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Pairing up : Nucleobase pairs were introduced into peptide self-replication systems
as additional recognition elements for the peptide ± peptide interaction (see
scheme). Appropriate incorporation of complementary base pairs contributed to
the peptide ± peptide recognition and led to enhancement of the coiled-coil
formation and acceleration of the self-replicating reaction.
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CORRIGENDUM
In the caption for the cover picture in Issue 16 (Chem. Eur. J. 2003, 9, 3721) d-Anisidine should read p-anisidine; copper(��) should
read copper(�); [CuI4(L2)4]4� should read [CuI4(L2)4]4� ; [MII


2(L2)2(X)4]y� should read [MII
2(L2)2(X)4]y�. The editorial office


apologizes for these errors.
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Introduction


Nature utilizes folding and self-assembly (SA) strategies
extensively in biological systems. Indeed, correctly folded
biopolymers have generated an astonishing array of novel
functions, including protein catalytic reactions,[1] cell regula-
tion, DNA repair,[2] information storage,[3] and self-replica-


tion. While biopolymers can accomplish natural wonders, can
synthetic polymers meet the same challenges? In principle,
synthetic polymers can be designed to form folded nano-
structures with useful functions as well.[4±8] Whereas, great
scientific advances in synthetic macromolecules have been
achieved by using conjugated polymers with interesting
photoluminescence properties,[9±16] our current knowledge
about folding synthetic polymers is at a very primitive stage
and has only recently begun to be understood.[17] Biopolymers
are adept at information coding, specific folding, and recog-
nition; synthetic polymers offer the promise of incorporating
additional interesting properties, such as those involving light-
emitting capabilities. The folding and unfolding of synthetic
polymers can be conveniently monitored by using their
interesting optical properties, whereas biopolymers are sel-
dom colored and frequently need to be tagged with fluo-
rescence chromophores for studying conformation changes.
Understanding polymer folding ™codes∫ could guide us in
protein engineering and the design of novel foldable polymers
with functions that biopolymers do not even have. In this
paper, we report the competition between intramolecular
attraction (folding) and intermolecular attraction (self-assem-
bling) in alternating hydrophobic and hydrophilic sequences.
We have chosen the planar perylene tetracarboxylic diimide
(PTD) unit as the rigid hydrophobic chromophore and
tetra(ethylene glycol) as the foldable hinge.


The Design of Foldable Polymers


Our strategy to prepare foldable polymers is to alternate a
flexible region and a rigid hydrophobic chromophore region.
Both regions should have a well-defined sequence and length,
preferably in the nanometer range, so that the folded
polymers form ™smart∫ nanostructured materials. The re-
quirements for the foldable regions are that they possess
flexibility, hydrophilicity, and solubility in water or organic
solvents. Suitable sequences for the foldable regions are
oligo(ethylene glycol) (OEG) and oligo deoxyribonucleic
acid (DNA). OEGs are soluble in both organic and aqueous
solutions and hence suitable for folding studies in both
organic and aqueous phases, whereas DNA is only soluble in
aqueous solutions so foldable polymers with extensive DNA
sequences can only be investigated in water. On the other
hand, the requirement for the hydrophobic regions is the
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ability to pack into ordered structures. The chromophore
sequences should also have interesting optical properties,
absorption and/or fluorescence, which serve to report struc-
tural changes.


One of the central ideas of our design is to use attractive
forces between chromophores to create folded nanostruc-
tures. These forces could be molecular orbital overlaps such as
� ±� interactions or could come from hydrophobic effects. In
the initial experiments, we used flexible OEG to minimize
appreciable molecular interactions in the foldable regions and
focus on the interactions of the chromophores. Under this
circumstance, the chromophores can either interact intra-
molecularly or intermolecularly. If the chromophores interact
intramolecularly, the polymer will fold first (Scheme 1).
However, if the chromophores interact intermolecularly, the
polymer will self-assemble first. The central question is will


Scheme 1. Attractions between the chromophoric blocks could result in
either folded or self-assembled nanostructures. Intramolecular attractions
favor folding while intermolecular interactions favor self-assembly.


the polymer fold or will it self-assemble? The consequence of
this outcome could be significant. If folding prevails, one can
design individual foldable molecular machinery for probing
mechanisms of interest or use folded polymers as nanoscale
building blocks for advanced materials. However, if self-
assembly prevails,[18] the foldable polymer will form highly
ordered molecular assemblies that cause loss of the individual
character of the folded polymer.


Here, we present simple thermodynamic arguments about
folding versus self-assembly. Since folding is a unimolecular
process and self-assembly is a multimolecular process, one
cannot directly compare the equilibrium constants of Kfold and
KSA to determine which process is dominant. For example,
assuming that the concentrations of all folded, unfolded, and
self-assembled structures were 1 m�, we would have Kfold� 1
and KSA(dimer)� 1000��1 or KSA(trimer)� 1000000��2, etc.
Apparently, larger self-assembly equilibrium constants do not
reflect larger concentrations of self-assembled products.
Experimentally, we have measured Kfold� 6.2 and KSA�
31��1 for the perylene-based foldable polymer in 1,1,2,2-
tetrachloroethane. To understand which process is favored
thermodynamically, we examine the simplest case: the folding
or self-assembling of dimers. To a first-order approximation,
we can assume that the interaction forces of both folding and
self-assembly are of the same origin.[19, 20] In other words, the
enthalpy due to chromophore units of the folding process is
approximately the same as the enthalpy of the self-assembling
process, �Hfold


o ��HSA
o . However, the entropy of folding and


self-assembly are quite different because, in the case of
folding, the two chromophores are covalently bound together


and in close proximity, whereas the two chromophores could
be far apart in the case of self-assembly. Consider a folding
process of A-A�A2, in which A is the monomeric unit, the
change of entropy is expressed as �Sfold


o � S(A2)� S(A-A).
Similarly consider a SA process of A � A�A:A, in which A
is the monomer (e.g., 1b), the change of entropy is described
as �SSA


o � S(A:A)� 2S(A). It is reasonable to assume that the
folded dimer resembles the self-assembled dimer, thus their
entropies are approximately equal, S(A2)� S(A:A). Based on
these approximations, we conclude that �Sfold


o ��SSA
o �


2S(A)� S(A-A)� 0, thus, �Sfold
o ��SSA


o . To summarize, fold-
ing is favored by entropy and thermodynamic analysis argues
that folding precedes self-assembly.


Foldable Polymer Synthesis


Folding requires that the polymer should possess multiple
units within the backbone with mutual attractions. In addition,
these units should be linked with flexible molecular spacers
that function as hinges. Due to these requirements, radical and
anionic polymerizations are currently not suitable for con-
structing foldable polymers with large chromophores in the
backbone. Therefore, we have identified three strategies for
developing foldable polymers containing optically active
chromophores in the main chain. The first approach is
solution synthesis of alternating sequences of rigid hydro-
phobic chromophores and flexible hydrophilic spacers. This
approach employs the traditional condensation polymeriza-
tion technique. The polymer resulting from this method has
alternating sequences originating from the two monomers,
and its molecular weight typically has a wide distribution. The
advantage of this method is that the polymerization is
convenient, and the drawback is that the lengths of the final
polymers are ill-defined. Individual folding actions and
quantum interactions are overwhelmed by the ensemble
effect.


The second approach is a stepwise solid-state method.[21]


This method employs two key components: a solid support
such as beads or porous glass and one or more asymmetric
building blocks with one end activated and the other end
protected. The foldable polymer can be grown on a solid
support by adding one asymmetric building block at a time.
Typically, the growing end is protected so that only one
desired building block is added each time. To grow the
polymer chain, the protected group is removed after each
coupling and the terminal of the polymer chain is available for
extension again. After the desired number of building blocks
has been incorporated, the foldable polymer can be cleaved
from the support to yield a monodispersed polymer. The
advantage of this method is that the lengths of all the
macromolecules are identical. The disadvantage is that the
quantity of the final polymer is small, even when the yield of
each coupling step is very high. Nonetheless, oligonucleotides
and peptides are routinely synthesized by using this method.


The third approach is a stepwise solution-phase synthesis.[22]


Again, this method requires an asymmetric building block
with one end activated and the other end protected. Instead of
coupling to a solid support, we attached the building block
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to a molecule that serves as a polymer chain anchor. Here
we have developed a stepwise solution approach for con-
structing foldable polymers in which the molecular weight can
be controlled as in the solid-phase synthesis. The unique
properties of such polymers are their single molecular
weight and precisely controlled sequences, orientations, and
folding.


Although the above three strategies provide general
guidance, the tactics to implement them in the construction
of alternative rigid and flexible sequences still remain critical.
One approach is to alternatively couple the rigid sequence to
the flexible sequence in order to construct foldable polymers.
However, the problem may arise that the rigid sequence
becomes so insoluble as to render the coupling reaction low-
yielding and ill-defined. Another approach is to sandwich the
rigid sequence between two half flexible sequences and
initiate the coupling between the two flexible ends. The
opposite of this tactic is to sandwich the flexible sequence with
two half rigid sequences and carry out coupling reactions
between the two rigid ends. There are known reactions, such
as Wittig or Suzuki coupling, that will yield conjugated rigid
sequences, but we decided to employ oligo(ethylene glycol) as
the flexible chains and use phosphoramidite chemistry to
connect them. The main reasons are that phosphoramidite
chemistry produces high yields and the coupling of soft chains
is relatively easier than that of rigid chromophores, especially
for macromolecules.


Accordingly, we attached flexible tetra(ethylene glycol) to
a large rigid perylene tetracarboxylic dianhydride to form the
flexible-rigid-flexible structure. We first activated one hy-
droxyl of the tetra(ethylene glycol) by the action of tosylation,
which yields the monotosylation product of tetra(ethylene
glycol). The tosylate was subsequently replaced with an azido
group. Reduction of the azide yielded 2-(2-(2-(2-amino
ethoxy)ethoxy)ethoxy) ethanol,[23] which was condensed with
perylene tetracarboxylic dianhydride to yield the desired
flexible-rigid-flexible structure, bis-N,N�-(2-(2-(2-(2-hydrox-
yethoxy)ethoxy)ethoxy)ethyl) perylene tetracarboxylic dii-
mide (1a).[24, 25] Applying the third strategy, we need to
provide a chain anchor and an asymmetric building block. To
form the polymer chain anchor, we further monobenzoylated
bis-N,N�-(2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl)
perylene tetracarboxylic diimide to produce 1b so that
polymeric chain extension is only permitted at the other
hydroxy group (Scheme 2). To prepare the asymmetric
building block, we protected only one hydroxyl group of bis-
N,N�-(2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl) pery-
lene tetracarboxylic diimide with 4,4�-dimethoxyl trityl
(DMTr) to yield 1c[26, 27] and activated the other hydroxyl
group with phosphoramidite to yield 1d.


The construction of foldable polymers was carried out by
using the building block (1d) to attack the monobenzoylated
anchor (1c) to synthesize a dimer with DMTr-protected chain
end (2a). The DMTr group was subsequently removed by acid
hydrolysis to generate the hydroxy group necessary for chain
extension (2b).[28, 29] By using this method of coupling
followed by detritylation, we prepared specific oligomers
including dimers (2a,b), trimers (3a,b), tetramers (4a,b),
pentamers (5a,b), and hexamers (6a,b). This is such an


effective strategy that we have used it to further synthesize
higher-order oligomers including heptamers (7a,b), octamers
(8a,b), nonamers (9a,b), and even undecamers (10a,b).


Optical Absorption of Folded Polymers


One advantage of studying foldable polymers containing
optically active chromophores is that they can be easily
investigated with optical spectroscopy, and the resulting
foldable polymer can be a functional sensor or biosensor.
Folding of perylene units provides a new paradigm in this
respect and is signaled by a diagnostic optical absorption
change because both covalently bound perylene cyclo-
phanes[30] and folded PTD oligomers[22] have an inverse
intensity distributions among their vibronic states, A0�0/
A0�1� 0.7, whereas free perylene molecules have normal
Franck ±Condon progressions with A0�0/A0�1� 1.6.[31, 32]


Hence, the absorption ratio of the 0�0 to the 0�1 transition
can be used to quantify the degree of folding in the perylene-
containing polymers. Such remarkable intensity reversal was
attributed to the strong electron ± phonon coupling in the
folded nanostructures as the absorption maximum blue shifts
by 0.17 eV from the 0�0 transition to the 0�1 transition.
The relative intensities of the vibronic bands are governed by
the Franck ±Condon factors. The intensity reversal indicates
that the optimum overlap has shifted from ���v��0 � �v�0	 in free
monomers to ���v��1 � �v�0	 in the folded structures. Here � and
�� are the ground- and excited-state vibronic wave functions.
The strong electron ± phonon coupling indicates that the PTD
molecules adopt largely eclipsed structures with interplanar
distances less than van der Waals contact to establish quan-
tum interactions of �-orbital overlaps.


As shown in Figure 1A, a dramatic change in optical
absorption comes from the transition from monomer to
dimer; the monomer has a ratio of A0�0/A0�1� 1.6 whereas
the dimer has a ratio of A0�0/A0�1� 0.92 in chloroform. The
reason is that the dimer can fold and exist as a folded structure
at low concentrations. In contrast, the monomer cannot self-
assemble at low concentrations (vide infra). A large decrease
in the intensity ratio between the 0�0 and 0�1 transitions is
also observed from dimer to trimer A0�0/A0�1� 0.82. The
results in Figure 1A confirm that the optical absorption
properties of a free PTD molecule are very different from a
stack of two PTD molecules. Moreover, a three-layer PTD
molecular sandwich produces an appreciable reduction in the
A0�0/A0�1 value although its effects are not as pronounced as
the initial bimolecular stacks. Additional PTD molecules
added to the stacks continue to reduce the A0�0/A0�1 value,
but to a much smaller extent. For instance the A0�0/A0�1 value
for chromophoric hexamer is only about 0.72 in chloroform.
The A0�0/A0�1 values for the monomer, dimer, trimer,
tetramer, pentamer, and hexamer are 1.64, 0.92, 0.82, 0.78,
0.76, 0.72, respectively; the trend seems to indicate that it is
slowly approaching to a limiting value.


Conversely, self-assembling of PTD monomers (1) does not
happen at low concentrations. In Figure 1B, we show that
optical absorption spectra are essentially the same when the
monomer concentration is below 1 m� ; this indicates that
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there is no appreciable amount of self-organization under
these conditions. However, the 0�1 transition begins to grow
when the chromophore concentration is increased beyond a
critical value of CC �1 m� ; this indicates the onset of
intermolecular association. At the critical concentration,
there are 
2 molecules in a cube of 15� 15� 15 nm3. In such
a box, the shortest distance between the two molecules is zero,
the longest distance is 
25 nm, and the median is about
12.5 nm. The experimental results suggest that at such
proximity, one molecule ™feels∫ the presence of the other
either through attractive forces (�H effect) or random
collisions (�S effect). The introduction of a characteristic
force field for each individual molecule provides a general
rationale for self-organization and folding. If we use a
spherical model instead of the cubic one, we find that, on
average, two molecules are within a sphere with a radius of
9 nm at the onset of molecular self-organization. Therefore
the force field for PTD molecules probably has an average
radius in the range of 9 ± 12 nm, and molecular self-organ-
ization occurs when the concentration drives intermolecular
distance below this critical region. In the foldable polymers,


the distance between two chromophore units is about 3 ±
4 nm, and this value is far below the median value of
12.5 nm required for self-organization. This comparison leads
to the conclusion that folding is favored because of close
proximity of interacting groups. In other words, folding
requires less reduction in entropy than the process of self-
assembly; therefore folding is favored in solution according to
the second law of thermodynamics.


NMR Studies of Folding and Self-Assembly
Phenomena


Another advantage of studying self-assembled �-stacked
aromatic chromophores is that the ring current in one
chromophore induces a distinct chemical shift in the proton
resonances of its stacked neighbors. As shown in Figure 2A, at
low concentration (2.3 m�), compound 1b exists as mostly
™free∫ monomer as indicated by the sharp AA�BB� patterns of
the Ha and Hb protons; here Ha represents the four outer
protons and Hb represents the four inner protons on the


Scheme 2. Stepwise solution synthesis of foldable polymers. We carried out repeated attacks with the building block 1d on a chain anchor (1b). Each attack
added one chromophore unit to the growing end of the foldable polymer. i) benzoyl chloride/py; ii) 4,4�-dimethoxytrityl chloride/py; iii) 2-cyanoethyl
diisopropylcholophosphoramidite/N,N-diisopropylethyl amine/CH2Cl2; iv) CH2Cl2/N-phenylimidazolium triflate, RT, then I2 (CH2Cl2/py/H2O 1:3:1), RT;
v) CHCl2CO2H/CH2Cl2, RT.
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Figure 1. A) Normalized optical-absorption spectra of folded chromo-
phoric dimer 2b and trimer 3b that have an intensity reversal between the
0�0 and 0�1 transitions when compared with the free monomer 1b. The
chromophoric unit concentrations are 6.6 �� for all oligomers. B) Normal-
ized optical-absorption spectra of chromophoric monomer 1b and its self-
assembled products. At concentrations less than 
1 m� (0.5 m� and 6 ��
shown), few self-assembled products are formed, as indicated by the
absence of perturbation of the optical spectra. At concentrations above

1 m� (7.7 m� shown), the 0�1 transition intensity begins to increase,
indicating self-organization in solution.


perylene ring. As the concentration increases beyond the
critical value, three characteristic patterns associated with �-
stacking emerged. First, we observed upfield shifts of both Ha
and Hb. Second, we observed that the chemical-shift separa-
tion (��� �(Ha)� �(Hb)) betweenHa andHb increases with
concentration. Third, the peaks of Ha and Hb begin to
broaden with additional fine structures; this indicates the
presence of self-assembled dimers and higher oligomers. The
NMR results demonstrate that free monomer, self-assembled
dimer, trimer, etc. undergo rapid exchange on the NMR
timescale. The fact that the NMR peaks are well resolved
confirms that the system is in a dynamic equilibrium consist-
ing of free monomer and various self-assembled oligomers.
The critical concentration for the formation of self-assembled
nanostructures is
1 m�, which is in good agreement with the
optical-absorption results.


Figure 2. NMR spectra of A) monomer and B) folded dimer in the
aromatic region. The concentrations of the monomer (1b) are 2.3 (top),
18 (middle), and 142 m� (bottom) while the concentrations of the dimer
(2b) are 2.3 (top), 23 (middle), 94 m� (bottom). Note that the chemical-
shift separation between Ha and Hb of the folded dimer (B) is much larger
than that of free monomer (A) around the critical concentration (CC) of
self-assembly.


Folded aromatic chromophores have essentially the same
NMR characteristics as those self-assembled �-stacks. There-
fore, we should expect that the Ha and Hb nuclear magnetic
resonances shift upfield with increased separation (��)
between Ha and Hb. Moreover, we expect fine splitting in
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Ha and Hb since the two chromophoric units are not
equivalent. Indeed, the details of these phenomena are shown
in Figure 2B. The larger �� values observed for the folded
structures arise because the inner proton (Hb) experiences a
larger ring-current than the outer proton (Ha) when the two
aromatic rings are �-stacked. This makes the �� value a
reliable indicator of folded versus nonfolded structures. For
free monomer 1, �� is 0.061 ppm, whereas, the �� values
(Figure 3) for folded dimer, trimer, and tetramer are 0.26,
0.33, and 0.38 ppm, respectively.


Figure 3. Plot of the observed chemical shifts Ha (open) and Hb (filled) of
monomer 1 (circles), dimer 2 (diamonds), trimer 3b (triangles), tetramer
4b (squares) as a function of the initial molar concentration of each species.
The chemical shift separation between Ha and Hb is very small for free
monomer below self-assembly critical concentration (CC� 1 m�) and is
very large for the folded oligomers 2b ± 4b ; this effect is caused by the ring
current of the �-stacked perylene neighbors. Theoretically, as concentra-
tions approach infinity, the chemical shifts of Ha and Hb should approach
constants corresponding to the limiting values of infinitely long nanowires
made of perylene stacks.


Of particular significance is that all oligomers adopt a
folded nanostructures within the concentration range studied
by NMR and UV/Vis spectroscopy (1�� to 0.1�). Another
significant observation is that the folded nanostructures can
further self-assemble into larger structures, and the critical
concentration for folded oligomers to self-assemble is again
CC�
 1 m�, which is essentially same as the critical concen-
tration of the monomer.


Photoluminescence Properties of Folded Polymers


The remarkable characteristic of chromophoric folded poly-
mers is that the folded states emit photoluminescence of
completely different colors from that of the unfolded states or
free monomers. As discussed in the optical-absorption
section, both folded and self-assembled �-stacks promote
the PTD absorption shift from 0�0 transition (530 nm) to
0�1 transition (500 nm). This is attributed to shifts of
the maximum overlap of Franck ±Condon integral from


��v��0 � �v�0	 in free monomers to ��v��0 � �v�1	 in the folded
nanostructures. As the folded chromophoric oligomers be-
come larger, the photoluminescence favors emissions to
higher vibronic ground states (v�� 0�v, v� 0, 1, 2, 3),
thereby red-shifting the spectra. Representative examples of
the photoluminescence of the folded PTD oligomers at
100 �� concentration are shown in Figure 4. This concentra-
tion is below the critical concentration for self-assembly (CC),
and therefore the photoluminescence shifts are largely due to
folding of the PTD chromophores.


Figure 4. Photoluminescence of monomer 1b, dimer 2b, trimer 3b, and
tetramer 4b at 100 �� concentration, which is below the critical concen-
tration for self-organization; all spectra were obtained in chloroform with
excitation at 429 nm.


