyl trifluoromethanesulfonate
(51 �L, 0.28 mmol) was added to the reaction mixture at 0 �C. The mixture
was then heated under reflux for 4 h. After the addition of a saturated
aqueous solution of sodium hydrogen carbonate, the organic phase was
extracted with ethyl acetate, washed with water and brine, dried over
sodium sulfate and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (n-hexane/ethyl acetate 1:1)
to give compound 2a (169 mg, 74%) as a colorless oil. [�]26D ��55.9 (c�
1.00 in CHCl3); 1H NMR (270 MHz, CDCl3, 25 �C, TMS): �� 7.75 (d, J�
8 Hz, 2H), 7.65 (dd, J� 7, 2 Hz, 1H), 7.38 ± 7.18 (m, 13H), 6.43 (d, J� 9 Hz,
1H), 6.00 (d, J� 3 Hz, 1H), 5.83 (m, 1H), 5.37 (dd, J� 6, 3 Hz, 1H), 4.53,
4.34 (AB, J� 12 Hz, 2H), 4.45 (d, J� 6 Hz, 1H), 4.45, 4.38 (AB, J� 11 Hz,
2H), 4.27, 4.17 (AB, J� 11 Hz, 2H), 3.83, 3.54 (AB, J �10 Hz, 2H), 2.42 (s,
3H), 2.03 (s, 3H); 13C NMR (68 MHz, CDCl3, 25 �C): �� 169.26, 161.78,
144.94, 137.05, 136.93, 133.31, 129.67, 128.35, 128.32, 128.00, 127.95, 127.86,
120.74, 120.41, 105.67, 88.63, 85.48, 76.64, 75.03, 74.15, 73.53, 69.74, 69.42,
21.72, 20.77; IR (KBr): ��max� 1748, 1667, 1591, 1363, 1229, 1180, 1111 cm�1;
MS (EI): m/z (%): 633 (4) [M]� , 91 (100); elemental analysis calcd (%) for
C34H35NO9S (633.7): C 64.44, H 5.57, N 2.21, S 5.06; found: C 64.25, H 5.56,
N 2.18, S 4.94.


1-[2-O-Acetyl-3,5-di-O-benzyl-4-(p-toluenesulfonyloxymethyl)-�-�-ribo-
furanosyl]-5-methyl-2-pyridone (2b): Under a nitrogen atmosphere, 5-me-
thy-2-pyridone (161 mg, 1.47 mmol) and N,O-bis(trimethylsilyl)acetamide
(0.44 mL, 1.78 mmol) were added to a solution of compound 1 (590 mg,
0.99 mmol) in anhydrous 1,2-dichloroethane (10 mL) at room temperature
and the mixture was heated under reflux for 0.5 h. Trimethylsilyl
trifluoromethanesulfonate (0.14 mL, 0.77 mmol) was at room temperature
added to the reaction mixture, which was then heated under reflux for 3 h.
After the addition of a saturated aqueous solution of sodium hydrogen
carbonate, the organic phase was extracted with ethyl acetate. The residue
was obtained as in the synthesis of 2a and further purified by flash silica gel
column chromatography (n-hexane/ethyl acetate 2:3) afforded compound
2b (553 mg, 87%) as a white powder. M.p. 42 ± 45 �C; [�]27D ��32.9 (c�
0.64 in CHCl3); 1H NMR (270 MHz, CDCl3, 25 �C, TMS):�� 7.74 (d, J�
8 Hz, 1H), 7.36 ± 7.19 (m, 13H), 7.09 (dd, J� 9, 2 Hz, 1H), 6.39 (d, J� 9 Hz,
1H), 6.03 (d, J� 4 Hz, 1H), 5.40 (dd, J� 6, 4 Hz, 1H), 4.53, 4.38 (AB, J�
12 Hz, 2H), 4.52 ± 4.44 (m, 2H), 4.50 (d, J� 6 Hz, 1H), 4.24, 4.19 (AB, J�
11 Hz, 2H), 3.82, 3.58 (AB, J� 10 Hz, 2H), 2.42 (s, 3H), 2.03 (s, 3H), 1.71
(s, 3H); 13C NMR (68 MHz, CDCl3, 25 �C): �� 169.46, 161.17, 144.93,
142.444, 137.14, 137.04, 132.22, 130.43, 129.70, 128.41, 128.33, 127.99, 127.95,
127.87, 127.84, 127.54, 120.13, 115.00, 88.40, 85.41, 77.13, 75.12, 74.30, 73.58,
70.17, 69.36, 21.74, 20.79, 16.96; IR (KBr): ��max� 1748, 1674, 1602, 1363,
1229, 1180, 1105 cm�1; MS (EI):m/z (%): 647 (2) [M]� , 91 (100); elemental
analysis calcd (%) for C35H37NO9S ¥ 1³3H2O (C35H37NO9S, 647.7): C 64.30, H
5.81, N 2.14, S 4.90; found: C 64.23, H 5.75, N 2.18, S 4.86.


1-(3,5-Di-O-benzyl-2-O,4-C-methylene-�-�-ribofuranosyl)-2-pyridone
(3a): Potassium carbonate (72 mg, 0.52 mmol) was added to a solution of
compound 2a (110 mg, 0.17 mmol) in methanol (3 mL) at room temper-
ature and the mixture was stirred for 17 h. The solvent was concentrated
under reduced pressure. Ethyl acetate and water were added to the residue
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and the organic phase was extracted with ethyl acetate. The residue was
obtained as in the synthesis of 2a and further purified by silica gel column
chromatography (n-hexane/ethyl acetate 3:2 to 1:2) to give compound 3a
(73 mg, 100%) as a white powder. M.p. 117 ± 118 �C; [�]26D ��202.9 (c�
1.00 in CHCl3); 1H NMR (270 MHz, CDCl3, 25 �C, TMS):�� 7.79 (dd, J�7,
2 Hz, 1H), 7.39 ± 7.20 (m, 11H), 6.51 (d, J� 9 Hz, 1H), 6.10 (m, 1H), 5.90 (s,
1H), 4.67 (s, 1H), 4.65, 4.63 (AB, J� 12 Hz, 2H), 4.59, 4.44 (AB, J� 12 Hz,
2H), 4.05, 3.90 (AB, J� 8 Hz, 2H), 3.97 (s, 1H), 3.86, 3.84 (AB, J� 11 Hz,
2H); 13C NMR (68 MHz, CDCl3, 25 �C): �� 161.78, 139.50, 137.53, 136.84,
132.03, 128.35, 128.35, 128.27, 127.83, 127.73, 127.53, 127.31, 120.30, 105.64,
88.00, 87.18, 76.29, 75.60, 73.60, 72.15, 72.04, 64.49; IR (KBr): ��max� 1661,
1584 cm�1; MS (EI): m/z (%): 419 (10) [M]� , 91 (100); elemental analysis
calcd (%) for C25H25NO5 (419.5): C 71.58, H 6.01, N 3.34; found: C 71.53, H
6.03, N 3.37.


1-(3,5-Di-O-benzyl-2-O,4-C-methylene-�-�-ribofuranosyl)-5-methyl-2-
pyridone (3b): Potassium carbonate (399 mg, 2.45 mmol) was added to a
solution of compound 2b (530 mg, 0.82 mmol) in methanol (15 mL) at
room temperature and the mixture was stirred for 11 h. The solvent was
concentrated under reduced pressure. Ethyl acetate and water were added
to the residue and the organic phase extracted with ethyl acetate. The
residue was obtained as in the synthesis of 2a and further purified by silica
gel column chromatography (n-hexane/ethyl acetate 4:7) to give compound
3b (340 mg, 96%) as a colorless oil. [�]23D ��159.9 (c� 0.70 in CHCl3);
1H NMR (270 MHz, CDCl3, 25 �C, TMS): �� 7.54 (m, 1H), 7.37 ± 7.16 (m,
11H), 6.46 (d, J� 9 Hz, 1H), 5.89 (s, 1H), 4.66 (s, 1H), 4.64, 4.63 (AB, J�
12 Hz, 2H), 4.60, 4.46 (AB, J� 12 Hz, 2H), 4.06, 3.89 (AB, J� 8 Hz, 2H),
4.00 (s, 1H), 3.88, 3.86 (AB, J� 11 Hz, 2H), 1.86 (s, 3H); 13C NMR
(68 MHz, CDCl3, 25 �C): �� 161.03, 142.15, 137.51, 136.90, 129.18, 128.34,
128.23, 127.77, 127.73, 127.54, 127.43, 119.82, 114.67, 87.91, 87.04, 76.30, 75.44,
73.67, 72.11, 71.96, 64.77, 17.33; IR (KBr): ��max� 1668, 1596, 1094,
1051 cm�1; MS (EI): m/z (%): 433 (12) [M]� , 91 (100); elemental analysis
calcd (%) for C26H27NO5 ¥ 1/4H2O (C26H27NO5, 433.5): C 71.30, H 6.33, N
3.20; found: C 71.39, H 6.41, N 3.19.


1-(2-O,4-C-Methylene-�-�-ribofuranosyl)-2-pyridone (4a): Compound 3a
(68 mg, 0.16 mmol), 20% palladium hydroxide on carbon powder (60 mg),
cyclohexene (0.82 mL, 8.10 mmol) and ethanol (2 mL) were heated under
reflux for 1.5 h. The reaction mixture was filtered and silica gel (0.2 g) was
added to the solution. The mixture was concentrated under reduced
pressure. The residue was purified by silica gel column chromatography
(CHCl3/methanol 20:1) to give compound 4a (37 mg, 95%). Crystallization
from acetone gave the analytical specimen as plate crystals. M.p. 206 ±
207 �C; [�]26D ��162.8 (c� 1.00 in CH3OH); 1H NMR (270 MHz, CD3OD,
25 �C, TMS):�� 8.01 (dd, J� 7, 1 Hz, 1H), 7.59 ± 7.53 (m, 1H), 6.53 ± 6.45
(m, 2H), 5.79 (s, 1H), 4.33 (s, 1H), 4.04 (s, 1H), 3.99, 3.82 (AB, J� 8 Hz,
2H), 3.94 (s, 2H); 13C NMR (68 MHz, CD3OD, 25 �C): �� 163.83, 142.15,
133.68, 120.24, 108.10, 90.42, 89.09, 80.59, 72.49, 69.92, 57.76; IR (KBr):
��max� 3293, 2952, 1655, 1567, 1051 cm�1; MS (EI): m/z (%): 239 (30) [M]� ,
96 (100); elemental analysis calcd (%) for C11H13NO5 (239.2): C, 55.23, H
5.48, N 5.86; found: C 55.05, H 5.44, N 5.82.