In Figure 4, the monomer (1b) has dominant emission at
540 nm (0�0) and 575 nm (0�2), which make the monomer
fluorescence green to yellow. For the dimer (2b), the green
photoluminescence peak diminishes while the emission at
625 nm (0�3) increases significantly; the combination of
these three color photons yields an overall orange-red
fluorescence. As the folded oligomers become larger, for
instance trimer (3b) and tetramer (4b), the photolumines-
cence at green (540 nm) and yellow (575 nm) disappears
quickly and the net emission color becomes more and more
red. Notice that the red shift from trimer to tetramer is not
significant but the reduction in yellow component (575 nm) is
significant. The complete picture is that the monomer emits
green light while the dimer emits orange and higher oligomers
emit increasingly red light. A natural extension of this
research is to add smart functions to the foldable polymers
and utilize the color changes to construct chemical and
biological sensors.[22]


Conclusion


Both folding and self-assembly are governed by the inter-
actions between molecular units, either intramolecularly or
intermolecularly. Each molecular unit generates a character-
istic force field, and the radius of PTD force field is 
9 ±
12 nm. When one molecular unit enters the force field of
another molecular unit, the probability [Eq. (1)] of their
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interacting will be significantly increased. The consequences
of such interactions are manifested either as folding or self-
assembling phenomena. This argues that the two molecular
units have to be in close proximity for measurable interactions
to occur. For PTD molecules, we measured a critical concen-
tration of CC 
1 m� for molecular association to occur. This
hypothesis explains the folding phenomena in the alternating
PTD and tetra(ethylene glycol) sequence as well as the critical
concentration (CC) for self-assembling of PTD derivatives.


PAB�K�fAB�
K


RN
AB


(1)


In other words, the probability (PAB) of two molecular units,
A and B, interacting with each other is proportional to their
attractive force (fAB), which is inversely proportional to RN


AB,
where RAB the distance separating these two molecular units.


The forces that contribute to the force field include
van der Waals force, Coulomb interaction, hydrogen bonding,
and molecular-orbital overlap. They can be classified as either
short-range interactions, like the van der Waals force and
molecular-orbital overlap, or long-range interactions, such as
the Coulomb interaction. Examples of known N are 2 for the
Coulomb attraction and 6 for van der Waals× attraction.


The significance of understanding folding and self-assembly
is that this knowledge provides remarkable power in design-
ing useful molecular machinery, such as macromolecular
biosensors and nano-actuators. These macromolecular bio-
sensors and nano-actuators will play important roles in the
future development of nanotechnology and biotechnology.
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Introduction


A benzotriazole group variously activates the carbon atom to
which it is attached: 1) by behaving as a leaving group, 2) by
enabling deprotonation, 3) by acting as a electron donor, and
4) by being capable of reductive elimination to provide a
radical or carbanion. Moreover, in allylic systems, the
benzotriazolyl moiety behaves as an ambident anion-directing
group. In combination, these properties facilitate a vast array
of synthetic transformations.


Because of its benign biological (nontoxic, odorless) and
physical (crystalline, nonvolatile, soluble in Na2CO3/H2O,
sparingly soluble in H2O) properties, and its ready availability,
benzotriazole is an ideal synthetic auxiliary.


Benzotriazole chemistry is usually simple and easy to
understand. Its advantage frequently lies in enabling rather
common transformations to be formed efficiently, quickly,
and inexpensively. As exemplified in the illustration at the


start of this Concept, benzotriazole derivatives are easy to
prepare and are capable of a plethora of transformations.


Discussion


Insertion reactions : The classical insertion of a CH2 group
next to a carbonyl group by using diazomethane is of little
synthetic use. The insertion of�C(X)(Y)� groups can now be
effected efficiently using BtC(X)(Y)Li (Bt� benzotriazole)
reagents[1] (Scheme 1). The diversity of the reaction is


Scheme 1. Benzotriazolyl-mediated insertion reactions.


illustrated in Table 1; many more examples are available.[1b,c]


More recent work, exemplified in Scheme 2, extends the
method to purely alkyl substituents[2a] and to intramolecular
examples.[2b]


Amidoalkylation : The incorporation of a group
�CHR3N(R2)COR1 into a molecule is a classical reaction,
and many amidoalkylating agents have been proposed and
applied (Scheme 3).
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Scheme 2. Insertion reactions: future potential.[2]
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Scheme 3. Background for amidoalkylation.


The applicability of benzotriazole amidoalkylating reagents
R1CONRCHR2Bt is far more general than that of previously
suggested alternatives and enables a wide range of amido-
alkylations[3±10] (Scheme 4). Scheme 4. Benzotriazole-mediated amidoalkylation.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4586 ± 45934588


Table 1. Carbon insertion into aldehydes and ketones.[1a]


Carbonyl Bt reagent T [�C] t [h] Solvent Product Yield
compound [%]


1 PhCH2CH2CHO 210 0.5 neat 65


2 110 10 ClCH2CHCl2 67


3 65 3 THF 87


4 170 12 neat 85


5 110 12 neat 60


6 PhCH2CH2CHO BtCH2OMe 140 1 Cl2CHCHCl2 PhCH2CH2COCH2OMe 50


7 BtCH2OPh 140 1


Cl2CHCHCl2


47


8 65 6 THF 91


9 65 24 THF 51


10 BtCH2SPh 140 1 Cl2CHCHCl2 86


11 PhCOMe BtCH2SPh 140 6 Cl2CHCHCl2 PhCH(SPh)COMe 65
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Preparation of amines and aminoalkylation : Benzotriazole
methodology is ideally suited to the preparation of amines;
Schemes 5 and 6 illustrate how primary, secondary, and


Scheme 5. Examples of syntheses of primary and secondary amines.


Scheme 6. Examples of the preparation of tertiary amines.


tertiary aliphatic amines as well as secondary and tertiary
aromatic amines can all be constructed efficiently. A partic-
ular plus is the easy alkylation of heteroaromatic amino
groups without complications from attack at the ring nitrogen
atom.


Aminoalkylation, essentially restricted in the classical
Mannich reaction to formaldehyde, is easily generalized and
its application extended to aliphatic, aromatic, and hetero-
aromatic aldehydes[4, 16±18] by means of benzotriazole method-
ology (see Scheme 7).


Scheme 7. Bt-C-N-R systems for aminoalkylation.


N- and C-acylation by N-acylbenzotriazoles : Staab pioneered
the use of acylazoles for acylation many years ago.[19]


Acylbenzotriazoles are easy to make directly from acids[20]


by the reaction given in Equation (1):


RCO2
��BtSO2Ph(or CH3) � RCOBt�Ph(or CH3)SO3


� (1)


They form stable crystalline, chiral reagents[20a] and are
especially suitable for N-acylation in combinatorial chemis-
try[21] (Scheme 8). Their applications to C-acylation[22±25] are
illustrated in Scheme 9: a major advantage in regioselective C
over O acylation.


Scheme 8. Stable, crystalline chiral N-(aminoacyl)benzotriazoles for pep-
tide and combinatorial chemistry.


Imidoylation reactions : Recently, two new guanylating agents
have been developed. Di(benzotriazolyl)methanimine, readily
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Scheme 9. Regioselective carbon acylations by N-acylbenzotriazoles.


available from benzotriazole and cyanogen bromide shows
differential reactivity of the two Bt groups and is an efficient
reagent for the preparation of tri- and tetra-substituted
guanidines,[26] polysubstituted N-acylguanidines, and guanyl-
ureas.[27] Benzotriazolylcarboximidoyl chlorides (stable, odor-
less, and convenient to handle) allow the preparation of
unsymmetrical guanidines;[28] the synthesis of unsymmetrical
guanidines from isocyanide dichlorides is limited to acyl and
sulfonyl derivatives (Scheme 10).


Scheme 10. Imidoylation reactions: guanidine synthesis.


Utility of Bt-C-(aryl or heteroaryl) derivatives : Easily avail-
able compounds ArCH2Bt enable the construction of elabo-
rate substitutents in aromatic systems. Successive deprotona-
tion allows the replacement of the hydrogen atoms by
electrophiles, and the Bt group is susceptible to nucleophilic
displacement[29±33] (Scheme 11).


A further application of ArCH2Bt is in benzannulation, that
is, the construction of an additional benzene ring onto an
existing benzenoid[34] or heteroaromatic[35, 36] ring (Scheme 12).


Scheme 11. Preparation and utility of Bt-C-(Hetero)aryl compounds.


Scheme 12. Benzotriazole-mediated benzannulation.


Umpolung : Scheme 13 provides examples of the utility of
benzotriazole in the umpolung of pyrylium cations by
enabling the introduction of alkyl groups from electrophilic
reagents.[37] The technique has been applied to other electron-
deficient heteroaromatic systems.


Application in heterocyclic synthesis : Selected from numer-
ous published examples, Scheme 14 shows novel routes to the
heteroaromatic systems of pyrroles[39] and benzothio-
phenes.[39]
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Scheme 13. Benzotriazole-mediated umpolung.


Scheme 14. Examples of the benzotriazole-mediated syntheses of hetero-
aromatic systems.


To illustrate the utility of the Bt methodology in hetero-
aliphatic ring formation, Scheme 15 documents 1) the syn-
thesis of chiral 2,6-disubstituted piperidines[40] and 2) palla-
dium-assisted benzotriazole substitution leading to 2-vinyl-
pyrrolidines and -piperidines.[41]


Scheme 15. Examples of the benzotriazole-mediated saturated heterocy-
clic ring systems.


The Bt methodology is equally applicable to large rings as
exemplified by Scheme 16, which shows examples of the
synthesis of seven-membered rings.[42]


Benzotriazole-derived acyl anion equivalents : Benzotriazole-
derived acyl anion equivalents[43±45] (Scheme 17) offer many


Scheme 16. Synthesis of 2,3,4,5-tetrahydro-1,4-thiazepines, -diazepines
and -oxazepines.


Scheme 17. Benzotriazole containing acyl anion equivalents.


advantages over classical acyl anion equivalents such as 1,3-
dithianes. A simple example is given in Scheme 18, whereby
addition to phenyl vinyl ether provides intermediates capable
of manifold transformations.[43a]


Scheme 18. Double addition to enol ethers.[43a]


Applications to acetylenic chemistry[46±48] are detailed in
Scheme 19; the ambident anion-directing power of the Bt
group enables the efficient synthesis of polyfunctional acety-
lenic ketones.


Somewhat analogous work with propenoyl anions is
documented in Scheme 20.[49] Note the very mild conditions
for hydrolysis (no heavy metal, no oxidizing agents!). The
reversible ionization and consequent possibility of isomer-
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Scheme 19. Regeoselective reactions of Bt-stabilized propargylic anions.


ization of allylbenzotriazoles is utilized in Scheme 21 to
provide, in this scheme alone, the five synthons shown in
boxes.[50]


Conclusion


In this ™Concept∫ it has been possible to describe briefly only
a fraction of the synthetic potential of benzotraizole method-
ology from our group. Many other applications have appeared
from other laboratories and in all approaching 500 publica-


Scheme 21. Further diverse applications of propenal acetal derived Bt
reagent.


tions in this area in the past dozen years. The well shows no
sign of running dry. Many Bt reagents are now available
commercially. More detailed sources of benzotriazole work
are available in the literature[51] and on our homepage at
http://ark.chem.efl.edu. A database of benzotriazole reactions
has been constructed and is available for free access and can
be downloaded from our homepage. We invite all chemists to
avail themselves of Bt methodology in their own chemistry
and to help expand its areas of utility.
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Abstract: Syntheses of a unique set of
energy transfer dye labeled nucleoside
triphosphates, compounds 1 ± 3, are de-
scribed. Attempts to prepare these com-
pounds were only successful if the tri-
phosphorylation reaction was per-
formed before coupling the dye to the
nucleobase, and not the other way
around. Compounds were prepared as
both the 2�-deoxy (a) and 2�,3�-dideoxy-
(b) forms. They feature progressively
longer rigid conjugated linkers connect-
ing the nucleobase and the hydroxyxan-
thone moiety. UV spectra of the parent
nucleosides 12 ± 14 show that as the
length of the linker increases so does
the absorption of the donor in the 320 ±
330 nm region, but with relatively little
red-shift of the maxima. Fluorescence


spectra of the same compounds show
that radiation in the 320 ± 330 nm region
results in predominant emission from
the fluorescein. When the linker is
irradiated at 320 nm, the only significant
emission observed corresponds to the
hydroxyxanthone part of the molecules
at 520 nm; this corresponds to an effec-
tive Stokes× shift of 200 nm. As the
absorption at 320 ± 330 nm by the linker
increases with length, so does the inten-
sity of the fluorescein emission. A gel
assay was used to gauge relative incor-


poration efficiencies of compounds 1 ± 3,
dTTP, ddTTP, and 6-TAMRA-ddTTP.
Throughout, the thermostable polymer-
ase TaqFS was used, as it is the one most
widely applied in high throughput DNA
sequencing. This assay showed that only
compounds 3 were incorporated effi-
ciently; these have the longest linkers.
Of these, the 2�-deoxy nucleoside 3a was
incorporated and did not prevent the
polymerase from extending the chain
further. The 2�,3�-dideoxy nucleoside 3b
was incorporated only about 430 times
less efficiently than ddTTP under the
same conditions, and caused chain ter-
mination. The implications of these
studies on modified sequencing proto-
cols are discussed.


Keywords: DNA sequencing ¥ dyes/
pigments ¥ fluorescence spectrosco-
py ¥ fluorescent probes ¥ UV/Vis
spectroscopy


Introduction


Many situations in biotechnology and biomedicine require
that DNA be labeled with highly fluorescent labels. Almost
invariably, this is done by connecting nucleosides to labels like
fluorescein and rhodamine via aliphatic linkers. The nucleo-


side triphosphates used in DNA sequencing are typical
examples of this, such as 6-TAMRA-ddTTP A ; Figure 1.[1]


Rigid, non-aliphatic linkers have been investigated, but only
to link other labels. The types of probes that have been
connected in this way include weakly fluorescent, hydro-
phobic groups (e.g.B andC),[2±4] metal complexes (e.g.D),[5±10]


EPR spin labels (E),[11] and electrochemically conspicuous
groups (F)[12] to nucleobases, but never the types of fluores-
cent labels that give the sensitivity required for application in
DNA sequencing and some areas of diagnostics.
The lack of research into nucleobases labeled with strongly


fluorescent compounds via rigid conjugated linkers is un-
fortunate because systems like this could be useful. Relatively
inflexible linkers have the potential to limit intercalation or
other non-covalent interactions of the dye with the DNA
framework. They could also be used to keep the dye oriented
away from the enzyme active site of polymerases. Moreover,
conjugated linkers could electronically couple with the
fluorescent label and the nucleobase in ways that affect their
UVabsorption and fluorescent properties in potentially
useful ways. For instance, this coupling could increase the
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Figure 1. Highly fluorescent labels linked to nucleobases via flexible
linkers, as in 6-TAMRA-dTTP, are the norm in DNA sequencing protocols.
For other applications, rigid conjugated linkers have been employed to link
weakly fluorescent groups, redox, EPR, and electrochemical probes, but
mostly to nucleotides for incorporation into synthetic DNA and never for
DNA sequencing.


UVabsorption of the labeled nucleoside so that the fluores-
cence intensity of the label is increased. Alternatively,
conjugated linkers might be designed to absorb in UV regions
where it could be advantageous to excite the fluorescent
probe, but in which the probe without the linker has relatively
low extinction coefficients. Finally, attaching nucleobases to
fluorescent probes via conjugated linkers facilitates fast
fluorescence energy transfer between them, and potentially
provides a probe for energy transfer to that base from
neighboring nucleotides.[13, 14]


For the reasons described above, we have begun to study
nucleobases connected to highly fluorescent labels via rigid
conjugated linkers. This paper describes syntheses of deoxy-
and dideoxynucleoside triphosphates 1 ± 3 in which fluores-


cein fragments are connected to thymidine via progressively
longer, alkyne-based linkers. The linkers in 1 ± 3 moves the
relatively bulky fluorescein unit further away from the


nucleoside base in defined increments. We anticipated that
increasing the linker conjugation would influence the spectral
properties of the dye, and the ease of incorporation of the
triphosphates. Consequently, this paper also describes some
fundamental fluorescence properties of the parent nucleo-
sides, and tests for their incorporation by the thermostable
DNA polymerase TaqFS. TaqFS was chosen for this study to
test compounds 1 ± 3 because of its wide use in fluorescent
dye-terminator based DNA sequencing.[1, 15, 16] Both the 2�,3�-
dideoxy (b) and the 2�-deoxy forms (a) were assayed, the
latter to gauge for the possibility of multiple incorporation.


Synthesis of the modified thymidine triphosphates 1 ± 3 :
Scheme 1 describes how the fluorescein derivatives required
for this work were made from 5-iodofluorescein 4. Com-
pounds 4 and 5, in regioisomerically pure form, were prepared
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via fractional crystallization of a mixture of 5- and 6-iodo-
fluorescein from acetic anhydride.[17] Acylation and Sonoga-
shira coupling[18] of this material with trimethylsilylethyne
gave the protected alkyne 6 and the terminal alkyne 7 after
deprotection.
The critical fluorescein-containing fragment 9 for prepara-


tion of compounds 2 was formed via a Suzuki coupling,[19] as
shown in Scheme 1b; fortunately, desilylation and hydrolysis
of the acetate protecting group also occurs in this step.
Synthesis of the diyne 11, a key fragment in the formation of
compounds 3, was made via a Sonogashira/deprotection
sequence as shown in Scheme 1c.


Scheme 1. Preparation of the fluorescein-derived synthons 7, 9, and 11.


To obtain the target materials, compounds 7, 9, and 11must
be coupled to 5-iodo-U, and the 5�-hydroxyl group must
converted to a triphosphate. Initially, we tried to achieve this
via a route in which the coupling preceded the triphosphor-
ylation. After much experimentation, and a considerable
amount of time, we concluded that it is extremely hard to
phosphorylate nucleosides with large, reasonably lypophilic
dyes attached. There are probably several reasons for this, but
paramount are solubility issues that impact purification using
conventional ion exchange chromatography on Sephadex or
various HPLC column purifications. The compounds may
aggregate under these conditions and stick to the support.
Lack of 3�/5�-selectivity in the triphosphorylation protocols[20]


may also have been a factor contributing to the difficulties
with this approach. This set of experiments did, however,
provide samples of the nucleoside intermediates 12 ± 14 and
these were useful for spectroscopic studies (see below).


The successful approach to the target triphosphates 1 ± 3
was to form 2�-deoxy-5-iodouridine triphosphate, and 2�,3�-
dideoxy-5-iodouridine triphosphate (prepared via the proto-
col outlined in the Supporting Information), then coupling the
dye fragments to these. These triphosphates are only soluble
in aqueous media, so it was important to find a water-soluble
catalyst for this transformation. Sonogashira couplings in
aqueous media have been performed using preformed
[Pd(PPh2Ar)4] where Ar� 3-(NaO3SC6H4),[21] and by mixing
Pd(OAc)2 and PAr3 in aqueous buffer and ™aging∫ the
solution (Method A in the Experimental Section).[22] That
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proved to be less convenient than preparing a crude sample of
catalyst by reacting Na2PdCl4, NaBH4, H2O with PAr3 at
25 �C, isolating the solid material, then using this in the
coupling reaction (Method B). Lithium salts of the phos-
phates were used as the substrates in the coupling process, the
products were isolated as triethylammonium salts after HPLC
purification (Scheme 2).


Scheme 2. Coupling of triphosphates with the dye fragments 7, 9, and 11 to
give the target products 1 ± 3.


UV absorption and fluorescence spectra of nucleosides 12 ±
14 : Figure 2 shows the absorption and fluorescence spectra for
nucleosides 12 ± 14 corresponding to the triphosphates 1 ± 3.
The dye-nucleosides have absorption maxima at 320 ± 330 and
492 nm, probably corresponding to uptake of radiation by the
nucleobase in conjugation with its 5-substituent, and the
fluorescein, as illustrated in Figure 2 for compound 12
(though similar diagrams could be drawn for 13 and 14).
Experiments with control compounds show that the ab-


sorption spectra of these molecules resemble that which
would be obtained simply by adding their donor and acceptor
parts (a typical overlay of control compounds is given in the
Supporting Information). This is indicative of a lack of
conjugation between them, reflecting a twist between the
donor and acceptor planes imposed by steric effects, as
implied in Figure 2a. As the donor part of the molecules
becomes more extended on going from 12 ± 14, so the
absorption in the 320 ± 330 nm region becomes more intense.
This is consistent with observations for poly- or oligo-phenyl-
ethyne materials {(-C6H4CC-)n}, where the UV absorption
becomes stronger in this region, but with little shift to the red,
as more repeating units are added.[23±26] No emission from the
donor part of these molecules was detected in their fluo-
rescence spectra. Instead, rapid energy transfer seems to


Figure 2. a) Representative assignment of donor and acceptor parts in one
of the nucleosides 12 ; b) absorption spectra (all at 10 ��); c) fluorescence
spectra of the nucleosides in 3.2 m� phosphate buffer at pH 7.2 at
equimolar concentrations (all at 1.0 ��).


prevail and fluorescence is observed from the hydroxyxan-
thanone acceptor unit. The fluorescence intensity of the
cassettes when irradiated at 320 ± 330 nm nearly doubles from
compound 12 to 14 due to the increased UVabsorption by the
latter.