5-Methyl-1-(2-O,4-C-methylene-�-�-ribofuranosyl)-2-pyridone (4b): A
mixture of compound 3b (265 mg, 0.61 mmol), 20% palladium hydroxide
on carbon powder (140 mg), cyclohexene (3.10 mL, 30.6 mmol), and
ethanol (6 mL) was heated under reflux for 2 h, then filtered. The filtrate
was concentrated under reduced pressure. The residue was purified by
silica gel column chromatography (CHCl3/methanol 13:1) to give com-
pound 4b (141 mg, 91%) as a white powder. M.p. 209 ± 211 �C; [�]28D �
�114.8 (c� 0.93 in CH3OH); 1H NMR (270 MHz, CD3OD, 25 �C, TMS):
�� 7.82 (d, J� 2 Hz, 1H), 7.45 (dd, J� 9, 2 Hz, 1H), 6.46 (d, J� 9 Hz, 1H),
5.76 (s, 1H), 4.31 (s, 1H), 4.05 (s, 1H), 3.79, 3.97 (AB, J� 8 Hz, 2H), 3.93 (s,
2H), 2.15 (s, 3H); 13C NMR (68 MHz, CD3OD, 25 �C): �� 162.93, 144.59,
131.01, 119.79, 117.77, 90.38, 89.04, 80.58, 72.46, 69.83, 57.66, 17.49; IR
(KBr): ��max� 3406, 2925, 1658, 1567 cm�1; MS (EI):m/z (%): 253 (38) [M]� ,
109 (100); elemental analysis calcd (%) for C12H15NO5 ¥ 1³5H2O (C12H15NO5,
253.3): C 56.11, H 6.04, N 5.45; found: C 56.15, H 5.95, N 5.44.


1-[5-O-(4,4�-Dimethoxytrityl)-2-O,4-C-methylene-�-�-ribofuranosyl]-2-
pyridone (5a): Under a nitrogen atmosphere, 4,4�-dimethoxytrityl chloride
(113 mg, 0.33 mmol) was added to a solution of compound 4a (50 mg,
0.21 mmol) in anhydrous pyridine (1 mL) and the mixture was stirred at
room temperature for 1 h. After the addition of saturated aqueous solution
of sodium hydrogen carbonate, the organic phase was extracted with ethyl
acetate. The residue was obtained as in the synthesis of 2a and further


purified by silica gel column chromatography (n-hexane/ethyl acetate/
triethylamine 20:100:1) to afford compound 5a (109 mg, 96%). Repreci-
pitation from n-hexane/ethyl acetate gave the analytical specimen as a
white powder. M.p. 114 ± 115 �C; [�]25D ��56.5 (c� 1.00 in CHCl3);
1H NMR (270 MHz, CD3COCD3, 25 �C, TMS): �� 8.07 (dd, J� 7, 2 Hz,
1H), 7.56 ± 7.26 (m, 10H), 6.92 (d, J� 8 Hz, 4H), 6.38 (d, J� 9 Hz, 1H), 6.23
(s, 1H), 5.77 (s, 1H), 4.78 (d, J� 5 Hz, 1H), 4.38 (d, J� 5 Hz, 1H), 4.34 (s,
1H), 3.94 (d, J� 8 Hz, 1H), 3.82 ± 3.80 (m, 7H), 3.59, 3.52 (AB, J� 11 Hz,
2H); 13C NMR (68 MHz, CD3COCD3, 25 �C): �� 161.85, 159.40, 145.71,
140.38, 140.36, 136.39, 136.19, 130.77, 130.75, 128.74, 128.46, 127.48, 120.54,
113.76, 105.72, 105.70, 88.56, 88.48, 87.06, 79.78, 72.30, 70.15, 59.44, 55.40;
IR (KBr): ��max� 3279, 2952, 1657, 2574, 1508, 1252 cm�1; MS (EI):m/z (%):
303 (100) [C21H19� (DMTr�)]; elemental analysis calcd (%) for C32H31NO7 ¥
1³2H2O (C32H31NO7, 541.6): C 69.81, H 5.86, N 2.54; found: C 69.90, H 5.78,
N 2.55.


1-[5-O-(4,4�-Dimethoxytrityl)-2-O,4-C-methylene-�-�-ribofuranosyl]-5-
methyl-2-pyridone (5b): Under a nitrogen atmosphere, 4,4�-dimethoxytri-
tyl chloride (151 mg, 0.45 mmol) was added to a solution of compound 4b
(87 mg, 0.34 mmol) in anhydrous pyridine (1 mL) at room temperature and
the mixture was stirred for 1 h. After the addition of water, the organic
phase was extracted with ethyl acetate. The residue was obtained as in the
synthesis of 2a and further purified by silica gel column chromatography
(n-hexane/ethyl acetate 1:5) to give compound 5b (186 mg, 97%).
Reprecipitation from n-hexane/ethyl acetate gave the analytical sample
as a white powder. M.p. 118 ± 121 �C; [�]23D ��34.8 (c� 1.11 in CHCl3);
1H NMR (270 MHz, CDCl3, 25 �C, TMS): �� 7.68 (s, 1H), 7.50 ± 7.19 (m,
10H), 6.85 (d, J� 8 Hz, 4H), 6.47 (d, J� 9 Hz, 1H), 5.85 (s, 1H), 4.50 (s,
1H), 4.28 (s, 1H), 3.87 (s, 2H), 3.79 (s, 6H), 3.48, 3.58 (AB, J� 11 Hz, 2H),
1.93 (s, 3H); 13C NMR (68 MHz, CDCl3, 25 �C): �� 161.15, 158.49, 144.47,
142.37, 135.44, 135.42, 129.99, 129.96, 129.04, 127.99, 127.90, 126.90, 119.93,
115.08, 113.23, 113.22, 87.83, 87.66, 86.59, 79.18, 71.73, 70.25, 58.63, 55.25,
17.60; IR (KBr): ��max� 3327, 2951, 1664, 1581, 1508, 1252, 1179, 1081,
1046 cm�1; MS (FAB): m/z : 556 [M�H]� ; elemental analysis calcd (%) for
C33H33NO7 ¥ 1³3H2O (C33H33NO7, 555.6): C 70.57, H 6.04, N 2.49; found: C
70.55, H 6.14, N 2.45.


1-[3-O-[2-Cyanoethoxy(diisopropylamino)phosphino]-5-O-(4,4�-dimeth-
oxytrityl)-2-O-4-C-methylene-�-�-ribofuranosyl]-2-pyridone (6a): Under
a nitrogen atmosphere, 2-cyanoethyl-N,N,N�,N�-tetraisopropylphosphoro-
diamidite (52 �L, 0.16 mmol) was added to compound 5a (20 mg, 37 �mol)
and diisopropylammonium tetrazolide (17 mg, 98 �mol) in anhydrous
acetonitrile/tetrahydrofuran (3:1, 0.8 mL) at room temperature and the
mixture was stirred for 9 h. The solvent was removed under reduced
pressure and residue purified by flash silica gel column chromatography (n-
hexane/ethyl acetate/triethylamine 50:50:1) to give compound 6a (26 mg,
95%) as a white powder. M.p. 68 ± 69 �C; 31P NMR (81 MHz, CDCl3,
25 �C): �� 149.3, 148.69; MS (FAB): m/z : 742 [M�H]� ; HRMS (FAB):
calcd for C41H48N3O8PNa: 764.3077; found: 764.3077 [M�Na]� .
1-[3-O-[2-Cyanoethoxy(diisopropylamino)phosphino]-5-O-(4,4�-dimeth-
oxytrityl)-2-O-4-C-methylene-�-�-ribofuranosyl]-5-methyl-2-pyridone
(6b): Under a nitrogen atmosphere, 2-cyanoethyl-N,N,N�,N�-tetraisopro-
pylphosphorodiamidite (33 �L, 0.10 mmol) was added to compound 5b
(34 mg, 61 �mol) and diisopropylammonium tetrazolide (10 mg, 58 �mol)
in anhydrous acetonitrile/tetrahydrofuran (3:1, 2 mL) at room temperature
and the mixture was stirred for 10 h. The solvent was removed under
reduced pressure and the residue purified by flash silica gel column
chromatography (n-hexane/ethyl acetate 50:50) to give compound 6b
(42 mg, 91%) as a white powder. M.p. 72 ± 75 �C; 31P NMR (81 MHz,
CDCl3, 25 �C): �� 149.09, 148.77; MS (FAB): m/z : 756 [M�H]� ; HRMS
(FAB): calcd for C42H50N3O8PNa: 778.3233; found: 778.3236 [M�Na]� .
Syntheses of modified oligonucleotides : Oligonucleotides were synthesized
on a 0.2 �mol scale on an Applied Biosystems DNA synthesizer by using
standard phosphoramidite chemistry. The 5�-terminal DMTr group-pro-
tected oligonucleotides were treated with concentrated ammonia hydrox-
ide for 18 h at 60 �C and the solvents were removed. The residue was
purified with NENSORP PREP to give the purposed oligonucleotides. The
purity of the modified oligonucleotides was verified using reversed-phase
HPLC (ChemcoPak CHEMCOSORB 300–5C18, 4.6 mm� 250 mm),
and the compositions determined by MALDI-TOF-MS (Voyager-DE).


MALDI-TOF-MS data: 9, calcd for [M�H]�: 4465.04; found: 4463.87; 10,
calcd for [M�H]�: 4493.05; found: 4493.37; 11, calcd for [M�H]�: 4507.08;
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found: 4507.76; 12, calcd for [M�H]�: 4399.97; found: 4400.41; 14, calcd
for [M�H]�: 4492.07; found: 4491.60; 16, calcd for [M�H]�: 4492.07;
found: 4492.83; 18, calcd for [M�H]�: 4491.08; found: 4490.48; 20, calcd
for [M�H]�: 4489.01; found: 4489.89; 21, calcd for [M�H]�: 4601.06;
found: 4600.91; 22, calcd for [M�H]�: 4643.14; found: 4642.37.
UV-melting experiments : UV-melting experiments were carried out on
Beckman DU–650 spectrometer. The profiles were measured at a scan
rate of 0.5 �Cmin�1 at 260 nm in sodium phosphate buffer (7m�� pH 7.0)
which also contained KCl (140m�� and spermine (5m��. The final
concentration of each oligonucleotide used was 1.5��. The Tm value was
designated as the maximum of the first derivative calculated from the UV-
melting profile.
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Double-Stranded Helices and Molecular Zippers Assembled from Single-
Stranded Coordination Polymers Directed by Supramolecular Interactions


Xiao-Ming Chen* and Gao-Feng Liu[a]


Abstract: Using three nonlinear dicar-
boxylates, isophthalate (ipa), 4,4�-oxy-
bis(benzoate) (oba), and ethylenedi(4-
oxybenzoate) (eoba), we have prepared
five neutral infinite copper(��) dicarbox-
ylate coordination polymers containing
lateral aromatic chelate ligands, namely
[Cu(ipa)(2,2�-bpy)]n ¥ 2nH2O (1), [Cu2-
(ipa)2(phen)2H2O]n (2), [Cu(oba)-
(phen)]n (3), [Cu(oba)(2,2�-bpy)]n (4),
and [Cu(eoba)(phen)]n (5 ; 2,2�-bpy�


2,2�-bipyridine, phen� 1,10-phenanthro-
line) by hydrothermal synthesis. X-ray
single-crystal structural analyses of these
complexes reveal that the nonlinear
flexible or V-shaped dicarboxylates can
induce the helicity or flexuousity of the


polymeric chains and aromatic chelate
ligands are important in providing po-
tential supramolecular recognition sites
for � ±� aromatic stacking interactions.
An appropriate combination of the
bridging dicarboxylate and aromatic
chelate can induce a pair of single-
stranded helical or flexuous chains to
generate a double-stranded helix or
molecular zipper through supramolecu-
lar interactions, respectively.


Keywords: copper ¥ helical struc-
tures ¥ molecular recognition ¥ N,O
ligands ¥ self assembly


Introduction


Over the past decade, helical structures have received much
attention in coordination chemistry and materials chemistry
because helicity is an essential element of life and is also
important in advanced materials such as optical devices and
asymmetric catalysis.[1] Consequently, many single- and dou-
ble- and higher-order stranded helical complexes have been
generated by self-assembly processes. However, these studies
have usually been focused on the design and synthesis of
polymeric helical assemblies mediated by metal ± ligand
coordination, in which the metal ions are helically wrapped
by bridging organic ligands as documented in a large number
of helical oligomers[2] and infinite coordination polymers.[3, 4]


A few helical assemblies[5] of purely organic molecules
organized by hydrogen bonds, as well as several inorganic
helical structures[6] have been described recently. However, to
our knowledge, there is only one example of intertwining of
two single-stranded helicates to form infinite double helices.[7]


Moreover, no neutral double- or higher-order helix assembled
by single-stranded helical coordination oligomers or infinite
coordination polymers directed by supramolecular interac-


tions, such as � ±� aromatic stacking and hydrogen bonding,
has been reported so far, although such structures may be
regarded as better biomimetic assemblies of nucleic acids than
the polymeric helicates formed under direction of covalent
metal coordination.


Coordination polymers formed with metal ions and exo-
bidentate organic bridges in a 1:1 stoichiometry are usually
based on either rigid linear or zigzag chain structures.[8] It has
been noted that employment of flexible or V-shaped exo-
bidentate organic bridges can improve the helicity of the
polymeric chains.[4, 9] Thus, we assumed that appropriate
flexible or V-shaped exo-bidentate organic bridges could be
useful in the formation of single-stranded helical chains in the
presence of aromatic chelate ligands, such as 2,2�-bipyridine
(2,2�-bpy) and 1,10-phenanthroline (phen). These aromatic
chelate ligands are important in maintaining the one dimen-
sionality and may provide potential supramolecular recogni-
tion sites for � ±� aromatic stacking interactions[10] to form
multistranded helices. Using three V-shaped dicarboxylates,
isophthalate (ipa), 4,4�-oxybis(benzoate) (oba), and ethyl-
enedi(4-oxybenzoate) (eoba) (Scheme 1), we have hydro-
thermally prepared five neutral infinite copper(��) dicarbox-
ylate coordination polymers containing aromatic chelate
ligands, namely [Cu(ipa)(2,2�-bpy)]n ¥ 2nH2O (1), [Cu2(ipa)2-
(phen)2H2O]n (2), [Cu(oba)(phen)]n (3), [Cu(oba)(2,2�-bpy)]n
(4), and [Cu(eoba)(phen)]n (5). The bridging ligation of the
simple V-shaped dicarboxylate ligands to the CuII atoms does
lead to helical or flexuous chain structures. More interestingly,
the helical chains may also be paired under direction of
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Scheme 1. Structures of the nonlinear dicarboxylates.


supramolecular recognition and attraction through both � ±�-
stacking and hydrogen-bonding interactions into double-
stranded helices or molecular zippers, as revealed by single-
crystal X-ray diffraction analysis.


Results and Discussion


Description of crystal structures: In the crystal structure of 1,
there is one CuII atom, one bis(monodentate) ipa ligand, one
2,2�-bpy ligand, and two lattice water molecules in each
independent crystallographic unit. Each CuII atom in 1 is
primarily coordinated by two oxygen atoms from two
bis(monodentate) ipa ligands (Cu1�O1A 1.991(2), Cu1�O3
1.979(2) ä) and two nitrogen atoms from a chelating 2,2�-bpy
ligand (Cu1�N1 2.013(3), Cu1�N2 2.014(3) ä) to furnish a
distorted square-planar geometry (Figure 1a). The pendant
carboxy oxygen atoms have weak bonding interactions with
the CuII atom at the axial sites (Cu1�O2 2.502(3), Cu1�O3
2.632(3) ä) due to the Jahn ±Teller effect. Each pair of
adjacent CuII atoms are bridged by an ipa ligand to form a
chiral helical chain running along a crystallographic 21 axis in
the b direction with a long pitch of 11.25 ä. These chains are
decorated with 2,2�-bpy ligands alternately at two sides
(Figure 1b). The ipa phenyl rings at each side of the helix
are arranged in a parallel fashion with an inter-ring distance of
8.29 ä; adjacent chiral helices are racemically packed through
intercalation of the lateral ipa phenyl rings in a zipperlike, off-
set fashion (face-to-face distances of 3.32 and 4.97 ä) into
two-dimensional layers parallel to the bc plane. The inter-
facial distance of 3.32 ä indicates a strong aromatic � ±�
stacking interaction.[10, 11] These layers are further extended
into two-dimensional (2D) networks through intercalation
between the lateral 2,2�-bpy ligands from adjacent layers in a
zipperlike, offset fashion with the face-to-face distance of
about 3.43 ä (Figure 2). Similar zipperlike intercalations have
been reported previously in some three-dimensional coordi-
nation architectures constructed by two-dimensional layers.[10]


When phen, a chelate aromatic ligand of a larger size, was
used instead of 2,2�-bpy, analogous neutral single-stranded


Figure 1. The metal coordination environment (a) and single-stranded
helical chain (b) in 1.


Figure 2. The three-dimensional network viewed along the b axis in 1.


helices are formed in 2 under similar reaction condition. As
illustrated in Figure 3a, there are two different metal coordi-
nation environments in 2 ; Cu1 is coordinated by two oxygen
atoms from two bis(monodentate) ipa ligands (Cu1�O2
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Figure 3. The metal coordination environment (a) and a pair of the helical
chains (b) in 2.


1.951(3), Cu1�O8A 1.965(3) ä) and two nitrogen atoms from
a chelate phen (Cu1�N1 2.043(3), Cu1�N2 2.032(3) ä) to
furnish a distorted square-planar coordination, and the
remaining carboxy oxygen atoms also have weak interactions
with Cu1 at the axial sites (Cu1�O1 2.716(3), and Cu1�O7A
2.652(3) ä), whereas Cu2 is ligated by two oxygen atoms from
two bis(monodentate) ipa ligands (Cu2�O4 1.978(3), Cu2�O6
1.960(2) ä) and two nitrogen atoms from a chelate phen
ligand (Cu2�N3 2.068(3), Cu2�N4 2.049(3) ä) at the equa-
torial positions, and completed by an aqua oxygen atom
(Cu2�O1W 2.275(3) ä) at the apical position to furnish a
square-pyramidal N2O2O� geometry. The ipa ligands bridge
each pair of adjacent CuII atoms into a helical chain running
along the c axis with a long pitch of 16.38 ä. Unlike those in 1,
the phen ligands are alternately attached to both sides of a
single-stranded helical chain, and are orientated either
approximately parallel or perpendiculat to the chain (Fig-
ure 3b). The approximately perpendicular orientation of half
of the phen ligands allows pairing of two centrosymmetrically
related single-stranded helical chains to generate a double-
stranded zipperlike chain under direction of aromatic � ±�
stacking interactions between the phen pairs. The face-to-face
distance between the paired phen rings is about 3.37 ä,
indicating a strong aromatic � ±� stacking interaction.[10, 11] To
the best of our knowledge, such zipperlike double-stranded
helical chains have not been documented. These double-


stranded helical chains are further extended through aromatic
� ±� stacking interactions, hydrogen bonds between the aqua
ligands (and aromatic groups as well) and carboxylate oxygen
atoms (O1W¥¥¥O 2.746(3), C ¥¥¥ O ca. 3.1 ä),[12] as well as van
der Waals interactions into the final three-dimensional
architecture in 2.


The oba dicarboxylate in 3 is a long and flexible V-shaped
ligand; the structure of the complex obtained under similar
reaction conditions as for 1 comprises novel neutral double-
stranded helices. As illustrated in Figure 4, the CuII atom in 3
is also primarily coordinated by two oxygen atoms from two


Figure 4. The metal coordination environment in 3.


bis(monodentate) oba ligands (Cu1�O2 1.948(4), Cu1�O4A
1.987(4) ä) and two nitrogen atoms from a chelate phen
ligand (Cu1�N1 2.040(4), Cu1�N2 2.044(4) ä) to furnish
a distorted square-planar coordination, the Cu1�O3
(2.549(3) ä) and Cu1�O1 (2.782(3) ä) distances show some
weak interactions between the copper center and the carboxy
oxygen atoms at the axial sites. The V-shaped oba ligands
interconnect the CuII atoms to furnish chiral helices along the
b axis with a pitch of 12.06 ä.