Incorporation of the modified thymidine triphosphates 1 ± 3 :
The performance of compounds 1 ± 3 was tested using the
™oligo-template assay∫ using TaqFS as previously descri-
bed,[27] and was analyzed using an ABI model 377 DNA
sequencer. Here, the BODIPY-R6G labeled R931 universal
sequencing primer[28] was used to determine incorporation of
the fluorescein derivatives 1 ± 3, 6-TAMRA-ddTTP, or unla-
beled ddTTP or dTTP. The sequencer run module was
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modified to collect fluorescent blue, green, and yellow
fluorescent light to discriminate signals emitted by the
fluorescein derivatives 1 ± 3, BODIPY-R6G, and 6-TAMRA
dyes, respectively. Moreover, we have previously shown that
incorporation of modified-dNTPs tend to give DNA frag-
ments with slower electrophoretic mobilities than natural
substrates because of their high molecular weights.[27] The
attachment of fluorescein moieties to dTTP and ddTTP
caused similar mobility effects. Thus, the assignment of
incorporation events was based on the color and mobility
pattern of termination products relative to the unlabeled
ddTTP and dTTP controls.
Each of the substrates 1 ± 3 was tested at a series of


concentration ranges to determine an IC50 value (effective
concentration at 50% incorporation) in the absence of the
corresponding natural nucleotide. Both the deoxy- and
dideoxy-thymidine analogues (a and b) were tested individ-
ually and compared with dTTP and ddTTP to assess TaqFS
bias incorporation effects. For the dideoxy-compounds (b
series), there are two possible outcomes: the compounds
could be incorporated causing chain termination or they are
not recognized by TaqFS. For the latter case, DNA synthesis is
halted in the absence of natural thymidine, shown as ™unin-
corporated∫ in Figure 3. Incorporation of the deoxy-com-
pounds (a series) would cause continued DNA synthesis or
™read-through∫ to the ™incorporated∫ end-point. We have
also observed chain termination of series a compounds and
hypothesize their incorporation distorts the DNA substrate
for subsequent DNA synthesis. Alternatively, TaqFS might
not recognize the substrate. Incorporation data for com-
pounds 2b and 3b are shown in Figure 3.


Figure 3. Incorporation of compounds 3b and 2b by TaqFS DNA
polymerase. All reactions contained TaqFS, BODIPY-R6G labeled R931
primer, oligo-template and reaction buffer. Lane 1 contained only the
primer; lanes 2 ± 18 contained 50 n� each of dCTP, dATP, and ddGTP.
Additionally, lanes 3 and 4 contained 10 n� ddTTP or 10 n� dTTP,
respectively and lanes 5 ± 11 contained 3b, lanes 12 ± 18 contained 2b at
500, 250, 100, 50, 25, 10, or 5 n�, respectively.


The linker had a profound effect on the incorporation of
compounds 1 ± 3. For compounds 1a and b, there was no
evidence of incorporation (data not shown). On the other
hand, compounds 2b and 3b showed concentration depend-


ent incorporation in the oligo-template assay (Figure 3).
Fluorescent intensities of incorporated and unincorporated
termination bands were quantitated and expressed as the
percentage incorporated (I%). Tests for incorporation at
different concentrations of the ddNTPs (performed in tripli-
cate) are plotted in Figure 4. The relative order of preferred
incorporation for TaqFS was compounds ddTTP� 6-TAM-
RA-ddTTP� 3b� 2b� 1b.


Figure 4. Incorporation curves for ddTTP, 6-TAMRA-ddTTP, and com-
pounds 3b and 2b. Dilution series for each compound were performed in
triplicate: the range of standard deviations were 0.2 ± 4.7% for ddTTP, 1.6 ±
15.6% for 6-TAMRA-ddTTP, 0.5 ± 10.7% for 3b, and 0.8 ± 6.8% for 2b.


From the titration plots, IC50 values were derived for
compounds 2b, 3a, and 3b, ddTTP, dTTP, and 6-TAMRA-
ddTTP (Table 1). To compare the relative performance of
nucleotide pairs, incorporation ratios (IR) were determined.
These experiments show that TaqFS prefers ddTTP to dTTP
or 6-TAMRA-ddTTP approximately 7.6-fold and 18-fold,
respectively. The IC50 values for compounds 2b and 3b,
however, suggested a greater bias against incorporation
compared to ddTTP (�4300-fold and �430-fold, respective-
ly). The 10-fold improvement of compound 3b over com-
pound 2b can most probably be attributed to the additional
length of the linker. Compared with 6-TAMRA-ddTTP,
compound 3b showed less bias against incorporation (�25-
fold) than other reported fluorescein-labeled dTTP analogues
(�50-fold). TaqFS seems to have an inherent bias in favor of
rhodamines as opposed to fluoresceins,[1] but this is less
evident for 3b.
The IC50 values determined for the deoxythymidine com-


pound 3a and its corresponding dideoxy-analogue 3b were
both 0.16 �� ; these values are less than for the compounds 1
and 2 suggesting that the longer nucleobase ± linker ± dye
structure exerts a major influence on TaqFS incorporation.
DNA polymerase TaqFS showed less preference for dTTP
over the deoxythymidine analogue 3a than it did to ddTTP
over the dideoxythymidine analogue 3b (IR�� 57-fold). The
oligo-template assay also showed that compound 3a was
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incorporated and extended the R931 primer to the end-point
nucleotide, although a second minor product was revealed,
which corresponded to a thymidine termination product (data
not shown); that is, 3a was incorporated and only partially
impeded subsequent DNA synthesis, hence the enzyme was
able to ™read through∫ to the end of the strand.


Conclusion


The synthetic chemistry described here shows how fluorescein
derivatives can be functionalized with phenylethyne linkers to
give nucleobase ± fluorescein energy transfer cassettes. These
particular linkers absorption in the 320 ± 330 nm range, and
excitation in that region leads to efficient fluorescence
emission at the fluorescein dye. To understand the implica-
tions of these observations in areas where the intensity of
fluorescence detection is critical, it is important to keep in
mind the differences between the concepts of quantum yield
and fluorescence intensity. Fluorescence intensity is the
critical factor that determines how much radiation is emitted
from a fluorescent probe. High quantum yields are necessary
to obtain strong fluorescence intensities, but they are not the
sole criteria: extinction coefficients of the dye at the wave-
length of the excitation source are also critical. For a dye like
fluorescein, it is not possible to significantly increase the
quantum yield because it is near unity. However, by con-
jugating other groups onto fluorescein it is possible to increase
the amount of energy that is channeled into a dye and tune
the wavelengths at which the exciting photons are best
absorbed.
This study illustrates that rigid conjugated linkers have


absorptions that increase with linker length, that is the longer
the linker the more energy that is harvested and fed into the
dye. Predictably, long conjugated linkers have higher extinc-
tion coefficients than shorter ones. They also have absorption
�max values that shift to the red, away from the intense
absorption of DNA bases that would otherwise compete for
the incident photons (ca. 250 ± 300 nm). Our work also shows
that, fortunately, long conjugated linkers are also desirable
from the perspective of enzyme incorporation. While the


acceptor dye in compounds 1 and 2 is too close to the
nucleobase, and TaqFS does not tolerate them well. Com-
pound 3, however, seems to have dimensions that are close to
the minimum separation which this polymerase needs for
efficient incorporation.
The prognosis for future work in this area seems good.


Modified nucleobase triphosphates with rigid conjugated
linkers that are even longer than those in 3 will absorb even
more strongly in the 320 ± 330 nm range. Such compounds
could be designed to relay this energy to the terminal dye with
very large effective Stokes× shifts and result in increased
fluorescence intensities. The triphosphates should tend to be
incorporated more efficiently by polymerase enzymes like
TaqFS, and the rigid separation of the dye from the polymer-
ase active site should also increase the range of fluorescent
label structures that these enzymes will tolerate. One of the
reasons for the dominance of rhodamine-based dye-termina-
tor chemistries in DNA sequencing, for instance, is that other
dye types tend not be incorporated as efficiently.[1] Rigid
active site-dye separation could alleviate this restriction. In
DNA sequencing methodologies, this is of immediate interest
because there are several advantages to fluorescein-based
terminator chemistries that could be exploited if they were
incorporated more efficiently. Specifically, dye mobility
patterns are more predictable when fluorescein dyes are
used, hence they can be corrected more accurately, and the
unincorporated and extension by-products can be removed
more readily. Moreover, if single molecule detection methods
do become practical for DNA sequencing, then the chemical
nature of the linker moiety may be more critical. Single
molecule methods may be based on incorporation of labeled
terminators, or on multiple incorporations of labeled 2�-
deoxynucleoside triphosphates.[29] In the latter case, optimi-
zation of the linker geometry for clean and efficient incorpo-
ration may be essential. Similar considerations apply to some
diagnostic protocols featuring incorporation of labeled bases
in the PCR reaction.[30] Overall, the prospects for research in
this area appear to be as bright as the labels developed.
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In the Twilight Zone between [2]Pseudorotaxanes and [2]Rotaxanes


Jan O. Jeppesen,*[a, b] Scott A. Vignon,[a] and J. Fraser Stoddart*[a]


Abstract: A [2]pseudorotaxane, based
on a semi-dumbbell-shaped component
containing asymmetrically substituted
monopyrrolotetrathiafulvalene and 1,5-
dioxynaphthalene recognition sites for
encirclement by cyclobis(paraquat-p-
phenylene) and with a ™speed bump∫
in the form of a thiomethyl group
situated between the two recognition
sites, has been self-assembled. This su-
pramolecular entity is a mixture in
solution of two slowly interconverting
[2]pseudorotaxanes, one of which is on
the verge of being a [2]rotaxane at room
temperature, allowing it to be isolated
by employing flash column chromatog-


raphy. These two [2]pseudorotaxanes
were both characterized in solution by
UV/Vis and 1H NMR spectroscopies
(1D and 2D) and also by differential
pulse voltammetry. The spectroscopic
and electrochemical data reveal that one
of the complexes behaves wholly as a
[2]pseudorotaxane, while the other has
some [2]rotaxane character to it. The
kinetics of the shuttling of cyclobis(par-
aquat-p-phenylene) between the mo-


nopyrrolotetrathiafulvalene and the
1,5-dioxynaphthalene recognition sites
have been investigated at different tem-
peratures. The shuttling processes,
which are accompanied by detectable
color changes, can be monitored using
UV/Vis and 1H NMR spectroscopies;
the spectroscopic data have been em-
ployed in the determination of the rate
constants, free energies of activation,
enthalpies of activation, and the entro-
pies of activation for the translation
of cyclobis(paraquat-p-phenylene) be-
tween the two recognition sites.


Keywords: electrochemistry ¥ kinet-
ics ¥ rotaxanes ¥ self-assembly ¥
supramolecular chemistry


Introduction


The advent of supramolecular chemistry[1] has aroused the
interest of chemists of many different persuasions in exotic
compounds such as catenanes and rotaxanes.[2] The synthetic
guidance provided by noncovalent bonds has transformed
these interlocked molecular compounds from chemical curi-
osities into the centerpieces of a vibrant area of modern-day
research. They are now prime candidates for the construction
of artificial molecular machines[3, 4] and the fabrication of
nanoelectronic devices.[5±7] Much effort has been devoted to
trying to understand and control the use of noncovalent
interactions in the template-directed synthesis[8] of catenanes
and rotaxanes. A [2]rotaxane is an interlocked molecule
composed of a ring and dumbbell-shaped component between


which there are no covalent bonds–only a mechanical and
noncovalent bonds are present.[2] The ring encircles the linear
portion of the dumbbell-shaped component and is trapped
mechanically around it by two bulky stoppers. By contrast, in
a [2]pseudorotaxane,[2] at least one of the stoppers on the
dumbbell-shaped component is absent with the consequence
that dissociation into its two components can occur sponta-
neously. Slipping of macrocycles over the stoppers of dumb-
bell-shaped components has been used[9] to self-assemble
rotaxanes in solution under thermodynamic control. Judi-
cious[9f] choice of the constitution and the size of the slippage
stoppers and the macrocycle×s cavity are essential in order to
reach that fine balance between the system being capable of
slippage and not. When such a balance is achieved, the
macrocycle possesses sufficient thermal energy in solution,
just above room temperature, to permit its slow passage over
the stopper. It has been concluded[10] that a well-defined cut-
off between rotaxanes and pseudorotaxanes does not exist.[11]


In this Paper, we present an example of ™piggy-back∫
supramolecular assistance, which leads to the formation in
solution of two [2]pseudorotaxanes, one of which is on the
brink of becoming a [2]rotaxane.[12] We have reported
previously[13] that slow ™internal∫ passage of cyclobis(para-
quat-p-phenylene) CBPQT4� over an SMe group occurs
(Scheme 1a) in the amphiphilic bistable [2]rotaxane 14�.


Here, we record the results of kinetic, thermodynamic, and
electrochemical studies between a semi-dumbbell-shaped
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compound 2 and CBPQT4� (Scheme 1b). Compound 2
contains two different recognition sites–a monopyrrolo-
tetrathiafulvalene (MPTTF) one and a 1,5-dioxynaphthalene
(DNP) one–for CBPQT4� along with a ™speed bump∫ in the
form of an SMe group situated on the rod section between the
two recognition sites.


Results and Discussion


Synthesis and photophysical investigations : The inclusion of
TTF derivatives inside the cavity of CBPQT4� is well
documented[14] and leads to the formation of pseudorotax-
anes[2] under thermodynamic control upon mixing of their
acyclic and cyclic components in solution. The occurrence of
the threading process is evidenced by the 1H NMR and
absorption spectra.[14, 15]


Model system : As a model system for 2�CBPQT4�, we chose
to investigate the complexation (Scheme 2) of CBPQT4� with
the semi-dumbbell compound[7d, 16] 3 containing only an
MPTTF unit on its rod section. Mixing equimolar proportions


of 3 and the tetracationic cyclo-
phane[17] CBPQT4� in Me2CO
or MeCN leads to the forma-
tion of the [2]pseudorotaxane
3�CBPQT4�, as indicated by
the immediate appearance of a
green-colored solution; this
observation is consistent with
a broad charge transfer (CT)
band centered on 805 nm in the
UV/Vis spectrum (Me2CO,
298 K), a situation which is
characteristic[14] of superstruc-
tures containing a TTF unit
located inside CBPQT4�. The
binding constant (Ka) for the
1:1 complexation of CBPQT4�


with 3 has been determined
previously[13b] by UV/Vis
spectroscopy to be 1300��1


(�� 1310 Lmol�1 cm�1) and
8800��1 (�� 1500 Lmol�1 cm�1)
at 298 K in Me2CO and MeCN,
respectively. These Ka values
correspond to free energies of
complexation[18] (��G �) of 4.2
and 5.4 kcalmol�1 at 298 K.


2�CBPQT4� : Mixing equimo-
lar amounts of the semi-dumb-
bell compound[13] 2 and
CBPQT4� in Me2CO leads to
the formation (Scheme 1b) of
2�CBPQT ¥GREEN4�, as evi-
denced by the spontaneous pro-
duction of a green-colored sol-
ution. The UV/Vis spectrum
(Figure 1a) recorded at 295 K


Scheme 2. Complexation of the semi-dumbbell compound 3 by CBPQT4�.


in Me2CO of this solution showed, immediately after its
preparation, a broad band centered on 800 nm as a result of
the CT interactions that occur when CBPQT4� encircles[14] the
MPTTF unit. Allowing the green solution to stand for 24 h at
room temperature produced a brown solution and led (Fig-
ure 1c) to a decrease in the intensity of the MPTTF/CBPQT4�
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Scheme 1. a) Hindered interconversion in a ™slow∫ bistable amphiphilic [2]rotaxane 14� and b) self-assembly of
the bistable [2]pseudorotaxane 2�CBPQT ¥GREEN4� and its slow interconversion to 2�CBPQT ¥RED4�.
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Figure 1. UV/Vis absorption spectra recorded in Me2CO at 295 K on a 1:1
mixture of 2 and CBPQT4� (0.72 m�) immediately after their mixing
(trace a), after 2.5 h (trace b), and after 48 h (trace c). The inset shows the
actual colors of the solution immediately after its preparation (green) and
after 48 h (brown).


CT band, which was accompanied by the appearance of an
absorption band observed as a shoulder at 520 nm that results
from the DNP moiety being located inside the cyclopha-
ne.[13, 15a, 19] This sequence of events indicates that a partial
interconversion of 2�CBPQT ¥GREEN4� into 2�CBPQT ¥
RED4� has taken place. Thin-layer chromatography (TLC) of
the equilibrated brown solution containing 2�CBPQT ¥
GREEN4� and 2�CBPQT ¥RED4� showed–besides a yel-
low and a colorless spot arising from 2 and CBPQT4�,
respectively–only a red spot; this suggests that 2�CBPQT ¥
RED4� may be isolated as a rotaxane-like complex, while 2�
CBPQT ¥GREEN4� dissociates into its components (i.e., 2
and CBPQT4�) on the time-scale of the TLC experiment. By
employing flash column chromatography, it was possible
(Figure 2) to isolate the red co-conformation 2�CBPQT ¥
RED4� in 20% yield,[20] which could be stored for more than


Figure 2. A column chromatogram showing the separation of 2�
CBPQT ¥RED4� from the semi-dumbbell compound 2 and CBPQT4�.


two weeks in either Me2CO or MeCN at �78 �C. The UV/Vis
spectrum (Figure 3a) of 2�CBPQT ¥RED4�, recorded im-
mediately after its isolation in Me2CO at 296 K, reveals a CT
band in the form of a shoulder at 520 nm. It results from the
DNP moiety being located inside[13, 15a, 19] CBPQT4�. Further-
more, no absorption band is observed in the region 750 ±
850 nm for a CT interaction that would result from the


MPTTF unit being located inside the cyclophane,[14] support-
ing the conclusion that the DNP moiety is encircled exclu-
sively by CBPQT4�. Allowing the red solution of 2�
CBPQT ¥RED4� to stand for 24 h at 296 K results in a return
to the ™original∫ spectrum (Figure 3c) as a consequence of the
passage of CBPQT4� from the DNP to the MPTTF recog-
nition site.


A careful examination of the 800 nm regions in the spectra
shown in Figure 1 reveals that the MPTTF/CBPQT4� CT
bands of a 1:1 mixture of the semi-dumbbell compound 2 and
CBPQT4� immediately after their being mixed and after 48 h
have different shapes, with their maxima displaced by 5 nm,
an observation which is consistent with the existence in 2�
CBPQT ¥RED4� of folded conformations wherein the
MPTTF unit enters into an ™alongside∫ interaction with
CBPQT4� in Me2CO.[21] Further evidence for the existence of
such folded conformations comes from the broad CT band
observed as a shoulder at 745 nm in the spectrum (Figure 3a)
recorded in Me2CO of 2�CBPQT ¥RED4�, immediately


Figure 3. UV/Vis absorption spectra recorded in Me2CO at 296 K on 2�
CBPQT ¥RED4� (0.28 m�) immediately after its isolation (trace a), after
2.5 h (trace b), and after 48 h (trace c). The inset shows the actual colors of
the solution immediately after its isolation (red) and after 48 h (brown).


after its isolation. It can be assigned to the ™alongside∫
MPTTF/CBPQT4� CT interactions. The existence of folded
conformations in 2�CBPQT ¥RED4� seems to be more
pronounced in MeCN. Figure 4 illustrates the UV/Vis spectra


Figure 4. UV/Vis absorption spectra recorded in MeCN at 298 K on a 1:1
mixture of 2 and CBPQT4� (0.20 m�) immediately after their mixture
(trace a), after 24 h (trace b), and on 2�CBPQT ¥RED4� (0.10 m�)
immediately after its isolation (trace c).
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recorded in MeCN of a 1:1 mixture of 2 and CBPQT4�,
immediately after their being mixed–and after 24 h and of
2�CBPQT ¥RED4�, immediately after its isolation. A com-
parison of Figures 1 and 4 indicates that the ratio 2�
CBPQT ¥GREEN4�/2�CBPQT ¥RED4� in equilibrated sol-
utions is larger in MeCN than it is in Me2CO at room
temperature. This observation is consistent with the results
obtained from 1H NMR spectroscopy (see below). They
indicate that, 2�CBPQT ¥RED4� is present in 23 and 35% in
equilibrated CD3CN and CD3COCD3 solutions, respectively.
The UV/Vis spectra (Figure 4) recorded on a 1:1 mixture of 2
and CBPQT4� immediately after their being mixed (�max�
817 nm) and after 24 h (�max� 813 nm) have their maxima
displaced by 4 nm, which indicates the existence of folded
conformations in 2�CBPQT ¥RED4� in MeCN. The most
unequivocal evidence for the existence of folded conforma-
tions in 2�CBPQT ¥RED4� in MeCN solution comes from
the UV/Vis spectrum recorded of 2�CBPQT ¥RED4� imme-
diately after its isolation. The inset in Figure 4 show the 600 ±
900 nm region of this spectrum and it is clearly evident that an
absorption with an � of about 580 Lmol�1 cm�1 at �max�
740 nm appears, a feature which can be assigned to the
™alongside∫ MPTTF/CBPQT4� CT interactions. The � value
represents the ™average∫ contribution to the CT interaction
from all the possible conformations in which the MPTTF unit
is outside the tetracationic cyclophane.[22]


1H NMR investigations : While UV/Vis spectroscopy indicates
the position of CBPQT4� on the rod section of the semi-
dumbbell component, 1H NMR spectroscopy provides a
quantitative tool for monitoring its position and also yields
fine, as well as gross, structural information.