The phen ligands are extended in a parallel fashion at both
sides of a single-stranded chain (Figure 5) with a face-to-face
distance of 6.84 ä, resulting in a structure suitable to form
aromatic intercalation. Indeed, each pair of the covalently
independent and twofold axially related, homochiral poly-
meric chains intertwine into a unique double-stranded helix of
C2 symmetry through the � ±� stacking interactions between
the phen ligands. The face-to-face separation between the
inter-strand phen ligands in the double helix is 3.42 ä, which
indicates strong aromatic � ±� stacking interactions.[10, 11]


Significant C�H ¥¥¥O hydrogen bonds[12] involving the phen
carbon atoms (C16 and C17) and weakly coordinated carboxy
oxygen atoms (O1) (C ¥¥¥ O 3.23 ± 3.29 ä, C�H ¥¥¥O 129–
161 �) render additional attractions between the pair of
strands. It should be mentioned that, the intertwined neutral
double-stranded helices in 3 are unprecedented, and that due
to the long V-shaped oba2� ligand, the double-stranded helix
is quite large with a channel with a diameter of about 5 ä[13]


running along in the b axis. Both left- and right-handed helices
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that coexist in the solid are further extended into a three-
dimensional supramolecular network through very significant
C�H ¥¥¥O hydrogen bonds between aromatic carbon atoms
(C24 and C25) and carboxy oxygen atoms (O3) (C ¥¥ ¥ O
3.09�3.14 ä; C�H ¥¥¥O 118 ± 124o) and van der Waals inter-
actions (see Figure S1 in the Supporting Information).


Unexpectedly, when 2,2�-bpy instead of phen was used,
structurally different helices are formed in 4 under a similar
hydrothermal reaction for the preparation of 3. As shown in
Figure 6a, the CuII atom in 4 is coordinated by four oxygen
atoms from two bis(bidentate) oba ligands (Cu1�O1 2.018(4),
Cu1�O4A 2.016(4), Cu1�O3A 2.415(4), Cu1�O2 2.442(4) ä)
and two nitrogen atoms from a chelate phen (Cu1�N1
2.042(5), Cu1�N2 2.011(5) ä) to furnish a highly distorted
octahedron coordination. Each pair of adjacent CuII atoms in
4 is interconnected to give a helical chain running along the b
axis by the V-shaped oba bridges. The 2,2�-bpy ligands are
extended at both sides of the helical chain, but the planes of


every two adjacent 2,2�-bpy ligands are approximately per-
pendicular (dihedral angle ca. 89.3�). The lateral 2,2�-bpy
ligands from adjacent chains are paired to furnish moderate
� ±� aromatic stacking interactions in an offset fashion with a
face-to-face distance of about 3.58 ä,[10, 11] which extend the
helical chains into wavy two-dimensional layers parallel to the
bc plane (Figure 6b).


To further examine the influence of the dicarboxylate
geometry on the self-assembly of supramolecular entities, a
more flexible eoba dicarboxylate was used instead of oba.
Consequently, 5, which features a flexuous chain structure,
was obtained. As shown in Figure 7a, each CuII atom in 5 is
also primarily coordinated by two oxygen atoms from two
bis(monodentate) eoba ligands (Cu1�O2 1.963(4) and
Cu1�O3A 1.961(4) ä) and two nitrogen atoms from a chelate
phen (Cu1�N1 2.053(5), Cu1�N2 2.040(5) ä) to furnish a
distorted square-planar coordination, and the pendant car-
boxy oxygen atoms also form weak interactions with the CuII


atom at the axial sites (Cu1�O1 2.658(4), Cu1�O4A
2.593(4) ä). Unlike the other complexes reported in this
work, the nonlinear flexible eoba ligands interconnect the CuII


atoms to furnish flexuous chains with an adjacent Cu ¥¥ ¥ Cu
distance of 14.936(5) ä. The phen ligands are extended
uniquely at one side of this chain (Figure 7b) in a slanted
fashion. Interestingly, each pair of these flexuous chains
recognize each other through offset aromatic � ±� stacking
interactions of the phen ligands (face-to-face separation ca.
3.34 ä) to generate a zipperlike double-stranded chain, which
is different from those found in 2 and 3 mainly due to the fact
that all lateral phen ligands are arranged at one side of each
single strand in 5. Thus the double-stranded chain presents the
first perfect molecular zipper. These double-stranded chains


are further extended to form
two-dimensional layers parallel
to the ab plane.


Discussion


As shown above, V-shaped di-
carboxylates and metal ± ligand
coordination can furnish one-
dimensional helical chains in
1 ± 4, and the nonlinear flexible
dicarboxylate (eoba) generates
a flexuous chain such as in 5.
The most critical factor for the
helicity of the polyermic chain
is presumed to be the geome-
try and flexibility of the dicarb-
oxylate ligand. Interestingly,
the long V-shaped dicarboxy-
late ligand in 3 is twisted in such
a way that the two phenyl rings
form a dihedral angle of 74� ;
this in turn leads to the slanted
orientation of the phen ligand
to the helical axis (ca. 60�).
With this optimized helicity,


Figure 6. The metal coordination environment (a) and the two-dimensional network viewed along the a axis (b)
in 4.


Figure 5. The double-stranded helix generated by intertwining of two
single-stranded helical chains in 3.
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two single-stranded helical chains can recognize each other
and intertwine under the direction of supramolecular inter-
actions to give the structure 3. Similarly, the long and flexible
eoba bridges furnish the intercalation of two strands to
generate the molecular zipper structure for 5. These observa-
tions strongly suggest the length and flexibility of the exo-
bidentate ligand is essential for the intertwining or zipping of
two strands. In contrast, the dicarboxylate in 1 and 2 is very
rigid and not twisted, hence the 2,2�-bpy ligands in 1 are
oriented parallel to the helical axis, and thus in a way
unfavorable for the formation of a double-stranded helix. On
the other hand, in the presence of aqua ligands, both the
coordination geometry and hence the helicity of the single-
stranded chain are then optimized. The presence of the larger
aromatic phen ligands further enhances the � ±� aromatic
stacking interactions, and thus results in the formation of the
double-stranded helix in 2. In contrast, although the bridging
dicarboxylate ligands are the same as those in 3, due to the
change in the coordination geometry around the metal atom
in 4, adjacent 2,2�-bpy ligands are orientated in an approx-
imately perpendicular fashion, which is disadvantageous for
generating an intertwined double-stranded helix. This sug-
gests that supramolecular interactions are also very important
in the formation of double-stranded helices and zipperlike
chains. In fact, in the presence of the larger lateral aromatic
ligand phen, the chains can be directed by stronger � ±�
stacking interactions into double-stranded helices or zipper-
like chains (2, 3, and 5). In contrast, when the lateral chelate
ligands are the smaller aromatic 2,2�-bpy ligands, no double-
stranded helix is formed (1 and 4). Therefore, an appropriate
combination of the dicarboxylate and aromatic chelate


ligands is critical to the forma-
tion of double-stranded helices
or molecular zippers.


Conclusion


This work demonstrates that
V-shaped exo-bidentate ligands
can be employed in ternary
CuII/dicarboxylate/aromatic
chelate systems to generate
both one-dimensional helical
and zipperlike polymers. More-
over, the length and geometry
of the bridging ligand and the
coordination environment, as
well as the size of the lateral
aromatic chelate ligand influ-
ence the helicity and the possi-
bility of intertwining or zipping,
and thus, in turn, the generation
of double-stranded helices or
molecular zippers. An appro-
priate combination of long di-
carboxylate and aromatic che-
late ligands may lead to the
formation of double-stranded


helices or molecular zippers that are self-organized uniquely
by supramolecualar recognition and attractions.


Experimental Section


Materials : The nonlinear dicarboxylic acid H2eoba was synthesized
according to the literature method.[14] All other reagents and solvents
employed were commercially available and used as received without
further purification. The C, H, N microanalyses were carried out with a
Perkin-Elmer 240 elemental analyzer. The FT-IR spectra were recorded
from KBr pellets in the range 4000 ± 400 cm�1 on a Nicolet 5DX
spectrometer.


Preparations


[Cu(ipa)(2,2�-bpy)]n ¥ 2nH2O (1): A mixture of Cu(NO3)2 ¥ 4H2O
(0.2 mmol), H2ipa (0.2 mmol), 2,2�-bpy (0.2 mmol), Et3N (0.4 mmol), and
water (10 mL) was stirred for 20 min in air, then transferred and sealed in a
23 mL Teflon reactor, which was heated at 150 �C for six days and then
cooled to room temperature at a rate of 5Kh�1. Blue block crystals were
obtained in 87% yield after washing with water and drying in air.
Elemental analysis (%) calcd for C18H16CuN2O6: C 51.49, H 3.84, N 6.67;
found: C 51.47, H 3.82, N 6.70; IR (KBr): �� � 3484s, 3122m, 2103w, 1796w,
1675m, 1643s, 1604s, 1566s, 1478m, 1448s, 1396s, 1164w, 782m, 751m, 731w,
593w cm�1.


[Cu2(ipa)2(phen)2(H2O)]n (2): A mixture of Cu(NO3)2 ¥ 4H2O (0.2 mmol),
H2ipa (0.2 mmol), phen (0.2 mmol), Et3N (0.4 mmol), and water (10 mL)
was stirred for 20 min in air, then transferred and sealed in a 23-mLTeflon
reactor, which was heated at 140 �C for five days and then cooled to room
temperature at a rate of 5Kh�1. Blue block crystals were obtained in 74%
yield after washing with water and drying in air. Elemental analysis (%)
calcd for C40H26Cu2N4O9: C 57.62, H 3.14, N 6.72; found: C 57.57, H 3.12, N
6.76; IR (KBr): �� � 3391s, 3162m, 2143w, 1778s, 1697m, 1635s, 1611s, 1568s,
1468m, 1452s, 1394s, 1159m, 779m, 757m, 734w, 584w cm�1.


[Cu(oba)(phen)]n (3): Compound 3 was prepared as for 1 by using H2oba
instead of H2ipa. Blue platelike crystals were obtained in 49% yield.
Elemental analysis (%) calcd for C26H16CuN2O5: C 62.46, H 3.23, N 5.60;


Figure 7. The metal coordination environment (a) and the zipperlike double-stranded chain (b) in 5.
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found: C 62.44, H 3.21, N 5.62; IR (KBr): �� � 3052m, 1923w, 1601s, 1561s,
1499s, 1383s, 1303w, 1237m, 1160m, 1100w, 1010w, 876m, 853m, 781m, 721w,
665m cm�1.


[Cu(oba)(2,2�-bpy)]n (4): Compound 4 was prepared as for 3 by using 2,2�-
bpy instead of phen. Blue platelike single crystals were obtained in 42%
yield. Elemental analysis (%) calcd for C24H16CuN2O5: C 60.57, H 3.39, N
5.89; found: C 60.54, H 3.21, N 5.92; IR (KBr): �� � 3107m, 1923w, 1606s,
1558s, 1504s, 1388s, 1311m, 1253s, 1152m, 1092w, 1006w, 874m, 856m, 780m,
718w, 667m cm�1.


[Cu(eoba)(2,2�-bpy)]n (5): A mixture of Cu(NO3)2 ¥ 4H2O (0.2 mmol),
H2eoba (0.2 mmol), 2,2�-bpy (0.2 mmol), Et3N (0.4 mmol), and water
(10 mL) was stirred for 20 min in air, then transferred and sealed in a 23-mL
Teflon reactor, which was heated at 150 �C for six days and then cooled to
room temperature at a rate of 5Kh�1. Blue block crystals were obtained in
37% yield after washing with water and drying in air. Elemental analysis
(%) calcd for C18H16CuN2O6: C 51.49, H 3.84, N 6.67; found: C 51.47, H
3.82, N 6.70; IR (KBr): �� � 3381.7m, 3229w, 3081w, 3043w, 2947m, 2878w,
2551w, 1913w, 1656m, 1611s, 1507s, 1421s, 1246s, 1173s, 1108m, 938m, 855m,
781s, 687m, 666m, 535w cm�1.


Crystal structure determination : Diffraction intensities for the five com-
plexes were collected at 273 K on a Siemens R3m diffractometer by using
the �-scan technique. Lorentz polarization and absorption corrections
were applied.[15] The structures were solved by direct methods and refined
with the full-matrix least-squares technique using the SHELXS-97 and
SHELXL-97 programs.[16, 17] Anisotropic thermal parameters were as-
signed to all non-hydrogen atoms. The organic hydrogen atoms were
generated geometrically (C�H 0.96 ä); the hydrogen atoms of the water
molecules were located from difference maps and refined with isotropic
temperature factors. Analytical expressions of neutral-atom scattering
factors were employed, and anomalous dispersion corrections were
incorporated.[18] The crystallographic data and selected bond lengths and
angles for 1 ± 5 are listed in Table 1 and Table 2, respectively.
CCDC-175789 (1), CCDC-175790 (2), CCDC-183436 (3), CCDC-183437
(4), CCDC-183438 (5) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.
can.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Centre, 12 Union Road, Cambridge CB21EZ, UK; Fax: (�44)1223-
336033; or deposit@ccdc.cam.ac.uk).
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Table 1. Crystal data and structure refinement for 1 ± 5.


1 2 3 4 5


empirical formula C18H16N2O6Cu C40H26N4O9Cu2 C26H16N2O5Cu C24H16N2O5Cu C28H20N2O6Cu
formula weight 419.87 833.73 499.95 475.93 544.00
temperature [K] 293(2) 293(2) 293(2) 293(2) 293(2)
wavelength [ä] 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic triclinic monoclinic monoclinic monoclinic
space group P21/c P1≈ C2/c P21/c P21/n
a [ä] 11.57(1) 10.20(1) 36.17(3) 12.38(1) 12.56(1)
b [ä] 11.25(1) 11.81(1) 6.03(1) 15.20(1) 8.09(1)
c [ä] 13.74(1) 16.38(1) 23.88(1) 11.48(1) 24.48(2)
� [�] 87.01(1)
� [�] 91.62(1) 89.72(1) 113.65(1) 92.32(1) 98.07(1)
� [�] 65.94(1)
V [ä3] 1787.8(2) 1799(2) 4772(6) 2158(3) 2461(3)
Z 4 2 8 4 4
F(000) 860 848 2040 972 1116
� [Mgm� 3] 1.560 1.539 1.392 1.465 1.468
� [mm� 1] 1.260 1.246 0.954 1.051 0.934
data/restrains/parameters 3907/0/245 7841/0/497 4924/0/308 4244/0/290 5302/0/335
GooF 1.047 1.055 1.032 1.042 1.113
R1 (I� 2�(I)) 0.0516 0.0505 0.0655 0.0687 0.0712
wR2 (all data) 0.1467 0.1443 0.1910 0.2078 0.2084


[a] R1����Fo� � �Fc��/��Fo�, wR2� [�w(F 2
o �F 2


c �2/�w(F 2
o�2]1/2.


Table 2. Selected bond lengths [ä] and bond angles [�] for 1 ± 5.


1
Cu(1)�O(3) 1.979(2) Cu(1)�N(2) 2.013(3)
Cu(1)�O(1A) 1.991(2) Cu(1)�N(1) 2.014(3)
O(3)-Cu(1)-O(1A) 92.31(11) O(3)-Cu(1)-N(1) 96.85(11)
O(3)-Cu(1)-N(2) 165.71(10) O(1A)-Cu(1)-N(1) 163.38(10)
O(1A)-Cu(1)-N(2) 93.06(11) N(2)-Cu(1)-N(1) 81.36(11)


2
Cu(1)�O(2) 1.951(3) Cu(2)�O(4) 1.978(3)
Cu(1)�O(8A) 1.965(3) Cu(2)�N(4) 2.049(3)
Cu(1)�N(2) 2.032(3) Cu(2)�N(3) 2.068(3)
Cu(1)�N(1) 2.043(3) Cu(2)�O(1W) 2.275(3)
Cu(2)�O(6) 1.960(2)
O(2)-Cu(1)-O(8A) 95.78(12) O(6)-Cu(2)-O(4) 97.91(12)
O(2)-Cu(1)-N(2) 170.41(11) O(6)-Cu(2)-N(4) 168.54(11)
O(8A)-Cu(1)-N(2) 91.83(13) O(4)-Cu(2)-N(4) 88.22(12)
O(2)-Cu(1)-N(1) 91.04(12) O(6)-Cu(2)-N(3) 92.39(12)
O(8A)-Cu(1)-N(1) 171.60(11) O(4)-Cu(2)-N(3) 167.84(11)
N(2)-Cu(1)-N(1) 81.91(13) N(4)-Cu(2)-N(3) 80.56(12)
O(2)-Cu(1)-N(1) 92.3(2) O(4A)-Cu(1)-N(2) 93.9(2)
O(4A)-Cu(1)-N(1) 174.2(2) N(1)-Cu(1)-N(2) 81.4(2)


3
Cu(1)�O(2) 1.948(4) Cu(1)�N(1) 2.040(4)
Cu(1)�O(4A) 1.987(2) Cu(1)�N(2) 2.044(4)
O(2)-Cu(1)-O(4A) 92.92(17) O(2)-Cu(1)-N(2) 173.25(16)
O(2)-Cu(1)-N(1) 92.27(17) O(4A)-Cu(1)-N(2) 93.88(17)
O(4A)-Cu(1)-N(1) 174.20(15) N(1)-Cu(1)-N(2) 81.41(17)


4
Cu(1)�N(2) 2.009(4) Cu(1)�N(1) 2.043(5)
Cu(1)�O(4A) 2.018(4) Cu(1)�O(3A) 2.414(4)
Cu(1)�O(1) 2.017(3) Cu(1)�C(14A) 2.530(5)
N(2)-Cu(1)-O(4A) 91.5(2) O(1)-Cu(1)-N(1) 96.9(2)
N(2)-Cu(1)-O(1) 163.1(2) N(2)-Cu(1)-O(3A) 92.7(2)
O(4A)-Cu(1)-O(1) 96.7(2) O(4A)-Cu(1)-O(3A) 59.91(14)
N(2)-Cu(1)-N(1) 81.3(2) O(1)-Cu(1)-O(3A) 104.18(14)
O(4A)-Cu(1)-N(1) 154.95(14) N(1)-Cu(1)-O(3A) 96.3(2)


5
Cu(1)�O(2) 1.963(4) Cu(1)�N(2) 2.040(5)
Cu(1)�O(3A) 1.961(4) Cu(1)�N(1) 2.053(5)
O(2)-Cu(1)-O(3A) 94.4(2) O(2)-Cu(1)-N(1) 174.7(2)
O(2)-Cu(1)-N(2) 93.3(2) O(3A)-Cu(1)-N(1) 90.6(2)
O(3A)-Cu(1)-N(2) 172.3(2) N(2)-Cu(1)-N(1) 81.8(2)


[a] Symmetry codes: A)�x�1, y�1/2 for 1 ; A) x, y, z�1 for 2 ; A)�x�1,
y�1,�z�3/2 for 3 ; A) x�1,�y�1/2, z�1/2 for 4 ; A) x�1, y�1, z for 5.
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Design and Structural Extension of a Supramolecular Inclusion-Compound
Host Made by the Formation of Dimers of Isonicotinic Acid and Thiocyanato
Coordinating Bridges


Ryo Sekiya and Shin-ichi Nishikiori*[a]


Abstract: A new host design for an
inclusion compound with a preference
for large planar aromatic guest mole-
cules has been proposed. Our host
design includes a rectangular cavity
made using a long and a short building
block based on the concept of supra-
molecular chemistry. The long building
block facilitates the inclusion of large
guests, and the short building block
prevents the formation of an interpene-
trated structure, which is often observed
in frameworks with large void spaces.
The long building block is made when
dimers of 4-pyridinecarboxylic acid
(isoH) form through hydrogen bonding
between the two carboxylic acid moiet-
ies. This isoH dimer can link two tran-
sition metal centers using the N atoms at
both ends to act as a long building block.
For the short building block, the thio-
cyanato ion was used. This makes a bent


bridge between two metal centers to
form a 1D double-chain [M(SCN)2]�
complex. From the self-assembly of
isoH, SCN� and Ni2�, a 2D network of
[Ni(SCN)2(isoH)2]� , in which the 1D
[Ni(SCN)2]� complexes are linked by
the isoH dimers, is built up. The rectan-
gular cavity is formed as a mesh within
the 2D network. The crystal of our
inclusion compound has a layered struc-
ture of 2D networks, and a 1D channel-
like cavity penetrating the layered 2D
networks is formed where guests may be
included. Moreover, our host design has
the advantage of easy extension of the
host structure. Replacement of isoH


with another component and use of
three components is possible for making
the long building block. In the latter
case, a linear spacer having two carboxy
groups is inserted into the isoH dimer to
form a long building block with a trimer
structure. Based on our host design, a
series of new inclusion compounds were
synthesized. The crystal structures of
three compounds were determined by
single crystal X-ray diffraction. These
were a biphenyl inclusion compound
[Ni(SCN)2(isoH)2] ¥ 1³2C12H10 (the basic
case), a 9,10-dichloroanthracene inclu-
sion compound [Ni(SCN)2(acrylH)2] ¥
1³2C14H8Cl2, where isoH is replaced with
3-(4-pyridinyl)-2-propenoic acid (acrylH),
and a perylene inclusion compound
[Ni(SCN)2(isoH)2(fumaricH2)] ¥1³2C20H12,
whose long building block is a trimer
inserted with fumaric acid (fumaricH2)
as a linear spacer.