Model system : In the case of the 1:1 complex formed between
the semi-dumbbell compound 3 and CBPQT4�, exchange
between the complexed and uncomplexed species occurs
rapidly (Figure 5a) on the 1H NMR timescale (CD3COCD3,
500 MHz) at 301 K. Thus, the chemical shifts of the observed
resonances are the averaged values of those for the com-
plexed and the uncomplexed species. On cooling the
CD3COCD3 solution down to 194 K, the kinetics enter the
regime of slow exchange and both complexed and uncom-
plexed species can be observed (Figure 5d) in the 1H NMR
spectrum of 3 and 1.4 equivalents CBPQT4�. In the 1H NMR
spectrum recorded (Figure 5c) at 194 K on a 1:1 mixture of 3
and CBPQT4� virtually no uncomplexed CBPQT4� is present,
indicating that the complexation of 3 by CBPQT4� is very
strong at this temperature. The local asymmetry present in the
MPTTF unit is responsible for the desymmetrization of the
complexed CBPQT4� ring. It results, for example, in four
doublets (J� 6 Hz) being observed (Figure 5c) for the �-
bipyridinium protons in 3�CBPQT4�.


In order to determine an activation barrier for the complex-
ation/decomplexation process, a CD3COCD3 solution of 3
containing 0.70 equivalents of CBPQT4� was studied using
variable temperature (VT) 1H NMR spectroscopy. At 290 K,
the spectrum (Figure 6a) displayed the expected time-aver-
aged signal for the resonances associated with the protons on
the SMe groups. Upon cooling the sample, a gradual broad-


Figure 5. Partial (cyclophane region) 1H NMR spectra (500 MHz) record-
ed in CD3COCD3 of 3 (1.5 m�) and CBPQT4� : a) 3�1.0 equiv CBPQT4� at
301 K, b) 3�1.0 equiv CBPQT4� at 250 K, c) 3�1.0 equiv CBPQT4� at
194 K, and d) 3�1.4 equiv CBPQT4� at 194 K. The descriptions c and uc
refer to complexed and uncomplexed CBPQT4� components, respectively.


-


Figure 6. Partial 1H NMR spectra (500 MHz) of the SMe region recorded
on a CD3COCD3 solution of 3 (1.5 m�)�0.70 equiv CBPQT4� at a) 290 K,
b) 247 K, c) 224 K, and d) 194 K. At lower temperatures two signals can be
observed for the protons of the SMe group (d). These signals can be
attributed to the complexed and uncomplexed forms of 3. Upon increasing
the temperature they are observed to broaden (c) and eventually coalesce
into one signal (b) at 247 K. The descriptions c and uc refer to complexed
and uncomplexed species, respectively.
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ening of this signal occurred, leading eventually to its
separation (Figure 6d) into two resonances, which can be
associated with the SMe protons in the complexed and
uncomplexed forms of 3. At the coalescence temperature, the
activation barrier (�Gc


�) for the process, whereby a CBPQT4�


ring undergoes exchange between two semi-dumbbell mole-
cules, can be calculated[23] and was determined to be 11.4�
0.1 kcalmol�1 at 247 K.


2�CBPQT ¥GREEN4� : In common with the model system,
the exchange between the complexed and uncomplexed
species in the 1:1 complex formed between 2 and CBPQT4�


occurs rapidly on the 1H NMR timescale (CD3COCD3,
500 MHz) at 301 K. At 194 K, the kinetics enter the regime
of slow exchange. The 1H NMR spectrum recorded (Fig-
ure 7b) on a CD3COCD3 solution of 2 and 0.66 equivalents of
CBPQT4� reveals that only two species are present at 194 K,
namely 2�CBPQT ¥GREEN4� and 2. By contrast, the
1H NMR spectrum recorded (Figure 7c) on a CD3COCD3


solution of 2 and 1.04 equivalents of CBPQT4� shows that 2 is
completely complexed by CBPQT4�. Hence, 2�CBPQT ¥
GREEN4� and CBPQT4� are the only species present in
CD3COCD3 solution under these conditions. These observa-
tions indicate that the complexation of 2 by CBPQT4� is very
strong at this temperature. The most diagnostic evidence,
which indicates that CBPQT4� encircles the MPTTF unit, is
the downfield shift[24] of the resonance for the SMe protons. It
is observed (Figure 7c) as a singlet at � 2.80 for 2�CBPQT ¥
GREEN4� compared with a singlet resonating (Figure 7a) at �
2.49 for uncomplexed 2. As a consequence of the asymmetry
present in the semi-dumbbell component, the DNP-H-4/8
protons resonate as two doublets (J� 8 Hz) at � 7.59 and 7.39


and the DNP-H-3/7 protons as two triplets (J� 8 Hz) centered
on � 7.29 and 7.03, in the spectrum (Figure 8) of 2�CBPQT ¥
GREEN4�, while the signals for the DNP-H-2/6 protons


Figure 8. Partial 1H NMR spectrum (500 MHz) recorded in CD3COCD3 at
194 K of 2 (1.0 m�)�1.04 equiv CBPQT4�.


resonate as two doublets (J� 8 Hz) at � 6.98 and 6.84.
Examination of the 1H DQF-COSY spectrum[25] for 2�
CBPQT ¥GREEN4� shows clearly the scalar coupling be-
tween the protons in the DNP moiety. The resonances
associated with the DNP protons in 2�CBPQT ¥GREEN4�


are only slightly upfield shifted (Table 1) as compared to the
resonances for the DNP protons in 2. When a DNP moiety is
located ™inside∫ CBPQT4�, the DNP-H-4/8 protons reso-
nate[26] at very high field (�� 2.0 ± 3.0) on account of the [C-
H ¥ ¥ ¥�] interactions with the p-xylylene units of CBPQT4�.
The fact that these DNP protons give rise to signals in the
region �� 7.3 ± 7.6 confirms unequivocally that the DNP
moiety is not located inside CBPQT4�.


2�CBPQT ¥RED4� : The
1H NMR spectrum (194 K) re-
corded in CD3COCD3 of 2�
CBPQT ¥RED4� is shown in
Figure 9. Evidence for the fact
that CBPQT4� encircles the
DNP moiety is apparent from
the observation of a high up-
field shift (Table 1) of the peaks
corresponding to the protons of
the DNP moiety. The DNP-H-
2/6 protons resonate as two
doublets (J� 8 Hz) at � 6.34
and 6.35, respectively, in the
spectrum (Figure 9) of 2�
CBPQT ¥RED4�, while one of
the DNP-H-3/7 protons reso-
nates as a triplet (J� 8 Hz) at �
6.22. Although the signal for
the other DNP-H-3/7 proton is
obscured by the multiplet for
the �NCH2 protons, it is clearly
evident in the 1H DQF-COSY
spectrum[25] and resonates at �


6.20. The upfield shift of the
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Figure 7. Partial 1H NMR spectra (500 MHz) recorded in CD3COCD3 at 194 K of a) 2 (1.5 m�), b) 2
(1.7 m�)�0.66 equiv CBPQT4�, and c) 2 (1.0 m�)�1.04 equiv CBPQT4�. The descriptions c and uc refer to
complexed and uncomplexed species, respectively.
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DNP-H-2/6 and DNP-H-3/7 protons results from anisotropic
shielding of the protons on the DNP moiety by the aromatic
units present in the encircling CBPQT4� ring. Additionally,
the DNP-H-4/8 protons of the encircled DNP moiety
participate in [C-H ¥ ¥ ¥�] interactions. The fact that they are
pointing toward the � faces of the p-xylylene units of
CBPQT4� results in a very large upfield shift of their
resonances, which are observed as two doublets (J� 8 Hz)
at � 2.60 and 2.62. The � values for the DNP-H-4/8 protons in
2�CBPQT ¥RED4� and the same protons in 2 are shifted
upfield by 5.21 and 5.20 ppm. The 1H DQF-COSY spec-
trum[25] recorded on 2�CBPQT ¥RED4� shows the scalar
coupling between the protons in the DNP moiety. No signals
corresponding to an uncomplexed DNP moiety are observed
for the isolated 2�CBPQT ¥RED4�, indicating that the DNP
moiety is completely encircled by CBPQT4�, at least within
the limits of detection in these experiments.


Equilibrated solutions : The 1H NMR spectra (273 K) record-
ed on equilibrated Me2CO (1.0 m�) or MeCN (0.80 m�)
solutions, containing initially a 1:1 mixture of 2 and CBPQT4�,
revealed that these solutions contained 35 and 23%, respec-
tively, of 2�CBPQT ¥RED4�.[27]


Dynamic and kinetic investigations : A fundamental under-
standing of the shuttling behavior in solution by bistable
[2]rotaxanes must be achieved if their switching properties in
solid-state devices[7] are going to be harnessed to the full.
Toward this end, a detailed kinetic investigation of the


shuttling behavior of the tetra-
cationic ring component be-
tween the two recognition sites
in 2�CBPQT4� has been car-
ried out with the objective of
obtaining the thermodynamic
parameters for the process. The
kinetics of the movement of
CBPQT4� between the MPTTF
and the DNP recognition sites
were investigated in Me2CO and
MeCN, using UV/Vis spectros-
copy as the probe. This shuttling
process is a unimolecular reac-


tion and can accordingly be expected to follow first-order
kinetics.[28]


GREEN to RED : The first-order kinetics for the process
whereby CBPQT4� moves from the MPTTF to the DNP
recognition site in 2�CBPQT4� were investigated by mon-
itoring the increase in the CT band intensity resulting from
the DNP moiety being located inside CBPQT4�. Immediately
after mixing equimolar amounts of CBPQT4� and 2 in
Me2CO,[20] a UV/Vis spectrum was recorded and the move-
ment of CBPQT4� from the MPTTF to the DNP recognition
site was followed at different temperatures (Table 2) using the
DNP/CBPQT4� CT band (520 nm) as the probe. After 24 h,
all the equilibrating systems had reached equilibrium and no
perceptible changes were observed in UV/Vis spectra record-
ed subsequently. The experimental data were subjected to a
first-order analysis and rate constants (k) were obtained for
the passage of CBPQT4� over the SMe group in the direction
from 2�CBPQT ¥GREEN4� to 2�CBPQT ¥RED4� in
Me2CO at different temperatures. The straight lines obtained
by plotting lnA/A0 against time (t) confirm[29] the first-order
nature of the shuttling process. The k values and the
corresponding free energies of activation[30] (�G�) were
obtained directly from the slopes of these straight lines and
are recorded in Table 2, together with the half-lifes (t1/2) for
this co-conformational change. Since the MPTTF/CBPQT4�


CT band intensities also show (Figure 1) significant changes as
time progresses, it might be expected that this band could also
be used as a probe for monitoring the passage of CBPQT4�
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Table 1. Selected 1H NMR spectroscopic data[a] (� values) for 2, CBPQT4�, 2�CBPQT ¥GREEN4�, and 2�CBPQT ¥RED4� in CD3COCD3 at 194 K. s�
singlet, d� doublet, t� triplet, m�multiplet, br s�broad singlet, and br t�broad triplet.


Semi-dumbbell 2 CBPQT4� 2�CBPQT ¥GREEN4� 2�CBPQT ¥RED4�


NH 10.82 (s) ± 10.96 (s) 10.69 (s)
�-H ± 9.65 (d) 9.72 (d), 9.57 (d), 9.43 (d), 9.39 (d) 9.45 (d), 9.36 (d), 9.19 (d), 9.14 (d)
�-H ± 8.76 (d) 8.48 (d), 8.29 (d), 8.25 (d), 8.23 (d) 7.88 (d), 7.86 (d), 7.73 (d),[b] 7.63 (d)[b]


Xy-H ± 7.95 (s) 8.19 (s), 8.17 (s), 8.01 (s), 7.98 (s) 8.45 (s), 8.43 (s), 8.23 (s), 8.21 (s)
DNP-H-4/8 7.83 (d), 7.80 (d) ± 7.59 (d), 7.39 (d) 2.62 (d), 2.60 (d)
DNP-H-3/7 7.42 (t), 7.36 (t) ± 7.29 (t), 7.03 (t) 6.22 (t), 6.20 (t)[b]


DNP-H-2/6 6.99 (d), 6.97 (d) ± 6.98 (d), 6.84 (d) 6.35 (d), 6.34 (d)
pyrrole-H 6.95 ± 6.97 (m) ± 6.67 ± 6.69 (m) 6.74 (br s), 6.64 (br s)
SCH2SCH2 3.11 (t) ± 3.42 (br t) 3.48 (br t)
SMe 2.49 (s) ± 2.80 (s) 2.53 (s)


[a] 1H NMR spectra were recorded at 500 MHz. [b] Identified from the 1H DQF-COSY spectrum.


Figure 9. Partial 1H NMR spectrum (500 MHz) of isolated 2�CBPQT ¥RED4� (�2 m�) recorded in
CD3COCD3 at 194 K (the peaks for the DNP-H-4/8 protons appear at � 2.60 and 2.62 and are not shown here).
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over the SMe group. However, as a consequence of the
existence of folded semi-dumbbell conformations (see above)
in 2�CBPQT ¥RED4�, the decrease in the CT band (�max�
800 nm) associated with the MPTTF unit located ™inside∫
CBPQT4� in 2�CBPQT ¥GREEN4� is accompanied by an
increase in the CT band (�max� 740 nm) caused by the
MPTTF unit entering into an ™alongside∫ interaction with
CBPQT4� in 2�CBPQT ¥RED4�. Therefore, it is not feasible
to use the absorption band at 800 nm as a probe for
monitoring the shuttling of CBPQT4� between the MPTTF
unit and the DNP moiety.[31, 32]


RED to GREEN : The first-order kinetics for the process
whereby CBPQT4� moves from the DNP to the MPTTF
recognition site of 2�CBPQT4� were investigated by mon-
itoring the decrease in the CT band intensities resulting from
the DNP moiety being located inside CBPQT4�. Immediately
after isolation of 2�CBPQT ¥RED4�, UV/Vis spectra were
recorded[20] in both Me2CO and MeCN. The passage of
CBPQT4� from the DNP to the MPTTF recognition site was
followed at different temperatures (Tables 3 and 4), using the
DNP/CBPQT4� CT band (520 nm) as the probe. After 24 h,
the equilibrating systems reached equilibrium and no percep-
tible changes were observed in UV/Vis spectra recorded
subsequently. As a consequence of the spectroscopic changes,
the color of the solutions changes from red to brown (inset in
Figure 3). On carrying out a first-order kinetic analysis,[29] rate
constants for the passage of CBPQT4� over the SMe group in
the direction from 2�CBPQT ¥RED4� to 2�CBPQT ¥
GREEN4� were obtained (Tables 3 and 4) at different
temperatures in both Me2CO and MeCN. Figure 10 shows
the linear plots of lnA/A0 against t for the slippage of
CBPQT4� over the SMe group in 2 in the direction from the
DNP moiety to the MPTTF unit in Me2CO at different
temperatures. The rate constants and the corresponding �G�


values,[30] obtained from these UV/Vis experiments, are
recorded in Tables 3 and 4 together with the t1/2 values for
this co-conformational change.[33]


Thermodynamic parameters : Since, the �G�values have been
determined at different temperatures the enthalpic (�H�)
and entropic (�S�) contributions to the shuttling process can
be calculated from a plot (Figure 11) of �G� against T. In
addition, an Arrhenius plot[25] gives the activation energy (Ea)
and the pre-exponential factor (A). The kinetic parameters
obtained from these plots are summarized in Table 5.[34]


Discussion of kinetic and thermodynamic parameters : Knowl-
edge of the thermodynamic parameters associated with the
shuttling processes between the MPTTFand DNP recognition
sites at room temperature is of crucial importance in view of
the use of these supramolecular entities in the fabrication of
devices. It is evident from inspection of the data in Table 5
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Table 2. Rate constants (k) and derived free energies of activation[30]


(�G�) for the slippage of CBPQT4� over the SMe group in 2 in the
direction from GREEN to RED determined by UV/Vis spectroscopy in
Me2CO[a] at different temperatures using the DNP/CBPQT4� CT band as
probe.


T �max Data Correlation k t1/2 �G�


[K] [nm] points coefficient [s�1] [min][b] [kcalmol�1]


292 520 13 0.998 1.4� 10�5 830 23.5
295 520 10 0.990 1.9� 10�5 610 23.6
297 520 15 0.995 2.6� 10�5 440 23.6
301 520 12 0.996 3.6� 10�5 320 23.7
305 520 8 0.992 4.8� 10�5 240 23.8
308 520 8 0.998 6.9� 10�5 170 23.9


[a] Experiments were performed with an initial concentration of 2 (equal
to that of CBPQT4�) of 0.72 m�. The k values were obtained from the slope
of the straight line in the plot of lnA/A0 against t using the relationship of
lnA/A0��kt. The values A and A0 correspond to the absorbance (at
520 nm) at time t and A0 to the initial absorbance (at 520 nm), respectively.
[b] The values of ™half-life∫ quoted were obtained from t1/2� ln2/k and are
the theoretical values that would be observed in a nonequilibrating system,
i.e., if the reverse process was prevented by constant removal of the
separated components from the system.


Table 3. Rate constants (k) and derived free energies of activation[30]


(�G�) for the slippage of CBPQT4� over the SMe group in 2 in the
direction from RED to GREEN determined by UV/Vis spectroscopy in
Me2CO[a] at different temperatures using the DNP/CBPQT4� CT band as
probe.


T �max Data Correlation k t1/2 �G�


[K] [nm] points coefficient [s�1] [min][b] [kcalmol�1]


295 520 17 0.999 1.4� 10�5 830 23.8
297 520 15 0.999 1.9� 10�5 610 23.8
301 520 13 0.999 2.7� 10�5 430 23.9
305 520 13 0.999 3.9� 10�5 300 24.0
309 520 17 0.999 5.5� 10�5 210 24.1
312 520 15 1.000 7.6� 10�5 150 24.2


[a] Experiments were performed with an initial concentration of 2�
CBPQT ¥RED4� of 0.19 m�. The Me2CO solution of 2�CBPQT ¥RED4�


also contained small amounts of NH4PF6. The k values were obtained from
the slope of the straight line in the plot of lnA/A0 against t using the
relationship of lnA/A0��kt. The values A and A0 correspond to the
absorbance (at 520 nm) at time t and A0 to the initial absorbance (at
520 nm), respectively. [b] The values of ™half-life∫ quoted were obtained
from t1/2� ln2/k and are the theoretical values that would be observed in a
nonequilibrating system, i.e., if the reverse process was prevented by
constant removal of the separated components from the system.


Table 4. Rate constants (k) and derived free energies of activation[30]


(�G�) for the slippage of CBPQT4� over the SMe group in 2 in the
direction from RED to GREEN determined by UV/Vis spectroscopy in
MeCN[a] at different temperatures using the DNP/CBPQT4� CT band as
probe.


T �max Data Correlation k t1/2 �G�


[K] [nm] points coefficient [s�1] [min][b] [kcalmol�1]


293 520 13 0.999 2.3� 10�5 500 23.3
295 520 14 0.997 3.1� 10�5 370 23.4
298 520 17 0.998 4.2� 10�5 280 23.4
300 520 8 0.996 5.3� 10�5 220 23.4
302 520 8 0.997 6.5� 10�5 180 23.5
306 520 8 0.999 9.8� 10�5 120 23.5


[a] Experiments were performed with an initial concentration of 2�
CBPQT ¥RED4� of 0.10 m�. The MeCN solution of 2�CBPQT ¥RED4�


also contained small amounts of NH4PF6. The k values were obtained from
the slope of the straight line in the plot of lnA/A0 against t using the
relationship of lnA/A0��kt. The values A and A0 correspond to the
absorbance (at 520 nm) at time t and A0 to the initial absorbance (at
520 nm), respectively. [b] The values of ™half-life∫ quoted were obtained
from t1/2� ln2/k and are the theoretical values that would be observed in a
nonequilibrating system, i.e., if the reverse process was prevented by
constant removal of the separated components from the system.
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Figure 10. Linear plots of lnA/A0 against t for the slippage of CBPQT4�


over the SMe group in 2 in the direction from RED to GREEN in Me2CO
at different temperatures obtained by using the DNP/CBPQT4� CT
absorption band (520 nm) as probe. The data points were collected in the
early stage of the experiments where the reverse process is not yet
occurring to any significant extent and have been fitted by best straight
lines, giving correlation coefficients of 0.999 ± 1.000, indicating that first-
order kinetics are in operation. The slope of each line give the k value,
according to the relationship lnA/A0��kt.