Keywords: crystal engineering ¥
host ± guest systems ¥ hydrogen
bonds ¥ self-assembly ¥ supramolec-
ular chemistry


Introduction


Solid-state supramolecular chemistry and material science
have shown quite spectacular advances over the last two
decades. At the present time, supramolecular chemistry is one
of the most prosperous fields in the whole of chemistry, and
recent advances can be divided into three areas. The first aims
at the construction of multi-dimensional supramolecular
structures through self-assembly of various kinds of building
blocks, from the viewpoint of structural interest.[1±3] The
second targets particular solid state phenomena such as


metallic conductivity,[4] superconductivity,[5] non-linear optical
behavior[6] and molecular magnetism[7] invoked from the
accumulation of composite organic molecules in a requisite
manner. The third studies supramolecular inclusion com-
pounds.[8, 9] Perhaps an ultimate purpose of the construction of
such inclusion compounds is their chemical and/or physical
properties, which originate from the structural arrangement of
guests formed inside their structures. This is the purpose of the
second category, and such inclusion compounds are con-
structed by multi-dimensional structures of the first category.
The third category has an important application in combining
the first and the second. A considerable amount of effort has
been devoted to the former two categories, and many
interesting and sophisticated compounds have been synthe-
sized. In the last case, however, two problems still remain
unsolved. The most troublesome obstacle is interpenetra-
tion.[2, 3, 10] Even though a host may have a desirable cavity size
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for inclusion of a guest of interest at the appropriate stage of
its design, in many cases the resultant compound has an
interpenetrated structure and the guest is expelled from the
cavity. In particular, use of a long building block, which is
inevitable for constructing a large cavity suitable for a large
guest, dramatically increases the possibility of forming such
undesirable structures. The inclusion ability of these inclu-
sion-compound hosts is significantly lowered or their guest
species are restricted to small organic molecules such as
solvents.[11±13] Another problem is the difficulty of controlling
the construction of component molecules in the solid state.
This difficulty comes from the fact that supramolecular
structures are sensitive to many factors including the structure
of component molecules, the functional groups of guests and
the nature of counter ions and solvents.[11n, 14] As a result, the
formation of undesired closed-packed structures is often
observed and polymorphism also frequently takes place.[15] To
predict the resultant structure is therefore difficult.
We believe that solving these problems is important and


indispensable for the development of solid-state inclusion
chemistry. Our main theme in this study is to establish a
strategy for constructing an inclusion-compound host having
the ability to include large guest molecules without forming an
interpenetrated structure, based on the concept of supra-
molecular chemistry. In the following sections, we present the
strategy of our fundamental host design and further structural
development of the host. The crystal structures of three new
inclusion compounds, which were synthesized in accordance
with our host design, will be discussed.


Results and Discussion


Host Design : Our fundamental strategy for constructing an
inclusion-compound host consists of two parts: formation of a
linear long building block by the most simple and easy method
possible, and construction of a host lattice with no inter-
penetrated structure using this long building blocks. In order
to construct a host with the ability to include large guest
molecules, a long building block is necessary. However, such a
long building block requires multi-step synthetic procedures
for its preparation and has a large molecular weight combined
with poor solubility in common organic solvents. The latter


point may cause a serious problem in the preparation of a host
lattice using such a long building block. In this regard, a small
building block is advantageous. With these contradictory
demands in mind, we have designed a long building block
based on the following strategy. Essentially, our strategy is not
to directly synthesize a long building block, but to construct it
through self-assembly of two small components. For connect-
ing the two components, a certain interaction between them is
inevitable. Among the interactions used in constructing
supramolecular structures, hydrogen bonding is attractive
because of its highly directional nature and relatively high
bonding energy.[16±18] In order to use hydrogen bonding more
efficiently, we considered employing the double hydrogen
bonds of a carboxylic acid dimer. The enthalpy of formation of
a carboxylic acid dimer was estimated to be 29.3 ±
31.4 kJmol�1.[19] In the absence of strong competing hydro-
gen-bonding groups, we could therefore expect the dimer to
form.[20] The resultant dimer usually has a straight and planar
structure.[21] This predicted dimer structure is an indispensable
factor for the construction of a pre-designed long building
block. Considering the above, we first selected isonicotinic
acid (4-pyridinecarboxylic acid, isoH) as a small component
for making a long building block. As shown in Scheme 1, isoH
can dimerize through the formation of a carboxylic acid
dimer. The resultant molecular structure is long and planar.
Both distal pyridyl N atoms of the dimer can coordinate to
transition metal centers so that the isoH dimer acts as a
bridging ligand, in the same way as 4,4�-bipyridine, a well
known bridging ligand used in constructing multi-dimensional
structures.[22]


Scheme 1. An isonicotinic acid (isoH) dimer as a building block.


Next, we attempted to make a rectangular cavity using this
isoH dimer. Our survey of recent works dealing with inter-
penetrated structures revealed that large square and polyhe-
dral cavities constructed with long building blocks often
provoke self-inclusion and interpenetration.[3, 10] To avoid
such problems, we examined the possibility of a rectangular
cavity, which is formed as a mesh in a 2D network and is
framed by two long and two short building blocks.[23] The short
dimension of a rectangular cavity prevents it from forming an
interpenetrated structure of the 2D networks, and the long
dimension contributes to the enlargement of its cavity space.
At the same time, the dimensions may generate a guest
preference of the cavity. The whole crystal structure of our
inclusion compound is a layered structure of 2D networks.
This layered structure forms a 1D arrangement of rectangular
cavities and a 1D channel-type cavity penetrating the layered
2D networks formed there.
In order to make a rectangular cavity, we chose a SCN� ion


as a short building block. SCN� ions can work as ambidentate
ligands between transition metal centers to form a 1D double-
chain structure as shown in Scheme 2.[24] If a divalent metal
ion with an octahedral coordination form (M2�) is used as a
transition metal center, the [M(SCN)2]� 1D complex has no
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Scheme 2. A 1D [M(SCN)2]� complex formed with double chains of
SCN�.


electronic charge and the axial coordination sites of the metal
ions are available to the isoH dimers. We expected a 2D
network, as shown in Scheme 3, to be constructed by self-
assembly of the two building blocks and M2� ions. Rectan-
gular cavities are formed as meshes of the 2D network. The
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Scheme 3. A 2D network formed from isoH dimer building blocks and 1D
[M(SCN)2]� complexes.


dimension of the long side of the rectangular cavity is 16 ±
17 ä, which is the length of the isoH dimer building block, and
that of the short side is 5 ± 6 ä, which is the length of the SCN�


double bridge. The width of the rectangular cavity is expected
to be narrow enough to prevent the formation of an inter-
penetrated structure and wide enough to accept a planar
aromatic guest molecule.


Structural extension of host : Given the success of our method,
namely the preparation of a long bridging block by self-
assembly of small building blocks, we tried to develop the
structure of the host. In the self-assembly process, the key
feature is a carboxy group on the small building block.We first
chose isoH as a small building
block, because isoH is consid-
ered to be the simplest and
most fundamental case. How-
ever, another choice was possi-
ble. In a subsequent step, we
used 3-(4-pyridinyl)-2-propeno-
ic acid (acrylH)[25] as a small
building block. AcrylH is lon-
ger than isoH, forming as a
result a dimer that is longer
than the isoH dimer, as shown
in Scheme 4. The resultant 2D


network containing the acrylH dimer and the [M(SCN)2]� 1D
complex has rectangular cavities with greater height.
Moreover, it is possible to prepare a long bridging block by


self-assembly of three components. As an example, we
attempted to insert a fumaric acid molecule (fumaricH2),
which has two carboxy groups, into the isoH dimer as shown in
Scheme 4. The fumaric acid molecule works as a linear spacer
that connects two isoH molecules with a pair of double
hydrogen bonds. The resultant trimer of isoH-fumaricH2-isoH
acts as a long bridging ligand. The insertion of the fumaric acid
molecule causes a remarkable increase in the height of the
rectangular cavity.