Figure 11. Linear plots of �G�against T for the slippage of CBPQT4� over
the SMe group in 2 in the direction from GREEN to RED in Me2CO (�), in
the direction from RED to GREEN in Me2CO (�), and in the direction
from RED to GREEN in MeCN (�). The �G� values were obtained as
described in Tables 2 ± 4. The slope and intercept of each line of best fit give
the values �S� and �H� (see Table 5), respectively, from the equation
�G���H��T ¥�S�.


that the passage of CBPQT4� over the SMe group is a
significantly faster process in MeCN than it is in Me2CO at
room temperature. In fact, the free energy of activation is
0.4 kcalmol�1 lower in the former than it is in the latter.
Although, the enthalpies of activation are positive in both
solvents, the �H� value is approximately 3 kcalmol�1 higher


in MeCN than it is in Me2CO. A much more pronounced
difference is evident when the entropies of activation for the
passage of CBPQT4� over the SMe group in these two
solvents are compared. Although the �S�value is negative in
both solvents, the value is twice as large in Me2CO than it is in
MeCN; this indicates that the passage of CBPQT4� over the
SMe group is much more dominated by a loss of entropy in
the transition state in the case of Me2CO. The entropy of
activation �S� is related to two major factors.[11b] 1) A loss of
translational, rotational, and vibrational degrees of freedom
on the part of CBPQT4� upon its expanding to pass over the
SMe group would contribute negatively to the total entropy of
activation in both solvents. 2) A change in the solvation of the
semi-dumbbell-shaped component when the ring component
migrates from the recognition sites to the SMe group would
also affect the entropy of activation. The solubility of the
semi-dumbbell component is much higher (�20 times) in
Me2CO than it is in MeCN. The aromatic surfaces of the DNP
and MPTTF recognition sites become more exposed to the
solvent when they are not engaged in donor ± acceptor
interactions with CBPQT4�, that is, the rotaxane-like complex
is less polar at the transition state than it is when the ring
component encircles one of the two recognition sites. As a
direct consequence of the higher solubility of the semi-
dumbbell component in Me2CO, and the fact that Me2CO
(dielectric constant, �� 20.7) is less polar than MeCN (��
37.5), the Me2CO solvent molecules are more ordered around
the aromatic surfaces of the DNP and MPTTF recognition
sites in the transition state than they are in the ground states
of 2�CBPQT4�. Thus, the entropy of solvation takes on a
more negative value in Me2CO than in MeCN. If it is assumed
that the negative effect of the loss of freedom of motion of the
CBPQT4� ring component is the same in Me2CO and MeCN,
the result will be a total entropy of activation which is more
negative in Me2CO than it is in MeCN.


Electrochemical investigations : These were carried out in
nitrogen-purged MeCN solutions at room temperature using
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV). Our studies have been focussed on the oxidation
processes of the MPTTF units contained in the semi-dumbbell
components.


Semi-dumbbells : The semi-dumbbell compounds 3 and 2
contain, respectively, one (MPTFF) or two (MPTTF and
DNP) electron-donating units and one stopper, incorporating
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Table 5. Kinetic and thermodynamic parameters for the passage of CBPQT4� over the SMe group in 2 at 297 K.


Solvent k[a] t1/2[a] �G� (297 K)[a] �H�[b] �S�[b] Ea
[c] A[c]


[s�1] [min] [kcalmol�1] [kcalmol�1] [calmol�1K�1] [kcalmol�1] [s�1]


GREEN to RED Me2CO 2.6� 10�5 440 23.6 16.4 � 24 17.6 150� 106


RED to GREEN Me2CO 1.9� 10�5 610 23.8 17.0 � 23 17.1 88� 106


RED to GREEN MeCN 4.2� 10�5 [d] 280 23.4 19.8 � 12 20.4 37600� 106


[a] The k, t1/2 , and�G�values were obtained as described in Tables 2 ± 4 and the estimated errors are�5%. [b] The�H�and�S�values were obtained from
the intercept and slope of the straight line in the plot of �G�against Tusing the relationship �G���H��T ¥�S�, where T is the absolute temperature; the
estimated errors are �5% for �H�and �25% for �S�. [c] The Ea and A values were obtained from the intercept and slope of the straight line in the plot of
lnk against T�1 using the relationship lnk� lnA� (Ea/R)(T�1), where R is the gas constant and T is the absolute temperature; the estimated errors are �5%
for Ea and �25% for A. [d] At 298 K.
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phenoxy units, which are also expected to exhibit some
electron-donating ability.[8g, 35] Compounds 2 and 3 both
show[25] two reversible, monoelectronic oxidation processes,
associated with the MPTTF unit. A comparison of the results
obtained (Table 6) shows that both the first and the second
oxidation processes associated with the MPTTF unit in 2 take
place at a potential that is less positive than these observed for
3. This behavior can be attributed to the presence of
stabilizing interactions between both the MPTTF�. and
MPTTF2� and the DNP moiety[13b, 36] present in 2.


Model system : A binding constant[13b] of 8800��1 (MeCN,
298 K) for the complexation between CBPQT4� and 3 is not
large enough to avoid the presence of substantial amounts of
free species when equimolar concentrations in the range of
0.01 to 1 m� of the two components are present in MeCN
solutions. For this reason, the electrochemical investigation of
3�CBPQT4� was carried out in a MeCN solution containing
0.1 m� of 3 and an excess (10 equivalents) of CBPQT4�.
Under these conditions,[37] the fraction (89%) of 3�
CBPQT4� is very large compared with the small amount of
uncomplexed 3. It has been possible, therefore, to study the
oxidation of the MPTTF unit engaged in this [2]pseudorotax-
ane. The results obtained (Table 6) for 3 and 3�CBPQT4�


show that, in 3�CBPQT4�, the first oxidation of the MPTTF
unit displays a small anodic shift (40 mV) when compared to
that for 3, whereas the second oxidation potential is unaf-
fected by the presence of CBPQT4�. These results can be
explained[38] as follows. 1) In 3�CBPQT4�, the MPTTF unit
is engaged in CT interactions with CBPQT4� while 2), after
the first oxidation of the MPTTF unit, dethreading takes place
because the noncovalent interactions between the MPTTF�.


unit and CBPQT4� are eradicated and a Coulombic repulsion
is introduced between the mono-oxidized MPTTF�. unit and
the tetracationic cyclophane. Consequently 3), the second
oxidation of the MPTTF�. unit in the mixture of uncomplexed
3� . and uncomplexed CBPQT4� takes place at the same
potential as that of the second oxidation of the semi-dumbbell
component.


2�CBPQT ¥GREEN4� : Although the binding constant be-
tween 2 and CBPQT4� has not been determined, it is expected
to have a magnitude which is, at least, not smaller than the Ka


value for the complexation of CBPQT4� with 3. As before, the


electrochemical investigations of 2�CBPQT ¥GREEN4�


were carried out in a MeCN solution containing the semi-
dumbbell component and an excess of CBPQT4� in order to
avoid the presence of substantial amounts of free species. The
electrochemical data[25] for 2�CBPQT ¥GREEN4� were
obtained in a MeCN solution containing 2 (0.2 m�) and
10 equivalents of CBPQT4� immediately after its prepara-
tion.[39] A comparison (Table 6) of the results obtained for 2
and 2�CBPQT ¥GREEN4� show that, in 2�CBPQT ¥
GREEN4�, the first oxidation of the MPTTF unit is shifted
(40 mV) towards more positive potentials with respect to that
of 2, while the second oxidation takes place at the same
potential for both 2 and its 1:1 complex. These results are
similar to those obtained for 3�CBPQT4� and indicate that
2�CBPQT ¥GREEN4� behaves electrochemically like a
[2]pseudorotaxane, that is, dethreading takes place after the
first oxidation of the MPTTF unit in the semi-dumbbell
component.


Allowing the MeCN solution of 2�CBPQT ¥GREEN4� to
stand for 24 h at room temperature produced a greenish
brown solution and led[25] to anodic shifts of both the first and
second oxidation potentials in comparison with the first and
second oxidation process in 2�CBPQT ¥GREEN4�. More-
over, these anodic shifts were accompanied by both a decrease
in the current intensities and a broadening of the DPV peaks.
These observations can be explained by the partial intercon-
version of 2�CBPQT ¥GREEN4� into 2�CBPQT ¥RED4�


that takes place in the MeCN solution. Both the first and the
second oxidations of 2�CBPQT ¥RED4� take place (Table 6)
at slightly higher potentials (50 mV), than those of 2�
CBPQT ¥GREEN4�. Therefore, the peak observed[25] at
�0.47 V can be assigned to the overlapping of the first
oxidation process of the MPTTF unit in 2�CBPQT ¥
GREEN4� and the first oxidation process of the MPTTF unit
in 2�CBPQT ¥RED4�, whereas the peak observed[25] at
�0.73 V arises from the overlapping of the second oxidation
process of the MPTTF unit in 2�CBPQT ¥GREEN4� and the
second oxidation process of the MPTTF unit in 2�CBPQT ¥
RED4�.


2�CBPQT ¥RED4� : The electrochemical characterization of
2�CBPQT ¥RED4� was carried out on a MeCN solution
containing 0.10 m� of 2�CBPQT ¥RED4�, prepared imme-
diately after its isolation. Since, 2�CBPQT ¥RED4� was
isolated as a rotaxane-like complex, the semi-dumbbell
component and ring component are present in a 1:1 ratio.
This situation is in contrast to the electrochemical investiga-
tions performed on 2�CBPQT ¥GREEN4�, which were
carried out on a solution of 2 and 10 equivalents of CBPQT4�.
The results obtained (Figure 12a and Table 6) for 2�
CBPQT ¥RED4�, prepared immediately after its isolation,
show that both the first and second oxidations of the MPTTF
unit are shifted towards considerably more positive poten-
tials–by 90 and 40 mV, respectively–with respect to those of
2. The large anodic shift of the first oxidation potential cannot
be explained solely by the unfavorable Coulombic repulsion,
arising between the mono-oxidized MPTTF�. unit and
CBPQT4� encircling the DNP moiety. The photophysical
investigations indicate (see above) that the MPTTF unit in
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Table 6. Electrochemical data[a] for 3, 2, 3�CBPQT4�, 2�CBPQT ¥
GREEN4�, and 2�CBPQT ¥RED4�.


MPTTF[b]


Compound/Complex Eox
1 [V][c] Eox


2 [V][c]


3 � 0.44 � 0.74
2 � 0.41 � 0.72
3�CBPQT4� � 0.48 � 0.74
2�CBPQT ¥GREEN4� � 0.45 � 0.72
2�CBPQT ¥RED4� � 0.50 � 0.77


[a] Nitrogen-purged MeCN, room temperature and tetrabutylammonium
hexafluorophosphate (TBAPF6) as supporting electrolyte, platinum disk as
working electrode. [b] Unit involved in the observed processes. [c] Poten-
tial values in V vs SCE; reversible and monoelectronic processes.
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Figure 12. Differential pulse voltammograms (DPVs) recorded in MeCN
at 298 Kon a) 2�CBPQT ¥RED4� (0.1 m�) immediately after its isolation,
b) after 3 h, and c) after 24 h.


2�CBPQT ¥RED4� is engaged in ™alongside∫ interactions
with CBPQT4� as expressed (Scheme 3) by the presence of
folded superstructures. We can thus associate the process at
�0.50 V with the first oxidation of the MPTTF unit which is
interacting in an ™alongside∫ manner with CBPQT4�. Re-
moval of one electron (MPTTF � MPTTF�.) from such
folded conformations results in the breaking of the favorable
donor ± acceptor interactions between the MPTTF unit and
the bipyridinium units in CBPQT4�, leading to unfolding of
the pseudorotaxane. Reduction (MPTTF�.� MPTTF) of the
mono-oxidized MPTTF�. unit
to its neutral form regenerates
the ™linear∫ conformation of
2�CBPQT ¥RED4�, which is
in equilibrium with its folded
conformations. The shift of
40 mV toward more positive
potentials for the second oxida-
tion process in 2�CBPQT ¥
RED4�, compared with the
same process for 2, can be
explained by the formation of
further Coulombic repulsion
between the di-oxidized
MPTTF2� unit and the elec-
tron-accepting CBPQT4�.


The conversion of 2�
CBPQT ¥RED4� into 2�
CBPQT ¥GREEN4� could be
followed by monitoring the
changes in the positions and
the shapes of the DPV peaks.
Figure 12b shows the DPV re-
corded on a solution of 2�


CBPQT ¥RED4� 3 h after its isolation. A comparison of the
DPV peaks in Figure 12a and b reveal anodic shifts, decreases
in the current intensities, and broadening of the DPV peaks,
all indicating that these peaks can be attributed to the
overlapping of oxidation processes from three different
species, namely, 2, 2�CBPQT ¥GREEN4�, and 2�
CBPQT ¥RED4�. After 24 h at room temperature, the system
had equilibrated and no perceptible changes were observed in
the voltammograms recorded (Figure 12c) subsequently.
Assuming that the Ka value for the complexation of 2 by
CBPQT4� is approximately the same as that for the complex-
ation between CBPQT4� and 3 and, since the electrochemical
investigations of 2�CBPQT ¥RED4� were carried out on a
MeCN solution containing initially 0.10 m� of 2�CBPQT ¥
RED4�, the fraction of complexed species (i.e., 2�CBPQT ¥
RED4� and 2�CBPQT ¥GREEN4�) is expected to be around
35% at room temperature in the equilibrated MeCN solution.
The results obtained (Figure 12c) on the equilibrated solution
shows that most of 2�CBPQT ¥RED4� has been converted
into 2�CBPQT ¥GREEN4� and 2. The first oxidation
potential (�0.42 V) recorded on the equilibrated solution is
between those obtained for 2�CBPQT ¥GREEN4� and 2,
clearly indicating that both 2�CBPQT ¥GREEN4� and 2 are
present in the equilibrium mixture. The limited amount of 2�
CBPQT ¥RED4�, present in the MeCN solution at room
temperature is, for example, evidenced by the existence
(Figure 12c) of a weak shoulder at the right side of the DPV
peak associated with the first oxidation processes.


Conclusion


In conclusion, a bistable, supramolecular species, based on a
CBPQT4� ring component which threads onto a semi-dumb-
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Scheme 3. Schematic representation of the electrochemical behavior of 2�CBPQT ¥RED4�. For more details,
see text.
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bell-shaped component containing two different recognition
sites–a terminal MPTTF unit and an internal DNP moiety–
initially in a fast step to form a kinetically labile [2]pseudo-
rotaxane, which then progresses more slowly to form a second
kinetically stable [2]pseudorotaxane, has been characterized.
In these [2]pseudorotaxanes the CBPQT4� ring encircles,
respectively the MPTTF unit and the DNP moiety. A ™speed
bump∫ in the shape of an SMe group has made it possible to
isolate the second of the two [2]pseudorotaxanes, suggesting
that it has some [2]rotaxane character to it. The presence of
the SMe group situated between the two recognition sites in
this bistable, supramolecular species made it possible to study
the kinetics of the shuttling of the CBPQT4� ring between the
two recognition sites. The processes, which are accompanied
by detectable color changes, can be followed by 1H NMR and
UV/Vis spectroscopies, allowing the kinetic and thermody-
namic parameters for the shuttling of CBPQT4� between the
MPTTF and DNP recognition sites to be determined in both
Me2CO and MeCN solutions. The passage of CBPQT4� over
the SMe group is a significantly faster process in MeCN than it
is in Me2CO at room temperature, an observation which we
believe is related to the fact that the passage of CBPQT4� over
the SMe group is much more dominated by a loss of entropy
in the transition state in Me2CO. The electrochemical and
photophysical investigations show that the [2]pseudorotax-
ane, in which CBPQT4� encircles the DNP moiety, does not
exist as a simple ™linear∫ translational isomer. The data from
these investigations suggest that–owing to the length and
flexibility of the semi-dumbbell component–the MPTTF unit
engages itself ™alongside∫ with one of the bipyridinium units
in the CBPQT4� ring in a folded conformation in order to
maximize the donor ± acceptor interactions. The unique
properties of this bistable complex make it an attractive
candidate for incorporation into redox-controllable, piston-
like, motor-molecules, as well as into other kinds of artificial
molecular machinery.[3, 4]


Experimental Section


General methods : Chemicals were purchased from Aldrich and were used
as received. The semi-dumbbell compound[13] 2 (Scheme 1), the semi-
dumbbell compound[7d, 16] 3 (Scheme 2), and cyclobis(paraquat-p-phenyl-
ene) tetrakis(hexafluorophosphate)[17] (CBPQT ¥ 4PF6) (Schemes 1 and 2)
were all prepared according to literature procedures. Solvents were dried
according to literature procedures.[40] Thin-layer chromatography (TLC)
was carried out using aluminium sheets pre-coated with silica gel 60F
(Merck 5554). The plates were inspected under UV light and, if required,
developed in I2 vapor. Flash column chromatography was carried out using
silica gel 60F (Merck 9385, 0.040 ± 0.063 mm). 1H NMR spectra were
recorded at 500 MHz on a Bruker Avance500 spectrometer, using residual
solvent as the internal standard. All chemical shifts are quoted on a � scale,
and all coupling constants (J) are expressed in Hertz (Hz). Samples were
prepared using CD3COCD3 or CD3CN purchased from Cambridge Isotope
Labs. Temperatures were calibrated using a neat MeOH sample[41] before
or after each experiment and assumed to remain constant during the
experiment.


Semi-dumbbell compound 3 : 1H NMR (CD3COCD3, 500 MHz, 194 K):
�� 1.16 (t, J� 7.6 Hz, 3H, CH2CH3), 1.26 (s, 18H, 2�C(CH3)3), 2.47 (s,
3H, SCH3), 2.55 (q, J� 7.6 Hz, 2H, CH2CH3), 3.06 (t, J� 6.6 Hz, 2H,
SCH2CH2O), 3.69 (t, J� 6.6 Hz, 2H, SCH2CH2O), 3.82 (br s, 2H, CH2O),
4.08 (br s, 2H, CH2O), 6.90 (d, J� 8.9 Hz, 2H, Ar-H), 6.93 ± 6.95 (m, 2H,


pyrrole-H), 7.11 ± 7.19 (m, 10H, Ar-H), 7.38 (d, J� 8.6 Hz, 4H, Ar-H), 10.84
(s, 1H, NH).


CBPQT4� : 1H NMR (CD3COCD3, 500 MHz, 194 K): �� 6.17 (s, 8H, 4�
CH2N�), 7.95 (s, 8H, Ar-H, xylyl), 8.76 (d, J� 6.5 Hz, 8H, �-H), 9.65 (d, J�
6.5 Hz, 8H, �-H).


Model system 3�CBPQT4� : Mixing the colorless cyclophane CBPQT ¥
4PF6 and the yellow semi-dumbbell compound 3 in equimolar proportions
in CD3COCD3 at room temperature produced a green-colored solution
(1.5 m�) and an 1H NMR spectrum (500 MHz) was recorded at 301 K. The
exchange between the complexed and free species occurs rapidly (see
Figure 5a) on the 1H NMR timescale. Thus, the sample was cooled down to
194 K in order to shift the kinetics into slow exchange which resulted in the
appearance of complexed 3�CBPQT4� signals exclusively in the spectrum
(see Figure 5c), indicating that the complexation of 3 by CBPQT4� is very
strong at this temperature. Data for 3�CBPQT4� : 1H NMR (CD3COCD3,
500 MHz, 194 K): �� 1.15 (t, J� 7.6 Hz, 3H, CH2CH3), 1.25 (s, 18H, 2�
C(CH3)3), 2.56 (q, J� 7.6 Hz, 2H, CH2CH3), 2.79 (s, 3H, SCH3), 3.39 (br t,
2H, SCH2CH2O), 3.99 (br t, 2H, SCH2CH2O), 4.05 (br s, 2H, CH2O), 4.25
(br s, 2H, CH2O), 6.05 ± 6.11 (m, 8H, 4�CH2N�), 6.78 ± 6.81 (m, 2H,
pyrrole-H), 6.85 (d, J� 8.7 Hz, 2H, Ar-H), 7.08 ± 7.20 (m, 10H, Ar-H), 7.37
(d, J� 8.5 Hz, 4H, Ar-H), 8.07 (s, 2H, xy-H), 8.11 (s, 2H, xy-H), 8.19 (s, 2H,
xy-H), 8.23 (s, 2H, xy-H), 8.43 (d, J� 6.1 Hz, 2H, �-H), 8.48 (d, J� 6.1 Hz,
2H, �-H), 8.73 ± 8.76 (m, 4H, �-H), 9.55 (d, J� 6.1 Hz, 2H, �-H), 9.59 (d,
J� 6.1 Hz, 2H, �-H), 9.77 (d, J� 6.1 Hz, 2H, �-H), 9.83 (d, J� 6.1 Hz, 2H,
�-H), 11.00 (s, 1H, NH).


Semi-dumbbell compound 2 : 1H NMR (CD3COCD3, 500 MHz, 194 K):
�� 1.15 (t, J� 7.6 Hz, 3H, CH2CH3), 1.26 (s, 18H, 2�C(CH3)3), 2.49 (s,
3H, SCH3), 2.56 (q, J� 7.6 Hz, 2H, CH2CH3), 3.11 (t, J� 6.5 Hz, 2H,
SCH2CH2O), 3.82 (t, J� 6.5 Hz, 2H, SCH2CH2O), 3.99 (br s, 4H, 2�
CH2O), 4.04 (br s, 2H, CH2O), 4.15 (br s, 2H, CH2O), 4.28 (br s, 4H, 2�
CH2O), 6.93 (d, J� 8.9 Hz, 2H, Ar-H), 6.95 ± 6.97 (m, 2H, pyrrole-H), 6.97
(d, J� 8.2 Hz, 1H, DNP-H-2/6), 6.99 (d, J� 8.2 Hz, 1H, DNP-H-2/6),
7.11 ± 7.19 (m, 10H, Ar-H), 7.36 (t, J� 8.2 Hz, 1H, DNP-H-3/7), 7.38 (d, J�
8.6 Hz, 4H, Ar-H), 7.42 (t, J� 8.2 Hz, 1H, DNP-H-3/7), 7.80 (d, J� 8.2 Hz,
1H, DNP-H-4/8), 7.83 (d, J� 8.2 Hz, 1H, DNP-H-4/8), 10.82 (s, 1H, NH).


2�CBPQT¥GREEN4� : A CD3COCD3 (1.0 mL) solution of the yellow
semi-dumbbell compound 2 (2.2 mg, 2.0 �mol) and a CD3COCD3 (1.0 mL)
solution of the colorless cyclophane CBPQT ¥ 4PF6 (2.3 mg, 2.1 �mol) were
cooled to 195 K (dry ice/Me2CO). Mixing these two solutions produced a
green-colored solution and an 1H NMR spectrum (500 MHz) was recorded
at 194 K. Data for 2�CBPQT ¥GREEN4� : 1H NMR (CD3COCD3,
500 MHz, 194 K): �� 1.16 (t, J� 7.6 Hz, 3H, CH2CH3), 1.26 (s, 18H, 2�
C(CH3)3), 2.56 (q, J� 7.6 Hz, 2H, CH2CH3), 2.80 (s, 3H, SCH3), 3.42 (br t,
2H, SCH2CH2O), 4.00 (br s, 2H, CH2O), 4.04 (br s, 2H, CH2O), 4.10 (br t,
2H, SCH2CH2O), 4.19 (br s, 4H, 2�CH2O), 4.27 (br s, 2H, CH2O), 4.50
(br s, 2H, CH2O), 6.03 ± 6.09 (m, 8H, 4�CH2N�), 6.67 ± 6.69 (m, 2H,
pyrrole-H), 6.84 (d, J� 8.1 Hz, 1H, DNP-H-2/6), 6.92 (d, J� 8.9 Hz, 2H,
Ar-H), 6.98 (d, J� 8.1 Hz, 1H, DNP-H-2/6), 7.03 (t, J� 8.1 Hz, 1H, DNP-
H-3/7), 7.11 ± 7.20 (m, 10H, Ar-H), 7.29 (t, J� 8.1 Hz, 1H, DNP-H-3/7), 7.38
(d, J� 8.6 Hz, 4H, Ar-H), 7.39 (d, J� 8.1 Hz, 1H, DNP-H-4/8), 7.59 (d, J�
8.1 Hz, 1H, DNP-H-4/8), 7.98 (s, 2H, xy-H), 8.01 (s, 2H, xy-H), 8.17 (s, 2H,
xy-H), 8.19 (s, 2H, xy-H), 8.23 (d, J� 6.2 Hz, 2H, �-H), 8.25 (d, J� 6.2 Hz,
2H, �-H), 8.29 (d, J� 6.2 Hz, 2H, �-H), 8.48 (d, J� 6.2 Hz, 2H, �-H), 9.39
(d, J� 6.2 Hz, 2H, �-H), 9.43 (d, J� 6.2 Hz, 2H, �-H), 9.57 (d, J� 6.2 Hz,
2H, �-H), 9.72 (d, J� 6.2 Hz, 2H, �-H), 10.96 (s, 1H, NH).


2�CBPQT¥RED4� : Mixing a solution of the yellow semi-dumbbell
compound 2 (15.7 mg, 14.3 �mol) in Me2CO (10 mL) and the colorless
cyclophane CBPQT ¥ 4PF6 (15.7 mg, 14.3 �mol) in Me2CO (10 mL) pro-
duced a green-colored solution immediately. Leaving the green solution to
stand for 24 h at room temperature gave a brown solution. The brown
solution was subjected to flash column chromatography (silica gel) and the
first yellow band containing the semi-dumbbell compound 2 was eluted
with Me2CO, whereupon the eluent was changed to Me2CO/NH4PF6 (1.0 g
NH4PF6 in 100 mL Me2CO). The red band was collected to give 15 mL of a
solution containing 2�CBPQT ¥RED4�. In order to obtain an estimate of
the amount of isolated 2�CBPQT ¥RED4�, the following assumptions
have been made. If it is assumed that the extinction coefficient � is the same
at 400 nm, regardless of whether a solution of 2�CBPQT ¥RED4� or a
solution of a 1:1 mixture of the semi-dumbbell compound 2 and CBPQT4�


is considered,[42] then the concentration of the isolated Me2CO solution of
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2�CBPQT ¥RED4� can be calculated from a solution of a 1:1 mixture of
the semi-dumbbell compound 2 and CBPQT4� with a known concentration.
The UV/Vis spectra, shown in Figure 1, were recorded on a 0.72 m�
solution of 2 (equal to that of CBPQT4�) and the absorbance at 400 nm
was close to 1.36 (295 K) in all cases. The absorbance for the isolated
Me2CO solution of 2�CBPQT ¥RED4� at 400 nm was 0.36 (296 K), a
situation which implies that the concentration of 2�CBPQT ¥RED4� was
0.19 m�. Since, the volume of the isolated Me2CO solution of 2�CBPQT ¥
RED4� was 15 mL, the yield of 2�CBPQT ¥RED4� is 6.3 mg (2.9 �mol,
20%). The solvent from the isolated Me2CO solution–also containing
some NH4PF6–of 2�CBPQT ¥RED4� was removed in vacuo (T � 5 �C),
and the resulting red residue was dissolved immediately thereafter in an
appropriate solvent (Me2CO, MeCN, CD3COCD3, or CD3CN). These
solutions were stored ready to use at 195 K (dry ice/Me2CO). Data for 2�
CBPQT ¥RED4� : 1H NMR (CD3COCD3, 500 MHz, 194 K): �� 1.12 (t, J�
7.6 Hz, 3H, CH2CH3), 1.22 (s, 18H, 2�C(CH3)3), 2.53 (q, J� 7.6 Hz, 2H,
CH2CH3), 2.53 (s, 3H, SCH3), 2.60 (d, J� 8.1 Hz, 1H, DNP-H-4/8), 2.62 (d,
J� 8.1 Hz, 1H, DNP-H-4/8), 3.48 (br t, 2H, SCH2CH2O), 4.17 (br t, 2H,
SCH2CH2O), 4.34 (br s, 2H, CH2O), 4.40 ± 4.55 (m, 10H, 5�CH2O), 5.97
and 6.10 (ABq, J� 13.2 Hz, 4H, 2�CH2N�), 6.12 ± 6.20 (m, 4H, 2�
CH2N�), 6.20 (t, J� 8.1 Hz, 1H, DNP-H-3/7), 6.22 (t, J� 8.1 Hz, 1H,
DNP-H-3/7), 6.34 (d, J� 8.1 Hz, 1H, DNP-H-2/6), 6.35 (d, J� 8.1 Hz, 1H,
DNP-H-2/6), 6.64 (br s, 1H, pyrrole-H), 6.74 (br s, 1H, pyrrole-H), 6.95 (d,
J� 8.8 Hz, 2H, Ar-H), 7.08 ± 7.19 (m, 10H, Ar-H), 7.33 (d, J� 8.6 Hz, 4H,
Ar-H), 7.63 (d, J� 6.3 Hz, 2H, �-H), 7.73 (d, J� 6.3 Hz, 2H, �-H), 7.86 (d,
J� 6.3 Hz, 2H, �-H), 7.88 (d, J� 6.3 Hz, 2H, �-H), 8.21 (s, 2H, xy-H), 8.23
(s, 2H, xy-H), 8.43 (s, 2H, xy-H), 8.45 (s, 2H, xy-H), 9.14 (d, J� 6.3 Hz, 2H,
�-H), 9.19 (d, J� 6.3 Hz, 2H, �-H), 9.36 (d, J� 6.3 Hz, 2H, �-H), 9.45 (d,
J� 6.3 Hz, 2H, �-H), 10.69 (s, 1H, NH).[43]


Photophysical experiments : All the measurements were performed in air-
equilibrated Me2CO or MeCN solutions. Hexafluorophosphate (PF6


�) ions
were the counterions in the case of all the cationic compounds/complexes.
UV/Vis absorption spectra were recorded with a Shimadzu UV-1601PC
instrument and the temperature was controlled using a home-made, water-
cooled thermostat. The estimated experimental errors are: 2 nm on band
maxima and �5% on the molar absorption coefficients.


Kinetic experiments : The rate constants for the conversion of 2�CBPQT ¥
GREEN4� into 2�CBPQT ¥RED4� were measured at different temper-
atures using UV/Vis spectroscopy as the probe. Experiments were carried
out by transferring a Me2CO solution (1.4 m�) of the semi-dumbbell
compound 2 (1.2 mL) and a Me2CO solution (1.4 m�) of the cyclophane
CBPQT ¥ 4PF6 (1.2 mL) to two separate 3.0 mL cuvettes (optical path
1 cm), which subsequently were placed in the thermostatted cell compart-
ment of the UV/Vis spectrophotometer and then allowed to equilibrate to a
constant temperature. Then, the two solutions were mixed, affording an
equimolar solution (0.72 m�) of 2 and CBPQT4� and the movement of
CBPQT4� from the MPTTF to the DNP recognition site was followed using
the DNP/CBPQT4� CT band (520 nm) as the probe. The temperature T
was measured in the cuvette before and after each experiment and readings
of equal to or less than �0.1 K were obtained. The data points were
collected in the early stage of the experiments where the reverse process is
not yet occurring to any significant extent and subjected to a first-order
analysis by plotting lnA/A0 against t, whereA is the absorbance (at 520 nm)
at time t andA0 is the initial absorbance (at 520 nm). The linear relationship
between lnA/A0 and t was, at each particular temperature, demonstrated by
calculation of the correlation coefficient and values (Table 2) of 0.992 ±
0.998 were obtained. The k values were obtained from the slope of these
lines, according to the relationship lnA/A0��kt. The estimated exper-
imental errors are �5%.


The rate constants for the conversion of 2�CBPQT ¥RED4� into 2�
CBPQT ¥GREEN4� were measured at different temperatures using UV/
Vis spectroscopy as the probe. Experiments were carried out by trans-
ferring either a Me2CO (0.19 m�) or a MeCN (0.10 m�) solution of the
stored (dry ice/Me2CO) 2�CBPQT ¥RED4� to a 3.0 mL cuvette (optical
path 1 cm). The cuvette was heated with a heat gun until the temperature of
the solution was approximately 285 K, whereupon it was placed in the
thermostatted cell compartment of the UV/Vis spectrophotometer and
then allowed to adjust to a constant temperature. This procedure took less
than 5 min in all cases. The movement of CBPQT4� from the DNP to the
MPTTF recognition site was followed using the DNP/CBPQT4� CT band
(520 nm) as the probe. The temperature T was measured in the cuvette


before and after each experiment and readings of equal to or less than
�0.1 K were obtained. The data points were collected in the early stage of
the experiments where the reverse process is not yet occurring to any
significant extent and subjected to a first-order analysis by plotting lnA/A0


against t, where A is the absorbance (at 520 nm) at time t and A0 is the
initial absorbance (at 520 nm). The linear relationship between lnA/A0 and
t was demonstrated at each particular temperature and in every solvent by
calculation of the correlation coefficient and values (Tables 3 and 4) of
0.996 ± 1.000 were obtained. The k values were obtained from the slope of
these lines, according to the relationship lnA/A0��kt and the estimated
experimental errors are �5%.


The estimated experimental errors are �5% for �G�, �H�, and Ea. As a
result of the logarithmic nature of the plots and the fact that the�G�values
only have been calculated over an approximate 20 K wide temperature
range, the errors in�S�andA are somewhat larger: we estimate them to be
�25% for �S� and A.


Electrochemical experiments : Cyclic voltammetric (CV) and differential
pulse voltammetric (DPV) experiments were carried out in nitrogen-
purged MeCN solutions in a classical three-electrode, single-compartment
cell at room temperature. The electrochemical cell was connected to a
computerized AutolabPGSTAT10 potentiostat (ECO CHEMIE BV,
Utrecht, The Netherlands) controlled by the GPSE software running on
a personal computer. The working electrode was a platinum disk electrode
and its surface was polished immediately prior to use. The counter
electrode was a platinum wire and the reference electrode was a Ag/
AgNO3 electrode. 1,1-Dimethylferrocene (�0.31 V vs SCE)[44] was present
as an internal standard and all potentials are referenced to the SCE
electrode. The concentration of the examined compounds and complexes
was 0.1 to 0.2 m� and tetrabutylammonium hexafluorophosphate (0.1�)
was added as the supporting electrolyte. All MPTTF derivatives exhibited
two pairs of reversible redox waves corresponding to two one-electron
processes. The reversibility of the observed processes was established by
using the criteria of 1) separation of 60 mV between cathodic and anodic
peaks, 2) the close to unity ratio of the intensities of the cathodic and anodic
currents, and 3) the constancy of the peak potential on changing sweep rate
in the cyclic voltammograms. The same halfwave potentials were obtained
from the DPV peaks and from an average of the cathodic and anodic CV
peaks, as expected for reversible processes. The experimental errors on the
potentials are estimated to be �10 mV.
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Molecular Energy and Electron Transfer Assemblies Made of Self-Organized
Lipid-Porphyrin Bilayer Vesicles


Teruyuki Komatsu, Miho Moritake, and Eishun Tsuchida*[a]


Abstract: Novel molecular energy and
electron transfer assemblies in vesicular
form, which are made of self-organized
amphiphilic porphyrins bearing phos-
pholipid-like substituents (lipid-por-
phyrins), have been photochemically
characterized. Tetraphenylporphyrin
(TPP) derivatives with four dialkylphos-
phocholine groups [free-base (1a), Zn2�


complex (1b), and Fe3� complex (1c)]
are spontaneously associated in water to
form spherical unilamellar vesicles with
a diameter of 100 ± 150 nm. Exciton
calculations based on the bilayered
sheet model of 1b, which has a porphyr-
in packing similar to that seen in the
triclinic unit cell of the Zn2�TPP crystals,
reproduced the Soret band bathochro-


mic shift appearing in the aqueous
solution of 1b well. The UV/Vis absorp-
tion spectrum of the 1a/1b hybrid vesi-
cles (molar ratio: 1/1) showed no elec-
tronic interaction between the two por-
phyrin chromophores in the ground
state, but efficient intermolecular sin-
glet ± singlet energy transfer took place
from the excited 1b donors to the 1a
acceptor within the vesicle. Near-field
scanning optical microspectroscopy of
the 1a/1b vesicles on a graphite surface
also showed only free-base porphyrin


fluorescence. The efficiency of the en-
ergy transfer was 0.81 and the rate
constant was 3.1� 109 s�1. On the other
hand, protoporphyrin IX bearing two
alkylphosphocholine propionates (2)
was incorporated into the 1a or 1c
bilayer vesicles (ca. 100 nm �, molar
ratio: 1a/2 or 1c/2� 10). The UV/Vis
absorption spectrum showed that 2 was
successfully anchored into the fluid
alkylene region of the membrane with-
out stacking. Photoirradiation (�ex:
390 nm) of the 1c/2 vesicles in the
presence of triethanolamine led a vec-
torial electron transfer from the outer
aqueous phase to the membrane center,
which allowed reduction of the ferric ion
of the Fe3�TPP platform.


Keywords: electron transfer ¥
energy transfer ¥ porphyrinoids ¥
self-assembly ¥ vesicles


Introduction


In nature, solar energy conversion is triggered by the
capturing of sunlight by hundreds of chlorophyll arrays. That
excited energy is funneled to a reaction center by an
extremely efficient transfer of energy and is converted to
chemical potential in the form of a long-lived charge-
separated state.[1] To obtain insight into these natural light-
harvesting events, numerous porphyrinoid arrays linked by
covalent bonds have been synthesized.[2, 3] Nonetheless, gen-
eral organic synthetic procedures did not allow the construc-
tion of a large-scale supramolecular architecture in which
more than hundreds of metalloporphyrins are ordered with
great regularity. Thus, noncovalent approaches could present
considerable advantages.[4, 5] Furthermore, if we are to repro-
duce any biochemical reaction, the aqueous medium is
particularly important. From these points of view, self-
organized porphyrin assemblies have attracted attention as a
potential light-harvesting antennae model in water. Whereas


porphyrin H-aggregates are generally quenched due to the
large exciton couplings,[6] J-aggregated porphyrins show
strong fluorescence.[7] One of the most significant examples
of the emitting assemblies is our spherical bilayered vesicles
made of amphiphilic tetraphenylporphyrin (TPP) with four
phospholipid-like substituents (lipid-porphyrin, 1a); its fluo-
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rescence intensity remained 76% of that of the monomer in
organic solvent.[8] Herein, we report on novel bilayer vesicles
consisting of two lipid-porphyrin ensembles [free-base (1a)
and Zn2� complex (1b)], in which an efficient singlet ± singlet
energy transfer took place based on the in-plane tightest
packing of the porphyrin platforms. In addition, we present
vectorial electron migration from the bulk aqueous phase to
the membrane center of the Fe3� complex lipid ± porphyrin
(1c) vesicles. The amphiphilic protoporphyrin IX (2) anch-
ored into the highly oriented alkylchain region acts as an
electron transfer mediator. Photoirradiation (�ex: 390 nm)
under the coexistence of triethanolamine allowed reduction
of the central ferric ions of the Fe3� porphyrins and gave an
O2-coordinating ability to the vesicles.


Results and Discussion


Nanostructure and fluorescence of the lipid-porphyrin vesi-
cles : The newly synthesized Zn2� complex of lipid-porphyrin
1b was dispersed in deionized water by ultrasonication to give
a pink-colored colloidal solution. Transmission electron
microscopy (TEM) of the negatively stained and evaporated
sample on a copper grid showed that 1b forms spherical
unilamellar vesicles with a diameter of 100 ± 150 nm as well as
the corresponding free-base porphyrin 1a and the Fe3�


complex 1c (Figure 1a).[8c] The thickness of the membrane


Figure 1. Transmission electron micrographs of evaporated aqueous
solutions of a) 1b and b) 1a/1b ensemble (molar ratio: 1/1). The samples
were negatively stained by uranylacetate.


was 10 nm, which is twice the molecular length of 1b (4.6 nm).
Most probably, the hydrophobic Zn2�TPP platforms were
arranged in two-dimensional planar sheets, which were
stacked with a lateral displacement at the center of the
membrane. It could be an identical conformation to that seen
in the 1a vesicles.[8c] The huge lipid-porphyrins (molecular
weight over 4500) cannot produce a large curvature, so that
they form giant unilamellar vesicles. This is in contrast to the
fact that the usual phospholipids form small unilamellar
vesicles (30 ± 40 nm �) by the same preparation.


The UV/Vis absorption spectrum of the aqueous solution of
1b showed a porphyrin Soret band at 443 nm (�max: 2.7�
105 ��1 cm�1), and its maximum was red shifted (�16 nm)
compared to that of the monomer in benzene/MeOH (4:1 v/v)
solution (�max: 427 nm) (Figure 2). On the contrary, the
porphyrin Q bands remained essentially unaltered (only a
1 nm red shift). This larger bathochromic shift of the Soret


Figure 2. UV/Vis absorption spectra of 1b at 25 �C: a) in benzene/MeOH
(4:1 v/v) (dotted line) and b) in water (solid line).


band should include excitonic interactions due to a lateral
arrangement (J-aggregate) of the transition moments of the
porphyrin chromophores.


We then did a quantitative analysis of the excitonic
interactions of the bilayered Zn2� porphyrin sheets according
to our previously reported procedure.[8c] The simple point-
dipole exciton coupling theory was employed,[9] and two
hypotheses were postulated: 1) the tightest packing of the
Zn2�TPP moieties is realized within a rhomboidal lattice,
which is observed in the triclinic unit cell of the single crystal
of the unsolvated Zn2�TPP (Figure 3, 2a : 2.6 nm, 2b :
1.48 nm),[10] and 2) the interlayer (d) of the face-to-face


Figure 3. Predicted arrangements of the Zn2�TPP platforms as a model for
the bilayer membrane of 1b. The porphyrin Po is located at the origin of the
coordinate axes.
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stacking of the porphyrin sheets is 6.0 ä (Figure 3). The
exciton interaction (�E) between the two porphyrins in the
monolayer is given by Kasha×s Equation (1).


�E�M2rmn
�3 (1� 3cos2�) (1)


M is the transition dipole moment of the Zn2�TPP moiety in
1b (M2� 68.2D2),[11] rmn is the center-to-center distance
between the original porphyrin o (Po) and the porphyrin mn
(Pmn), and � is the tilt angle between the line of centers and the
molecular axes. Using the same strategy, we can estimate the
exciton interactions between Po and the porphyrin kl in the
upper layer (Pkl).[12] These calculations eventually gave the
total differences V and V� in two different Soret transitions Sx


and Sy as �612.3 and �239.0 cm�1, respectively, that indicate
split Soret peaks of 430.8 and 437.5 nm. The observed Soret
band was definitely asymmetric, and it could be divided into
two absorptions (438.5 and 441.4 nm). The small difference
between the calculated �max and experimentally measured
values is likely to be due to the van der Waals shift caused by
the replacement of solvents. Thus, we can conclude that the
absorption shift in the Soret band is describable by exciton
interaction. Of course, the observed shift in the Soret band
comes from the averaged interaction and involves some
deviations, because of the fluidity of the membranes.


The most remarkable photophysical property of the lipid-
porphyrin vesicles is their strong fluorescence in comparison
to the other porphyrin aggregates.[6, 8c] The 3D excitation-
emission spectrum of the aqueous 1b solution showed that the
fluorescence emission maxima (�em: 601, 653 nm) correlated
with the absorption of the vesicles (�max: 443 nm) (not shown),
which suggests that the fluorescence comes from the mem-
brane and not the monomer dissociated from the aggregate.
Single photon-counting fluorescence measurements were also
done in air-equilibrated solution of 1b vesicle. The fluores-
cence decay profile could be analyzed in terms of a single
exponential process with a lifetime (�F) of 1.35 ns (�2� 1.14),
which was slightly shorter than the value of the 1b monomer
in benzene/MeOH (4:1 v/v) solution (�F� 2.0 ns). The excited
triplet states of the 1b vesicles are too short to be observed by
our nanosecond laser flash photolysis apparatus.