Synthesis : A series of new inclusion compounds with the
chemical formula [Ni(SCN)2(isoH)2] ¥ 1³2G were obtained by
the synthetic procedure outlined in Scheme 5. A small
building block of isoH was used and Ni2� provided the
transition metal center.[26] The following were confirmed as
molecules which it was possible to include as guests (G):
anthracene,[26] naphthalene, naphthacene, phenanthrene, flu-
orene, 9-fluorenone oxime, biphenyl, p-terphenyl, mesitylene,
styrene, 1,4-diethynylbenzene, thieno[3,2-b]thiophene, benz[a]-
anthracene, anthraquinone, triphenylene, thianthrene, 9,10-
dihydroanthracene, benzoic acid phenyl ester, azobenzene,
pyrene, stylbene, 1,2,5,6-dibenzanthracene, chrysene, benzo[a]-
pyrene, pentacene, quarter phenyl, diphenyl sulfide and 1,5-
naphtalendiol. The inclusion compounds obtained were
insoluble in common organic solvents except for aprotic
solvents such as DMF and DMSO. The presence of the guests
was confirmed by 1H NMR spectra of their [D6]DMSO
solutions and the chemical formulae were determined by
elemental analysis. Their IR spectra showed characteristic
very strong absorptions at 2124 cm�1 and 1707 cm�1. These
indicate the presence of SCN� and the carbonyl group of
isoH, respectively. A broad absorption band observed in the
range 2300 ± 3400 cm�1 is presumed to originate from hydro-
gen bonds within the isoH dimer.
As examples of the host structures based on our host design,


two more new types of inclusion compounds were synthe-
sized: [Ni(SCN)2(acrylH)2] ¥ 1³2G (G� pyrene, 9,10-dichlor-
oanthracene, phenanthrene, benz[a]anthracene, and coro-
nene) and [Ni(SCN)2(isoH)2(fumaricH2)] ¥ 1³2G (G� perylene
and naphthacene). These were obtained by preparative
procedures similar to those shown in Scheme 5, but in the
former case acrylH was used as a small building block instead
of isoH and in the latter case fumaricH2 was added as a linear
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Scheme 4. Two strategies for structural extension from the isoH dimer building block by use of acrylH and
fumaricH2.
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NiCl2   +   KSCN
CH3CN
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Guest Inclusion 
Compound


IsoH


Crystallization


Scheme 5. Procedure for the synthesis of an inclusion compound
[Ni(SCN)2(isoH)2] ¥ 1³2G.


spacer. Characterization was carried out by 1H NMR, IR
spectroscopy and elemental analysis similar to that performed
on [Ni(SCN)2(isoH)2] ¥ 1³2G.


Crystal structures : The crystal structures of a biphenyl
inclusion compound [Ni(SCN)2(isoH)2] ¥ 1³2C12H10 (1), a 9,10-
dichloroanthracene inclusion compound [Ni(SCN)2(acryl-
H)2] ¥ 1³2C14H8Cl2 (2) and a perylene inclusion compound
[Ni(SCN)2(isoH)2(fumaricH2)] ¥ 1³2C20H12 (3) were determined
by single crystal X-ray diffraction. Their hosts consist of 2D
networks that are formed with the combination of long
building blocks and [Ni(SCN)2]� 1D double-chain complexes
as predicted by Scheme 3. The structures of the long building
blocks found in 1 ± 3 are shown in Figure 1.


Figure 1. Structures of the long building blocks. a) Ni-isoH-isoH-Ni link-
age in 1. b) Ni-acrylH-acrylH-Ni linkage in 2. c) Two Ni-isoH-fumaricH2-
isoH-Ni linkages in 3. The Ni�Ni distances are 16.256(1) ä, 20.9826(8) ä
and 23.722(5) ä for 1, 2 and 3, respectively. I� x, y, z� 1.


The space group of 1 is P1≈, and there are two crystallo-
graphically-independent Ni2� ions which lie on independent
inversion centers of the crystal. Each Ni2� ion has an
octahedral coordinated structure, in which two N atoms and
two S atoms of two ambidentate SCN� ligands occupy four
equatorial sites. All SCN ligands form bent bridges between
two Ni2� ions to build up a 1D double-chain structure of
[Ni(SCN)2]� as shown in Scheme 2. The interval between two
Ni2� ions in the 1D complex is 5.5536(5) ä. The axial sites of
the Ni2� ion are coordinated by the pyridyl N atoms of isoH
molecules from the upper and the lower side of the 1D
complex. Two isoH molecules form an isoH dimer through
double hydrogen bonds to their carboxy groups(Figure 1a).
The isoH dimer links two Ni2� ions in two adjacent 1D
[Ni(SCN)2]� complexes to form a linkage of Ni-isoH-isoH-Ni,
whose length is 16.256(2) ä. The 1D [Ni(SCN)2]� complex


and the Ni-isoH-isoH-Ni linkage run along the b axis and the
direction of [012], respectively, so that the
[Ni(SCN)2(isoH)2]� 2D network spreads over the bc plane.
These structural arrangements are shown in Figure 2a and 2b,
which are projections along the bc plane and the b axis,
respectively.
Figure 2a shows the plane of the [Ni(SCN)2(isoH)2]� 2D


network and biphenyl guests. In the 2D network, two kinds of
rectangular meshes framed by the isoH dimer building blocks
and the SCN� bridges, one wide and one narrow, are


Figure 2. Crystal structure of [Ni(SCN)2(isoH)2] ¥ 1³2C12H10 (1). a) A view
projected onto the bc plane. A 2D network of [Ni(SCN)2(isoH)2]� and the
biphenyl guests which are sandwiched by the 2D network are illustrated.
b) A view along the b axis. The 2D [Ni(SCN)2(isoH)2]� networks are
stacked along the a axis and biphenyl guests are arrayed in the 1D channel
cavity penetrating the stacked 2D networks along the a axis. I� x, y, z�1;
II� x, y�1, z ; III� x, y�1, z�1.


generated. The isoH dimer building block is not completely
flat but slightly waved. The two kinds of meshes are formed
alternately along the b and the c axis as shown in Figure 2a.
The wide mesh acts as a rectangular cavity, and includes a
biphenyl molecule as a guest. On the other hand, the open
space of the narrow mesh is occupied by the waved isoH
dimers themselves so that the narrow mesh has no function as
a cavity. The whole crystal structure of 1 is a layered structure
of the 2D networks stacked along the a axis. Figure 2b shows
this stacking scheme.
The molecular plane of the isoH dimer is almost perpen-


dicular to the plane of the 2D network, and a biphenyl
molecule, which has a planar structure, is sandwiched between
the planes of four isoH dimers of two adjacent 2D networks.
The molecular center of the biphenyl guest lies on an in-
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version center, being positioned at the midpoint between the
two adjacent 2D networks. One benzene ring of the biphenyl
guest is sandwiched by the isoH dimers of one 2D network,
and the other benzene ring is sandwiched by the isoH dimers
of another 2D network adjacent to the first one. This is
repeated along the a axis in which direction the 2D networks
stack. As a result, 1D channel cavities running along the a axis
and penetrating the stacked 2D networks are formed;
biphenyl guests are arrayed one-dimensionally there. Fig-
ure 2a shows the section of the 1D channel cavity and
Figure 2b shows the arrangement of the biphenyl guests in the
1D channel cavity. These are related by the inversion centers
of the crystal, so that the orientation of all guests is fixed to
one direction.
The crystal structure of the 9,10-dichloroanthracene inclu-


sion compound [Ni(SCN)2(acrylH)2] ¥ 1³2C14H8Cl2 (2) is very
similar to that of 1 except for acrylH, which was replaced with
isoH for extension of the host structure. The [Ni(SCN)2]� 1D
double-chain complex and the linkage of Ni-acrylH-acrylH-
Ni run along the b axis and the direction of [012], respectively.
A 2D network formed with the SCN� bridges and the Ni-
acrylH-acrylH-Ni linkages spreads over the bc plane. The
lengths of the Ni-(SCN)2-Ni and the Ni-acrylH-acrylH-Ni
linkage are 5.5392(2) and 20.9826(8) ä, respectively. The
structure of the Ni-acrylH-acrylH-Ni linkage is shown in
Figure 1b. There is a wide mesh, which works as a rectangular
cavity, and a narrow mesh with no function as a cavity in the
2D network, as is the case for 1. The stacking scheme of the
2D networks, the formation of the 1D channel cavity and the
arrangement of 9,10-dichloroanthracene guests in the 1D
channel cavity are also same as was found for 1. These
similarities can be seen in Figure 3a and 3b, which show the
host projected along the bc plane and also viewed along the b
axis.
In [Ni(SCN)2(isoH)2(fumaricH2)] ¥ 1³2G (3), it was confirmed


that a fumaric acid molecule works as a linear spacer between
two isoH molecules as we aimed to achieve in our host design.
The two carboxy groups of the fumaric acid connect two isoH
molecules with a pair of double hydrogen bonds to make a
long building block of a isoH-fumaricH2-isoH trimer. This
building block links two Ni2� ions in two adjacent 1D
[Ni(SCN)2]� complexes to form a 2D network of
[Ni(SCN)2(isoH)2(fumaricH2)]� . The whole crystal structure
of 3 is a layered structure of the 2D networks similar to those
found in 1 and 2.
The space group of 3 is P1≈. The unit cell contains two


independent Ni2� ions at independent inversion centers.
There are two independent linkages of Ni-isoH-fumaricH2-
isoH-Ni, but their structures are very similar to each other as
shown in Figure 1c. In both linkages, the center of the
fumaricH2 molecule lies on an inversion center of the crystal.
The linkages run along the direction of the c axis so that they
have the same length, 23.722(5) ä, which is the length of the c
axis. The molecular planes of the linkages are slightly waved
in an S-shape as shown in Figure 4. The [Ni(SCN)2]� 1D
complex extends along the b axis so that the
[Ni(SCN)2(isoH)2(fumaricH2)]� 2D network spreads over
the bc plane. In the 2D network there is one kind of mesh
framed by the SCN� bridges and the two S-shaped linkages.


Figure 3. Crystal structure of [Ni(SCN)2(acrylH)2] ¥ 1³2C14H8Cl2 (2). a) A
view projected on to the bc plane. The 2D network of
[Ni(SCN)2(acrylH)2]� and 9,10-dichloroanthracene guests sandwiched by
the 2D network are shown. b) A view along the b axis. The 2D
[Ni(SCN)2(acrylH)2]� networks are stacked along the a axis, and 9,10-
dichloroanthracene guests are arrayed in the 1D channel cavity penetrating
the stacked 2D networks along the a axis. I� x, y, z�1; II� x, y�1, z ; III�
x, y�1, z�1.