Energy transfer process within the lipid-porphyrin vesicles :
Based on the exciton calculations, the alignment of the TPP
planes in the free-base and the Zn2� porphyrin vesicles would
be identical. This result implies that they are able to produce
homogeneous vesicular membranes. Indeed, the equivalent
moles of 1a and 1b are spontaneously associated in water to
yield spherical unilamellar vesicles with a diameter of 100 ±
150 nm with a thickness of 10 nm (Figure 1b), in which the
Zn2� porphyrin should become the donor and the free-base
porphyrin acts as the acceptor. The UV/Vis absorption
spectrum of this 1a/1b ensemble indicates that the spectral
features are the sum of those from the individual lipid-
porphyrin vesicles; it suggests no electronic interaction
between 1a and 1b in the ground state (Figure 4). By
contrast, its fluorescence spectrum is dramatically different
from the superposition of those of the individual components.
The 1a/1b vesicles showed a decrease in fluorescence


Figure 4. UV/Vis absorption spectra of 1a vesicles (blue line), 1b vesicles
(red line), and 1a/1b ensemble vesicles (molar ratio: 1/1, green line) in
water at 25 �C. Black dotted lines represent the superposition of the spectra
for 1a and 1b.


associated with the Zn2� porphyrin and a corresponding
increase in fluorescence associated with the free-base por-
phyrin (�em: 650, 712 nm) (Figure 5). Even on excitation at
558 nm, where the Zn2� complex mainly absorbs (72%), the
emission spectral shape obviously demonstrated that of the


Figure 5. Steady-state fluorescence emission spectra of 1a vesicles (blue
line), 1b vesicles (red line), and 1a/1b ensemble vesicles (molar ratio: 1/1,
green line) in water at 25 �C (Ex. 558 nm).


free-base porphyrin with stronger intensity by a factor of
three. Because the fluorescence of the equivalent mixture of
each vesicle solution displayed a simple sum of their spectra,
efficient intermolecular singlet ± singlet energy transfer could
take place from the excited Zn2� porphyrin donors to the
statistically distributed free-base acceptor within the vesicles.
Since the � ±� interactions between Zn porphyrins are usually
somewhat stronger than those of the free-base porphyrins,
there may not be a statistical dispersion of these two
porphyrin chromospheres in the bilayer. However, for in-
stance, the temperature dependence of the Soret band
absorption maximum of the 1a/1b vesicles showed a small
hypsochromic shift at 56 �C, which suggests the gel-phase
(liquid-crystal) transitions of the membrane. Very similar
behavior was observed in the 1a vesicles.[8a] This probably
implied that the � ±� interactions between the Zn complexes
are not so different from the free-bases in the lipid-porphyrin
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vesicles. The fluorescence band of the donor considerably
overlaps the acceptor absorption, therefore Fˆrster-type
excitation energy transfer would be preferable.[13]


The aqueous 1a/1b vesicle solution was then transferred
onto a graphite surface and subjected to near-field scanning
optical microspectroscopy (NSOM). The bilayered mem-
branes slowly flattened on the substrate during the water
evaporation process. Unfortunately, the topology-mode meas-
urements could not distinguish each 100 nm particle because
of the low resolution. However, the dried vesicles still
fluoresce on the solid surface and their emission was clearly
detected by NSOM (Figure 6a). The fluorescence pattern of


Figure 6. NSOM images of the evaporated aqueous solution of 1a/1b
ensemble vesicles (molar ratio: 1/1) on HOPG. a) fluorescence image of
the flattened vesicles (4� 4 �m, Ex. 442 nm, detection was effected at
650 nm), and b) fluorescence emission spectra of the flattened vesicles at
the indicated parts [(A) and (B)] in the image a).


the collapsed 1a/1b particles (�em: 655, 714 nm) was in good
agreement with that of the free-base porphyrin [�em: 650,
712 nm, Figure 6b)]. Recently, Adams et al. reported inter-
esting NSOM measurements of porphyrin thin films.[14] Our
result is the first observation of an energy transfer molecular
assembly made of amphiphilic porphyrin aggregates by the
NSOM technique.


The fluorescence decay profile of this hybrid vesicle
solution monitored at 610 nm became progressively triple-
exponential with a faster decaying component being seen in
addition to the original two slower kinetics (�2� 1.26) (Fig-
ure 7). The longer lifetimes (6.73, 1.90 ns) are respectively
assigned as those of 1a and 1b. The shorter-lived component
(263 ps) is reflective of the singlet ± singlet energy transfer


Figure 7. Time-correlated single-photon counting decay profile of 1a/1b
ensemble vesicles (molar ratio: 1/1, Ex. 558 nm, detection was effected at
610 nm). The curve is fitted to triple exponentials with lifetimes of 6.73 ns,
1.90 ns, and 263 ps (�2� 1.26).


from the excited Zn2� porphyrin to the free-base porphyrin
within the vesicles. The rate constants for intermolecular
energy transfer (kET) have been calculated from Equation (2).


kET� 1/�FB/Zn� 1/�Zn (2)


�FB/Zn is the measured fastest component of the excited 1a/
1b vesicles and �Zn is the lifetime of the 1b vesicles. The kET


value was 3.1� 109 s�1. The efficiency of this energy transfer
(�ET) could be determined to be 0.81 from Equation (3).[15]


�ET� kET/[kET � (1/�Zn)] (3)


This non-covalently constructed 1a/1b architecture showed
relatively larger kET and �ET than the values of the free-base/
Zn2� porphyrin dimers linked by covalent or hydrogen
bonding.[2±5, 13] From the molecular area for lipid-porphyrin
(2.2 nm2), one vesicle (100 nm �) is considered to consist of
23000 porphyrin molecules.[8c] To the best of our knowledge,
this is the largest molecular energy transfer assembly made of
self-organized porphyrin in water. For the triplet-state
process, the transient difference absorption recorded in
outgassed aqueous solution of the 1a/1b vesicles did not
show any significant peaks after the laser flash photolysis.


Electron transfer process of the lipid-porphyrin vesicles : In
the lipid-porphyrin vesicles, the J-aggregated TPP platforms
settled under the hydrophobic barrier of 4 nm thickness, and
were not sensitive to the addition of a water-soluble electron
acceptor or electron donor from the bulk aqueous phase. In
fact, the fluorescence intensity of the 1a or 1b vesicles was not
quenched at all by addition of electron acceptors; N,N�-
methyl-4,4�-bipyridinium dichrolides and N,N�-benzyl-4,4�-
bipyridinium dichrolides in the concentration range 0 to
2 m�. Since none of the quencher molecules caused a
spectroscopic shift of the porphyrin absorption bands, there
is no �-overlap between the electron accepting molecules and
donating porphyrins. Attempting to reduce the Fe3�TPP
planes in the 1c vesicles by addition of ascorbic acid also
failed. These results imply that water-soluble molecules
cannot enter the membrane interior. It is, therefore, certain
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that the membrane properties should be modified to realize
electron communications through the lipid-porphyrin mem-
branes. Over the past few decades, substantial efforts have
also been directed towards embedding two different porphyr-
ins geometrically in phospholipid liposomes,[6f, 16] but the
location of each co-factor is not always very accurate because
of the low guest-to-host ratio in the membranes.


The free-base porphyrin 1a was coassembled with proto-
porphyrin IX (PPIX) bearing two alkylphosphocholine pro-
pionates (2) (molar ratio: 1a/2� 10), to give similar round
vesicles. Although porphyrin 2 itself produced very thin
monomolecular fibers in water (Figure 8a),[6d] the TEM
observation showed only spherical unilamellars (ca. 100 nm


Figure 8. Transmission electron micrographs of the evaporated aqueous
solutions of a) 2 and b) the 1a/2 ensemble (molar ratio: 1a/2� 10); c) UV/
Vis absorption spectra of 1a vesicles (dotted line) and 1a/2 ensemble
vesicles (solid line) in water at 25 �C. The inset shows a different spectrum
for both solutions, in which the absorption maxima coincided with those of
the DPPC vesicles incorporating 2 (molar ratio: DPPC/2� 40/1) in water.


�) (Figure 8b). No fibrous aggregate was detectable and the
membrane did not become thicker. Increasing the amount of 2
(molar ratio: 1a/2� 5) led to deformation of the morphology
into small micelles and fibers. The subtracted difference
absorption spectrum of the 1a/2 hybrids minus the homoge-
neous 1a vesicles showed �max at 408, 508, 542, 578, and
635 nm (Figure 8c inset). Unfortunately, the disturbance
interfered with the Soret band region. It coincided with the
absorption maxima of an aqueous solution of phospholipid
liposomes (ex. 1,2-dipalmytoyl-3-sn-glycerophosphocholine
(DPPC)) incorporating 2 (molar ratio: DPPC/2� 40, �max:
408, 509, 542, 579, and 634 nm). We concluded that 2 was
homogeneously trapped into the highly oriented alkylene
region of the 1a vesicles without stacking. It may be presumed
with certainty that the protoporphyrin macrocycle was
anchored at the middle of the monolayer perpendicular to
the membrane surface [see space-filling model in Figure 9b].


Figure 9. a) Photoreduction of Fe3�TPP moieties of 1c/2/DIm vesicles in
aqueous phosphate buffer (pH 7.3) at 25 �C. b) The schematic representa-
tion of the 1c/2/DIm monolayer membrane interior using the space-filling
model for the each compound (DIm is replaced by 1-methylimidazole for
clarification).


In the vesicles of the Fe3� complex 1c including free-base 2
(molar ratio: 1c/2� 10), the fluorescence of the protopor-
phyrin chromophore was completely quenched. This decrease
in the emission would be ascribed to the intermolecular
electron transfer from the excited singlet state of 2 to 1c
within the vesicles. The Fe3� porphyrins are d-typed hyper-
porphyrins with an extremely short lifetime of the excited
state and no fluorescence. This quenching cannot be inter-
preted in terms of a static mechanism and is assumed to be
due to oxidative quenching. An attempt to observe the time-
resolved difference spectrum of the 2 cation radical was
unsuccessful, because the absorption intensity of the proto-
porphyrin 2 was rather low, and the reaction rate was beyond
the resolution of our apparatus. The excited triplet state of 2
may also be populated by means of intersystem crossing from
the singlet state, which occurs in competition with the electron
transfer, but the triplet ± triplet absorption of 2was not seen in
the 500 ± 900 nm region.


The coexistence of a small excess of 1-dodecylimidazole
(DIm) as an axial base for the Fe3� complex 1c did not cause
morphological changes in the vesicular configuration. The
UV/Vis spectrum of the 1c/2/DIm (molar ratio: 1/0.1/3)
showed maxima at 544 and 575 nm, indicating that the
dominant species of 1c is a six-coordinate ferric complex
with the axially bound bis-imidazole of DIm.[17] Under an
argon atmosphere, the 390 nm (Soret band of 2) photo-
irradiation of the 1c/2/DIm vesicles with triethanolamine
(TEOA) in the outer aqueous phase led to efficient and
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irreversible reduction of the ferric ion of 1c ; the visible
absorption spectrum changed to the typical six-N-coordinated
low-spin Fe2� complex (�max: 436, 538, and 568 nm).[8c, 18] The
isosbestic points (534 and 562 nm) throughout the measure-
ment revealed that no side reaction occurred. The following
results indicate that the photoreduction of 1c takes place
through the intermolecular electron transfer initiated by
excitation of 2 ; 1) in the absence of TEOA or 2, the reduction
proceeded by less than 40% (Figure 9a), 2) irradiation of the
Soret band of 1c also reduced the ferric center, but by less
than 30%. Photoirradiation of the Soret band of 2 causes only
the efficient reduction of 1c, and TEOA acts as a sacrificial
reagent to reduce the cation radical of 2. The protoporphyrin
anchors successfully serve as an electron transfer mediator,
and the space-filling model of the 1c/2/DIm hybrid demon-
strated well our supposed structure (Figure 9b). The overall
process of this reaction is expressed by Equation (4), where
LP is lipid-porphyrin and PP is the protoporphyrin moiety of 2.


Fe3�LP(DIm)2 � PP �h� Fe3�LP(DIm)2 � PP* �Fe2�LP(DIm)2


� PP�. �e
�


Fe2�LP(DIm)2 � PP (4)


After reduction of 1c, the membrane-trapped protopor-
phyrin becomes more hydrophilic and may be close enough to
the bulk aqueous phase to accept an electron.


Upon exposure of the aqueous solution of the photo-
reduced 1d/2/DIm vesicles to O2, the UV/Vis absorption
spectrum immediately changed to that of the corresponding
O2-adduct complex (�max: 435, 543 nm). This dioxygenation
was observed to be reversibly dependent on the O2-partial
pressure the same as in our previous reported 1d/DIm
vesicles.[8c]


Conclusions


The perfectly round bilayer vesicles made of self-organized
lipid-porphyrin 1a/1b ensembles are the first molecular
energy transfer assemblies with a diameter of over 100 nm
in water. Singlet energy transfer occurs with a rate constant of
3.1� 109 s�1 and with 81% efficiency. The non-covalently
aligned J-aggregate porphyrins described herein have been
shown to represent an effective approach to constructing a
new class of light-harvesting antennae models in aqueous
media. Indeed, effective optical cross-section per 1b molecule
in the vesicles at 558 nm is 0.73 ä2, which is identical to that
observed in benzene/MeOH homogeneous solution.[19] The
23000 porphyrin active sites are densely packed in the vesicles
and isolated from the bulk aqueous solution; therefore
electron communications to the outside of the membrane
have some difficulties. However, anchoring of the protopor-
phyrin electron-mediator to the monolayer immediately
permits funneling an electron by light irradiation, and it gave
a hemoglobin-like property–reversible O2-binding activity–
to the vesicles. New investigations of a photoinduced charge
separation process with an external electron acceptor and
light-controllable heme catalytic reactions in these supra-
molecular lipid-porphyrin architectures are now being under-
taken.


Experimental Section


Materials and apparatus : The synthetic methods for lipid-porphyrins (1a,
1c, 2) are described elsewhere.[8c, 6d] The Zn2� complex 1b was synthesized
by the insertion of zinc into the free-base lipid-porphyrin 1a using
Zn(OAc)2 in MeOH solution (yield: 85%). Triethanolamine, N,N�-methyl-
4,4�-bipyridinium dichrolides, and N,N�-benzyl-4,4�-bipyridinium dichro-
lides of high-purity grade were used without further purification. UV/Vis
absorption spectra were recorded on a JASCO V-570 spectrophotometer,
and steady state fluorescence spectra were obtained from a HITACHI
F-4500 spectrofluorometer. All these measurements were normally carried
out at 25 �C.


Preparation of aqueous lipid-porphyrin solutions :


a) Lipid-porphyrin (1a, 1b, 1a/1b) solutions : A benzene/methanol stock
solution of 1a or 1b (50–100 �L, 1.0 m�) was placed in a 5 mL round-
bottom flask and slowly condensed using a rotary evaporator under
reduced pressure, affording a thin film of the porphyrin at the bottom. The
film was then dried in vacuo for 3 h; deionized water (5 mL) heated at 60 �C
was slowly injected. The mixture was homogenized by vortex mixing with
several small glass beads (ca. 10 pieces) and shortly sonicated by a bath-
type ultrasonicator. The obtained solution (10 ± 20 ��) was incubated for
6 h at room temperature before use. The hybridized 1a/1b solution was also
prepared in the same manner.


b) Lipid-porphyrins 1a/2 and 1c/2/1-dodecylimidazole (DIm) hybrid
solutions : A benzene/methanol stock solution of 1a (100 �L, 1.0 m�) and
methanol solution of 2 (10 �L, 1.0 m�) were slowly condensed by using a
rotary evaporator under reduced pressure as described above, giving a
hybrid thin-film at the bottom of the flask. The film was dried in vacuo for
3 h and phosphate buffer (pH 7.3, 1 m�, 5 mL) heated at 60 �C was added.
Homogenization by a tip-type ultrasonicator (60 mW, 3 min) in a water
bath provided a pale orange solution ([1a]� 20 ��), which was incubated
for 12 h at room temperature. The hybrid lipid-porphyrin 1c/2/DIm (molar
ratio: 1/0.1/3, [1c]� 20 ��) was also prepared by the same procedures.


Transmission electron microscopy (TEM): The negatively stained speci-
mens for TEM were prepared as in previously reported procedures.[7c, 8b]


The Cu grid surfaces were treated for a short period (5 s) by glow discharge
using a JEOL HDF-400 to form a hydrophilic plane just before use. The
obtained grids with the evaporated sample were observed in a JEOL JEM-
100CX electron microscope at an acceleration voltage of 100 kV.


Exciton calculation : The overall excitonic interaction in the Zn2�TPP
bilayer model of 1b was calculated based on our previously reported
methods.[8c]


Near-field scanning optical microspectroscopy (NSOM): A droplet of 1a/
1b vesicle solution (20 ��) was pipetted onto freshly-cleaved highly-
oriented pyrolytic graphite (HOPG STM-1, Advanced Ceramics Co.).
After 1 min, excess fluid was carefully blotted off with filtration paper and
the surface air-dried for another 30 min. NSOM measurements were
carried out using a JASCO NFS-230 Scanning Near-Field Optical Micro-
spectrometer in the illumination collection mode under ambient laboratory
conditions. The samples were excited by a He-Cd laser (442 nm) with
0.1 mW intensity for 0.5 s, and the diameter of the light probe was 400 nm.
Imaging was performed by displaying the fluorescence signal and the
height signal simultaneously for 4� 4 �m (21� 21 points).


Excited-state lifetimes : Singlet lifetimes of the lipid-porphyrin vesicles
were measured by using a HORIBA NAES-500 nanosecond fluorometer
with an N2 lamp (excitation side multicavity filter: ASAHI SPECTRA
MZ0560, �� 560� 2 nm; emission side multicavity filter: MZ0610, ��
610� 2 nm). The samples were held in a cuvette (optical path length,
10 mm). The concentration of the lipid-porphyrin was 9.5 ��, and experi-
ments were carried out at 25 �C. Triplet lifetime measurements on a
nanosecond time scale were performed by using a Unisoku TSP-600 time-
resolved spectrophotometer system with a Continuum Surelite I-10
Q-switched Nd-YAG laser, which generated a second-harmonic (532 nm)
pulse of 6 ns duration with an energy of 200 mJ per pulse (10 Hz).


Steady-state electron-transfer from excited 2 to 1c : Continuous light
irradiations were performed with an ORIEL 450 W xenon arc-lamp model
66021 under an argon atmosphere (25 �C). The 1c solution was deaerated
by argon bubbling before photoirradiation. The light was filtered with
cutoff filter (HOYA UV-32) and a multicavity filter (ASAHI SPECTRA
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MY0390, �� 390� 2 nm) to isolate the desired wavelength region. The
filtered light was irradiated into a solution of the 1c/DIm (molar ratio: 1/3)
vesicles or 1c/2/DIm vesicles (molar ratio: 1c/2/DIm� 1/0.1/3) with (or
without) triethanolamine (64 m�) contained in a 10 mm cuvette at a
distance of 140 mm from the center of the light source. The UV/Vis
absorption spectra of the solution were measured at regular intervals. The
photoreduction of 1c to the ferrous complex 1d was monitored by the time
dependence of the absorption intensity at 538 nm, which is based on the
bisimidazole coordinated Fe2� complex. In order to obtain a spectrum of
the completely reduced ferrous 1d/2/DIm vesicles, an aqueous sodium
dithionate solution (25 m�, 40 �L) was added to the 1c/2/DIm vesicle
solution at 60 �C.
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pH-Sensitive Modulation of the Second Hydration Sphere in Lanthanide(���)
Tetraamide ±DOTA Complexes: A Novel Approach to Smart MR Contrast
Media


Mark Woods,[a] Shanrong Zhang,[b] Von Howard Ebron,[a] and A. Dean Sherry*[a,b]


Abstract: The lanthanide(���) complexes
of three tetraamide DOTA bearing
pyridyl, phenolic and hydroxypyridyl
substituents have been studied by
NMR, luminescence and cyclic voltam-
metry. The relaxivity profiles of the
gadolinium complexes of the pyridyl
and phenolic ligands were flat and
essentially the same between pH 2 and
8. The hydroxypyridyl ligand, however,
exhibited two regions of enhanced re-
laxivity. The small relaxivity enhance-


ment (25%) at lower pH (pH 2± 4) has
been attributed to an increase in the
prototropic exchange of the coordinated
water molecule while the slightly larger
enhancement (84%) at higher pH
(pH 6 ± 9) reflects deprotonation of the


ligand amide protons. Deprotonation of
the amides results in the formation of an
intramolecular acid ± base pair interac-
tion with the phenolic protons and this,
in turn, causes a highly organized second
hydration sphere to come into effect,
thereby increasing the relaxivity. The
water relaxivity of the Gd3�-hydroxy-
pyridyl complex is further enhanced
upon binding to serum albumin.


Keywords: imaging agents ¥
lanthanides ¥ macrocyclic ligands ¥
responsive probes ¥ second-sphere
hydration


Introduction


Since the introduction of contrast media for MR imaging in
1983, three primary approaches have been taken toward
development of improved agents. The first is higher relaxivity
agents that would enable administration of lower doses of
contrast agent.[1] The second is to conjugate the agent to a
targeting vector designed to highlight certain tissue types.[2]


The third approach is a responsive or ™smart∫ agent that
switches on (and sometimes off also) in response to some
biological stimulus.[3] Agents that report the presence of the
metal cations,[4, 5] anions,[6, 7] enzymes,[8] proteins[9] and
pH[10, 11] have now been reported.