The combination of the two S-shaped linkages generates wide
and narrow parts in the mesh. The wide part of the mesh acts
as a cavity and include a perylene guest molecule. The
structure of the 2D network is shown in Figure 4, in which the
structures of the mesh and the sandwiched perylene guest
depicted. The center of the perylene guest lies on an inversion
center which is located at the midpoint between two adjacent
2D networks stacked along the a axis. The perylene guest is
sandwiched between the two adjacent 2D networks similarly
to those seen in the cases of 1 and 2. Figure 5 shows this
structural arrangement. The length of the Ni-isoH-fumaricH2-
isoH-Ni linkage suggests potential ability to include guests
larger than the guests of the [Ni(SCN)2(isoH)2]� and
[Ni(SCN)2(acrylH)2]�-type hosts. However, the waved struc-
ture of the long building block narrows the cavity space of the
rectangular cavity.
The coordination structures of the Ni2� ions in 1, 2 and 3


were those such as may be observed in similar thiocyanato Ni
complexes.[27] The lengths of Ni�N and Ni�S bonds in the 1D
[Ni(SCN)2]� complexes were in the ranges of 2.018(2) ±
2.045(8) ä, and 2.5102(9) ± 2.5642(6) ä, respectively. The
bond angles of Ni-N-C and Ni-S-C were in the ranges
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156.3(9) ± 164.0(7)� and 97.94(16) ± 101.95(10)�. The shortest
distance between the guests and the long bridging blocks was
found to be 3.430(6) ä for C(103) ¥ ¥ ¥C(22) in 1, 3.393(5) ä for
C(107) ¥ ¥ ¥C(22) in 2 and 3.271(18) ä for C(106) ¥ ¥ ¥O(204IV)
in 3 (IV: x, y� 1, z), respectively. These data show the usual
van der Waals contact. The lengths of the hydrogen bonds
forming the carboxylic acid dimer structure are in the range
2.604(4) ± 2.704(12) ä, normal for this type of hydrogen
bond.[28] No structural abnormality was found in the guests
of 1, 2 and 3 except for slightly larger displacement factors due
to thermal molecular motion.


Conclusion


We have proposed a strategy for constructing an inclusion-
compound host. Specifically, a long building block is made by
the dimer formation of two carboxy groups through double
hydrogen bonding, and a host is formed by the combination of
the long building blocks and thiocyanato coordinating bridges.
Moreover, we have pointed out possibilities for extension of
our host structure based on the concept of supramolecular
chemistry, and have demonstrated two examples. In the first


section of this paper we alluded to two problems in
constructing a supramolecular inclusion compound host.
The first is to avoid forming an interpenetrated structure,
and the second is to control and predict the host structure. In
respect of these points, our host design works well. No
interpenetrated structure has been found in our preparative
experiments. The formation of the long building blocks and
the 2D network have usually been observed; the exception is
when an aromatic species with a functional group stronger
than a carboxy group and a SCN� ligand with respect to
forming a hydrogen bond and a coordinating bond has been
used as a guest. However, in the case of fumaric acid being
used as a linear spacer, the structural flexibility of the
resultant long building block appeared and disturbed the
expansion of the inclusion ability. In this regard, the second
problem remains to be solved.
Besides the easy preparation, the predictable structure and


the easy structural extension mentioned above, one of the
remarkable properties of our host is its clear preference for
planar aromatic guests. The inclusion of non-aromatic guests
into our host has not been observed, and our host may accept
large aromatics whose inclusion into existing hosts has been
difficult due to their size. The complete orientational order of


the included aromatic guests is
also one of the properties of our
host. The presence of strong
anisotropy of the crystals orig-
inating in these structural fea-
tures could be considered. These
properties will be useful in the
field of developing materials with
interest in chemical and/or phy-
sical properties, such as chemical
reactions in hosts, and optics.


Experimental Section


Preparation of [Ni(SCN)2(isoH)2] ¥ 1³2C12H10 (1): KSCN (1.76 g, 18.1 mmol)
was added with vigorous stirring to acetonitrile (100 mL) in which NiCl2 ¥
6H2O (2.02 g, 8.5 mmol) was suspended, and the mixture refluxed for 1 h.
Precipitated KCl was filtered off, and isonicotinic acid (2.09 g, 17.0 mmol)
and biphenyl were added to the filtrate. Green crystals of the clathrate were
obtained after slowly evaporating of the solvent over a period of a few days
at ambient temperature. The crystals were collected, washed with acetonitrile,
and dried in air. Elemental analysis calcd (%) for C20H15N4O4S2Ni (498.19):
C 48.21, H 3.04, N 11.25; found: C 48.04, H 3.04, N 11.31.


Preparation of [Ni(SCN)2(acrylH)2] ¥ 1³2C14H8Cl2 (2): Green crystals of 2
were obtained by the same procedure used in the preparation of 1,
however, KSCN (2.15 g, 22.1 mmol), 3-(4-pyridyl)-2-acrylic acid[25] (2.6 g,
17 mmol) and 9,10-dichloroanthracene were used instead of KSCN (1.76 g,
18.1 mmol), isonicotinic acid and biphenyl, respectively. Elemental analysis
calcd (%) for C25H18N4O4ClS2Ni (596.71): C 50.31, H 3.05, N 9.39; found: C
50.48, H 3.05, N 9.20.


Preparation of [Ni(SCN)2(isoH)2(fumaricH2)] ¥ 1³2C20H12 (3): KSCN (2.48 g,
2.5 mmol) was added with vigorous stirring to acetonitrile (100 mL) in
which NiCl2 ¥ 6H2O (2.49 g, 10.1 mmol) was suspended. After refluxing the
mixture for 1 h, precipitated KCl was filtered off, and isonicotinic acid
(2.49 g, 20.2 mmol), fumaric acid (2.34 g, 20.2 mmol) and perylene were
added. Brown crystals of the clathrate were obtained after slowly
evaporating the solvent for a few days at ambient temperature. Elemental
analysis calcd (%) for C28H20N4O8S2Ni (663.31): C 50.69, H 3.05, N 8.45;
found: C 50.79, H 2.99, N 8.68.


Figure 4. Crystal structure of [Ni(SCN)2(isoH)2(fumaricH2)] ¥ 1³2C20H12 (3).
A view projected on to the bc plane shows the structure of the 2D network
of [Ni(SCN)2(isoH)2(fumaricH2)]� and its rectangular cavity with wide and
narrow gaps coming from the waved structure of the isoH-fumaricH2-isoH
trimer building blocks. The perylene guests are enclosed in the wide part of
the cavity. I� x, y, z�1; IV� x, y� 1, z ; V� x, y� 1, z�1.


Figure 5. Crystal structure of [Ni(SCN)2(isoH)2(fumaricH2)] ¥ 1³2C20H12 (3) viewed along the b axis. The 2D
[Ni(SCN)2(isoH)2(fumaricH2)]� networks are stacked along the a axis.
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X-ray Crystal structure determinations : The intensity data were collected
on a Rigaku RAXIS-RAPID imaging plate area detector for 1 and 2 and on
a Rigaku AFC-7R four-circular diffractometer for 3 using graphite-
monochromatized MoK� radiation (�� 0.71069 ä) at ambient temperature.
The crystal structures were solved by the direct method using the SHELXS-
97 program[29] and refined by the successive differential Fourier syntheses
and full-matrix least-squares procedure using the SHELXL-97 program.[30]


Anisotropic thermal factors were applied to all non-hydrogen atoms. All
hydrogen atoms were generated geometrically.


Crystal of 1: C20H15N4O4S2Ni, FW� 498.19, triclinic, space group P1≈ (no. 2),
a� 7.5146(5) ä, b� 11.107(1) ä, c� 16.504(1) ä, �� 102.267(4)�, ��
52.054(3)�, �� 96.638(4)�, U� 1061.3(1) ä3, Z� 2, �(MoK�)� 1.146 mm�1,
T� 293 K. The intensity data collection was carried out for a 0.40� 0.20�
0.10 mm green crystal in the range of 3.2� 2�� 59.8� with � scan.
Empirical absorption correction[31] was applied to 6026 reflections meas-
ured (Rint� 0.021), and 4747 independent reflections (Fo� 4�(Fo)) were
used for the analysis. The final reliability factors were R1(Fo)� 0.0387,
wR2(F 2


o�� 0.1103 and GOF.� 1.111 for 283 parameters. The maximum
and minimum electron density residues found in the final differential
Fourier syntheses were �0.424 and �0.451 eä�3, respectively.


Crystal of 2 : C25H18N4O4ClS2Ni, FW� 596.71, triclinic, space group P1≈ (no.
2), a� 9.2611(3) ä, b� 11.0783(4) ä, c� 21.3992(8) ä, �� 78.235(1)�, ��
36.562(1)�, �� 81.068(1)�, U� 1280.23(8) ä3, Z� 2, �(MoK�)�
1.065 mm�1, T� 293 K. The intensity data collection was carried out for a
0.30� 0.10� 0.10 mm green crystal in the range of 3.2� 2�� 59.9� with �


scan. Empirical absorption correction[31] was applied to 7195 reflections
measured(Rint� 0.0280), and 5678 independent reflections (Fo� 4�(Fo))
were used for the analysis. The final reliability factors were R1(Fo)� 0.0367,
wR2(F 2


o�� 0.0903 and GOF� 1.079 for 337 parameters. The maximum and
minimum electron density residues found in the final differential Fourier
syntheses were �0.431 and �0.419 eä�3, respectively.


Crystal of 3 : C28H20N4O8S2Ni, FW� 663.31, triclinic, space group P1≈ (no. 2),
a� 14.383(3) ä, b� 11.007(2) ä, c� 23.723(5) ä, �� 78.60(2)�, ��
38.61(2)�, �� 109.70(2)�, U� 1367.4(4) ä3, Z� 2, �(MoK�)� 0.922 mm�1,
T� 293 K. The intensity data collection was carried out for a 0.20� 0.20�
0.20 mm brown crystal in the range 5.54� 2�� 60.0� with �-2� scan. No
absorption correction was applied to the 8342 reflections measured, and
4461 independent reflections (Fo� 3�(Fo)) were used for the analysis. The
final reliability factors were R1(Fo)� 0.0489, wR2(F 2


o �� 0.0983 and
GOF� 1.06 for 391 parameters. The maximum and minimum electron
density residues found in the final differential Fourier syntheses were
�0.436 and �0.421 eä�3, respectively.


CCDC-186249 (1), 186250 (2) and 186251 (3) contain the supplementary
crystallographic data. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK; fax:
(�44)1223 ± 336 ± 033; or e-mail : deposit@ccdc.cam.ac.uk).
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