We recently reported a Gd3� complex of a DOTA
tetraamide derivative, GdDOTA-4AmP5�,[11] that has unusual
water relaxation characteristics. Although water exchange in
this complex is quite slow compared to more typical contrast


agents, the bulk water relaxivity of GdDOTA-4AmP5� was
found to increase from 3.8 m��1 s�1 to 9.8 m��1 s�1 as the pH
was changed from �8 to �6, the same pH range over which
the phosphonate groups of GdDOTA-4AmP5� are protonated
in four successive steps. This led to the hypothesis that the
increased relaxivity was due to the formation of a hydrogen-
bonding network between the bulk solvent, the phosphonates
and the slowly exchanging, Gd3�-bound water molecule. The
rate of proton exchange in this system appears to vary as a
function of phosphonate protonation. As the pH approaches
6, the system appears to be in rapid exchange even though 17O
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NMR studies showed that this is not the case. Furthermore,
the four phosphonates are predominantly monoprotonated at
pH 6, which suggests that proton exchange is most rapid when
the amide-appended side chains contain monoprotonated
functionalities. To test this hypothesis, three additional
DOTA-tetraamide ligands (designated 1, 2 and 3) having
extended amide substituents capable of forming hydrogen
bonds with a Ln3�-coordinated cation have been prepared.
The synthetic route to these ligands was reported else-
where.[12] Here, a physical-chemical characterization of sev-
eral lanthanide(���) complexes of these ligands are reported.


Results


1H and 17O NMR Studies : A necessary requirement for
prototopic exchange to dominate water relaxivity in Gd3�


complexes is for water molecule exchange to be relatively
slow. Although the rate of water exchange in lanthanide(���)
tetraamide complexes is comparatively slow (103 ± 105 s�1),
these complexes often exist as a mixture of two coordination
isomers that are in dynamic equilibrium.[13±15] In a number of
studies, the rate of water exchange in these two isomers was
found to differ by about two orders of magnitude.[14, 16, 17] For
example, the rate of water exchange in the twisted square
antiprismatic isomer (TSAP) of EuDOTAM3� is 3.3� 105 s�1


but only about 8.3� 103 s�1 in the corresponding square
antiprismatic isomer (SAP).[17] Thus, one may assume that the
SAP geometry is preferred for slow water exchange com-
plexes. The highly shifted resonances of the axial ring protons
are a convenient handle for identifying which coordination
isomers are present in solution.[15] The population of these two
coordination isomers is easily identified by the highly shifted
H4 axial ring proton resonances in the high resolution
1H NMR spectra of the Eu3� complexes (Figure 1).[15] The
1H NMR spectra of Eu(1)3�, Eu(2)3� and Eu(3)3� each have
H4 resonances near 25 ± 30 ppm, typical of SAP structures.
One can estimate from these spectra that the TSAP isomer is
present in solution at no more than 1 ± 2%.


This observation suggests that the rate of water exchange in
these complexes might be sufficiently slow to allow proto-
tropic exchange to dominate the water relaxivity. Given that
Ln3� cations of smaller ionic radii have an even greater
preference for the SAP geometry, one can reasonably assume
that Gd(1)3�, Gd(2)3� and Gd(3)3� are also largely SAP. A
variable temperature 17O NMR linewidth of solvent water
was used to estimate water molecule exchange in these
complexes. A fitting of those data to standard theory gave
water residence lifetimes (�M) of 38, 56 and 46 �s for Gd(1)3�,
Gd(2)3� and Gd(3)3�, respectively (see Supporting Informa-
tion). Although somewhat longer than the water residence
lifetimes of EuDOTAM3� (�M� 19 �s)[15] and DyDOTA-
4AmP5� (�M� 21 �s),[11] these values are nonetheless consis-
tent with SAP structures.


Bulk water relaxation : The bulk water relaxivity of Gd(1)3�,
Gd(2)3� and Gd(3)3� are shown as a function of pH in
Figure 2. The profile of Gd(1)3� is typical of that of tetraamide


Figure 1. The extended sweep width high resolution 1H NMR of
a) Eu(1)3�, b) Eu(2)3� and c) Eu(3)3� recorded in D2O at 500 MHz and
pH 4.5.


Figure 2. The relaxivity pH profiles of Gd(1)3� (�), Gd(2)3� (�) and
Gd(3)3� (�) recorded at 20 MHz and 25 �C.


derivatives of DOTA, essentially flat across the pH range 2 ± 9
with an increase in relaxivity at the extremes of pH.[15] The
enhanced relaxivity at high pH has been ascribed to an
increase in the rate of prototropic exchange between the
protons of the bound water and the coordinating amides.
Likewise, the profile of Gd(2)3� is flat from pH 2 ± 8. In this
case the increase in relaxivity due to prototropic exchange
occurs at slightly lower pH, presumably the result of an
increase in contributions to relaxivity from amide proton
exchange. In contrast, the relaxivity profile of Gd(3)3�


exhibits two regions of enhanced relaxivity between pH 2
and 9. One an enhancement of �25% near pH 3 and the
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other, an enhancement of �85% near pH 8.5 which falls away
again until about pH 10 at which point relaxivity begins to rise
again. To test whether these responses reflect increases in
prototropic exchange, the pKa of the pyridyl moieties in
Eu(3)3� were estimated by fluorescence spectroscopy. A pKa


of 2.9 was estimated from the pH dependence of the
excitation intensity at 328 nm (excitation of the protonated
pyridine) (�em� 594 nm).[12] As this corresponds closely to one
peak of enhanced relaxivity, this is at least consistent with a
relationship between partial protonation of the pyridyl
substituents in this complex and the relaxivity enhancement
observed near pH 3. The temperature dependence of the bulk
water proton relaxation rate of Gd(3)3� at three pH values,
3.3, 5.3 and 8.5, is shown in Figure 3. Although the temper-
ature profile at pH 3.3 and 8.5 are marginally steeper than at
pH 5.3, the shape of each profile is quite similar. This is
consistent with similar water molecule and prototropic
exchanges for Gd(3)3� at all three pH values.


Figure 3. Longitudinal water proton relaxation rates of 1 m� solutions of
Gd(3)3� at pH 3.3 (�), pH 5.3 (�) and pH 8.5 (�) measured as a function of
temperature at 20 MHz.


To help identify the source of the relaxivity peaks near pH 3
and 8.5, we rationalized that slowing rotation may serve to
amplify any small differences in prototropic exchange that
may occur in Gd(3)3�. Given that serum albumin has been
shown to bind other Gd3� complexes with aryl substitu-
ents,[18±20] it was reasoned that the aryl groups of Gd(3)3� may
serve as a suitable means for binding to albumin. Figure 4


Figure 4. Titrations of Gd(3)3� at pH 3.3, 1.5 m� (�), pH 5.5, 1.2 m� (�)
and pH 8.5, 1.2 m� (�) with human serum albumin (HSA) plotted against
longitudinal water proton relaxation rate, measured at 20 MHz and 25 �C.


shows that the water relaxation rate of Gd(3)3� increases
substantially upon addition of human serum albumin (HSA)
and that the increase in relaxivity is greatest at pH 8.5,
intermediate at pH 3.3, and smallest at pH 5.5.


In the presence of only �0.6 equivalents of HSA, a
relaxivity enhancement of 186% was observed for Gd(3)3�


on passing from pH 5.5 to 8.5, with a maximum relaxivity
value of 21 m��1 s�1. This shows that as the rotational
correlation time (�R) of the complex increases, any small
differences in prototropic exchange are amplified. The fact
that addition of more HSA did not enhance the effect
substantially suggests the involvement of multiple protein
binding sites. The effect of changing pH is likely to affect the
binding between complex and protein and each binding site is
expected to have a different pH dependent binding inter-
action. This renders meaningful fitting of the binding data
difficult. Nonetheless these results are consistent with a more
rapid prototropic exchange at pH 3.3 than at pH 5.5. The data
also suggest that there is even more rapid exchange at pH 8.5,
contradicting the results of the variable temperature relaxa-
tion measurements. However, it is difficult to conclude with
certainty that prototropic exchange is responsible for the
relaxivity enhancement at pH 8.5 because luminescence
studies on Eu(3)3� indicate that the phenolic protons have
pKa values in excess of 11. Consequently there is no reason to
expect a change in the ability of the substituents to catalyze
prototropic exchange on passing from pH 6 to 8.5.


Gel filtration : Solomon ± Bloembergen ± Morgan theory in-
dicates that there are only two parameters that could be
altered with pH to effect changes in relaxivity, namely �M and
�R. If there is no significant increase in prototropic exchange
rate between pH 5.5 and 8.5, one could reason that there is a
change in the rotational correlation time that is modulated by
pH. The only feasible explanation for such a change in �R


would be an aggregation that occurs on passing from pH 5.5 to
8.5. In order to investigate this possibility the extent of
aggregation was investigated by gel filtration. 10 m� solutions
of Gd(3)3� were eluted through G15-120, G25-150 and G50-40
Sephadex columns with molecular weight cut-offs of �1500,
1000 ± 5000 and 1500 ± 30000, respectively. The void volumes
were determined by elution of BSA (67.5 kDa) while vita-
min B12 was used as a molecular weight standard (FW� 1355).
Elution was monitored in-line by UV absorbance at 254 nm.
The elution traces for Eu(3)3� at pH 5.5 and 8.5 are shown in
Figure 5.


There are two features of these traces worthy of note.
Firstly, the apparent hydrodynamic size of the complex on
each column is �1500 while the molecular weight of the
complex is only 980 Daltons. Secondly, the apparent size of
the complex at pH 8.5 is somewhat smaller than at pH 5.5.
The apparent size of the complex at pH 5.5 is too small to
support dimerization or aggregation, rather it suggests that
the molecular volume of the complex is larger than predicted
based upon a spherical model. The diminution in the size of
the complex as the pH increases may then be rationalized in
terms of alterations in morphology resulting in a more
compact structure at higher pH. This hypothesis is supported
by the luminescence results discussed below. It must be
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Figure 5. Gel filtration elution traces of Gd(3)3� over a) Sephadex G50-40
(1.5 ± 30 kDa), b) Sephadex G25-150 (1 ± 5 kDa) and c) Sephadex G15-120
(�1500 Da) at pH 5.5 (- - - -) and pH 8.5 (––).


concluded, however, that these complexes are monomeric
across the pH range in question and aggregation may be ruled
out as the source of the relaxivity enhancement.


Electrochemistry and luminescence studies : The lumines-
cence spectrum of Eu(3)3� used to estimate the pKa values of
the aryl substituents indicated that this complex has some
unanticipated features.[12] Above pH � 5, the luminescence
emission intensity decreased with increasing pH regardless of
the excitation wavelength employed and nearly disappeared
by pH � 8. These changes paralleled the pH range over which
the enhancement in relaxivity was observed (Figure 6).


Figure 6. Relaxivity (r1) pH profile of Gd(3)3� (�) shown alongside the pH
profile of the luminescent intensity of the excitation bands of Eu(3)3�,
monitored at 594 nm and exciting the protonated chromophore (�) and the
europium ion directly (�).


The oxidation potential of phenol is known to decrease with
increasing pH until the phenol is fully deprotonated at which
point the oxidation potential abruptly stabilizes.[21] As this was
considered the source of the luminescence changes described
above, cyclic voltammetry was used to measure the oxidation
potential of both 3 and Gd(3)3� as a function of pH (Figure 7).


Figure 7. Plot of oxidation potential versus pH for Gd(3)3� (�) and the free
ligand 3 (�).


The oxidation potential of 3 exhibits the same behaviour as
other phenols, decreasing linearly with increasing pH. In
contrast the oxidation potential of Gd(3)3� decreases in a
linear fashion below pH 6.5 and thereafter remains constant
at 855 mV. This behavior is indicative of a phenol incapable of
further deprotonation above this pH value. Since the free
ligand continues to be affected by further increases in pH, it is
clear that this is not the result of the phenols in this system
having unusually low pKa values but rather is a feature related
to the presence of the Gd3� ion.


The pKa values of amide NH protons are drastically
reduced upon coordination of the amide oxygen to a metal
ion. The coordinated amide protons in Eu(3)3� may be
observed under acidic conditions by 1H NMR spectroscopy
when the spectrum is recorded in H2O (�NH �0 ppm). The
deprotonation of coordinated amides may then be observed
by altering the pH of the solution 1H NMR spectroscopy. The
deprotonation of the coordinated amide is observed to occur
over this same pH range (see Supporting Information).[12] The
spatial arrangement of the ligand is such that the phenols may
form a six-membered acid ± base pair with the deprotonated
amide (Scheme 1). Such an acid ± base pair would cause the


Scheme 1. Deprotonation of the coordinating amides results in formation
of an intramolecular acid ± base pair with the phenolic protons.


observed flattening out of the oxidation potential of Gd(3)3�.
Furthermore, the first pKa of the amide protons of Gd(3)3�


estimated by cyclic voltammetry (6.5) correlates well with the
value determined by potentiometric titration. Between pH 4
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and 10, four equivalents of base were consumed, pKa values of
6.6, 7.1, 8.5 and 9.6 were obtained consistent with the amides
becoming deprotonated over the same pH range as the
enhancement in relaxivity. Significantly, the last pKa value
occurs beyond the pH range of this relaxivity enhancement. It
is noteworthy that these pKa values are somewhat lower than
those reported for a related compound.[15] These differences
are thought to originate from the differing natures of the
amide substituents in these complexes.


This acid ± base interaction develops over much the same
pH range as the enhancement in relaxivity of Gd(3)3� and is
supported by the observation that the apparent molecular
volume of the complex decreases with increasing pH over the
pH range 5.5 ± 8.5. Formation of such an acid ± base pair
would be expected to result in a more ordered, compact
structure in which the motion of the aryl substituents is
restricted, the hydrodynamic volume of the complex would
therefore be smaller. Similar behavior might be expected for
Gd(2)3� yet this complex does not exhibit the same increase in
relaxivity. It appears, therefore, that the pyridyl moiety is
crucial to the mechanism by which the relaxivity is enhanced.


Effect of oxidant on relaxivity : Hydroxypyridines may be
oxidized to two possible products, either oxidation of the
phenol to a quinoid type structure or oxidation of the pyridyl
to an N-oxide radical. By examining the relaxivity of Gd(3)3�


after treatment with a variety of oxidants, the importance of
each aspect of the hydroxypyridyl moiety could be assessed.
In addition, this experiment would test the viability of Gd(3)3�


as an oxidant sensitive contrast agent. Accordingly, samples of
Gd(3)3� were treated with three chemical oxidants expected
to form N-oxides with the pyridyl moiety, H2O2, NaBO3 and
NaIO4. In each case a marked decrease in relaxivity of the
complex was observed at pH 8.5 (Table 1). These changes
were dependent upon the oxidant employed, presumably
reflecting their differing oxidation efficiencies at this pH. The
formation of the N-oxide was reversible in each case.
Addition of an excess of a second amine was found to restore
the relaxivity to its original value.


Formation ofN-oxides also affected the relaxivity at pH 3.3
supporting the hypothesis that partially protonated pyridyl
moieties initiate a small increase in prototropic exchange.
When Gd(3)3� was exposed to electrochemical oxidation
(6 m� in 50% TRIS buffer, 50% acetonitrile, 25 m� Bu4N-
ClO4, oxidation potential� 1.05 V for 2 h), a similar decrease
in relaxivity (�20%) was observed at pH 8.5. This decrease


was expected on the basis that the phenol is instrumental in
enhancing the relaxivity of the complex at this pH. Since the
oxidation potential of Gd(3)3� is much higher (�1.0 V) at
acidic pH values, attempts to oxidize and measure relaxivity at
this pH were not attempted. These observations are consistent
with the idea that both the hydroxyl and pyridyl groups are
essential to the enhancement of relaxivity between pH 6 and
9. However, these groups apparently do not catalyze exchange
of protons with bulk water but rather they alter the relaxivity
of Gd(3)3� via a structural rearrangement.


Discussion and Conclusions


The tetraamide DOTA complexes Gd(1)3�, Gd(2)3� and
Gd(3)3� exist primarily as square antiprismatic coordination
complexes in solution and exhibit slow water exchange.
Neither Gd(1)3� nor Gd(2)3� possess the requisite features to
catalyze the prototropic exchange of this slowly exchanging
water molecule so the relaxivity profiles of these two
complexes are similar to those obtained for simple tetraa-
mides for example DOTAM. Gd(3)3� does, however, show
two regions of enhanced water relaxivity, suggesting that it
may be necessary to have a minimum of two hydrogen
bonding groups on an amide side-chain group to catalyze
prototropic exchange. A small enhancement of 25% is
observed in a pH region that corresponds closely to the pKa


value of the pyridyl group (2.9). Although no substantial
increase in the rate of exchange was observed in variable
temperature relaxation studies, binding studies with HSA
suggest that in fact a discernable increase in the overall
exchange processes had occurred. This suggests that when the
pH of a solution of Gd(3)3� is lowered to near 3, the partially
protonated pyridyl moieties work in concert with the phenolic
groups to catalyze prototropic exchange.


In contrast, when the pH of this solution is raised above 7,
the amide protons begin to dissociate and this has two effects
that work in concert to increase the relaxivity of the complex.
First, the complex gradually looses its positive charge and
eventually becomes monoanionic at high pH (Gd(3)3� �
Gd(3)�). Tricationic complexes of this sort are associated with
three anions, in this case chloride ions (Figure 8). The
pioneering work of Parker and co-workers has demonstrated
that the counter-ions in this type of tetraamide complexes are
closely associated with the complex and occupy space around
the amide substituents above the coordinated water mole-
cule.[15, 22, 23] As the charge on the complex is neutralized these
ions are able to move away from the complex and, in so doing,
increase access of bulk solvent to the complex. The second
result of the increasing deprotonation of the coordinating
amides is that they begin to form acid ± base pairs with the
phenolic groups. In the pH region close to the pKa of the
coordinating amides in Gd(3)3� the rate of deprotonation and
reprotonation will be extremely rapid. Thus, a rapid three-
pool equilibrium between the amide, imide and acid ± base
paired imide forms of each pendant arms is to be expected.
Around pH 8.5 the time-averaged position of the aryl groups
is further away from the coordinated water molecule than at


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4634 ± 46404638


Table 1. The relaxivity of Gd(3)3� in the presence of a variety of oxidants
at pH 3 and 8.5.


Oxidant Relaxivity/ m��1 s�1


pH 3.3 pH 8.5


none 4.1 5.6
NaBO3 3.3 4.4
H2O2 ± 3.1
NaIO4 3.6 4.5
electrochemical ± 4.5
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lower pH. This allows access of water to form a second
hydration sphere above the coordinated water molecule.


The contributions of second hydration spheres to the
relaxivity of a complex have been thoroughly described.[24]


However, the same effect must also occur with Gd(2)3� and
yet no relaxivity enhancement is observed in this case. But
Gd(2)3� lacks the additional pyridine donors of Gd(3)3�. It is
anticipated that the pyridine nitrogens of Gd(3)3� are caused
to point across the top of the coordinated water molecule by
the formation of the acid ± base pairs. The second hydration
sphere of water molecules is able to hydrogen bond to these
nitrogen donors. This causes a degree of organization within
this second hydration sphere that prolongs the length of time
these water molecules reside in close to proximity to the
gadolinium ion. Only with this prolonged residence in the
second hydration sphere are water molecules able to experi-
ence paramagnetic relaxation by the gadolinium ion. Hence,
no relaxivity enhancement is observed for Gd(2)3� in which
no organizational effects are possible. This organizational
effect of the pyridyl groups is also lost as the pH is further
increased above 8.5. At pH 10 and above the amides become
completely deprotonation and the equilibrium is shifted to
favour the acid ± base pairing of the imide and phenols. The
effect of this is to move the time-averaged position of the aryl
groups yet further from the coordinated water molecule.
While this allows unfettered access of water molecules to the
second hydration sphere there are now no points of anchorage
around which it may be organized. Consequently, the
residence lifetime of a water molecule of the second hydration
sphere at higher pH is short, so they are not efficiently relaxed
by gadolinium and the relaxivity falls as a result. The
subsequent increase in relaxivity above pH 10 is the result
of external base catalyzed prototopic exchange of the
coordinated water molecule.


Since no increase in the rate of water molecule exchange is
observed resulting from the presence of this second hydration
sphere, it is exchange of water molecules in the second
hydration sphere with those of the bulk solvent that appears
to account for the relaxivity enhancement. Given the com-
paratively short expected residence lifetime of a second
sphere water molecule and the distance of closest approach to
the gadolinium center, the relaxation effects experienced by
these water molecules should be comparatively inefficient.
Hence only a modest increase in relaxivity is observed when
the residence lifetime of second sphere water molecules is
long. When the residence lifetime in the second sphere is too
short, in Gd(3)3� at high pH and in Gd(2)3�, no relaxation
occurs and therefore no enhancement is observed. In con-
clusion, the larger relaxivity enhancement (84%) can be
attributed to the pH responsive formation of an organized
second hydration sphere in Gd(3)3�. This provides new
insights toward the design of pH responsive contrast media.
The significant relaxivity enhancement observed for Gd(3)3�


in the presence of HSA on passing from pH 5.5 to 8.5 (186%)
could render this complex useful as a pH or oxidant sensitive
blood pool agent.


Experimental Section


1H and 17O NMR spectra were recorded on a Varian Inova 500
spectrometer operating at 499.99 and 67.72 MHz, respectively. Relaxation
measurements were made using an MRS-6 NMR Analyzer from the
Institut ™Jozœef Stefan∫, Ljubljana, Slovenjia operating at 20 MHz. Samples
were run either in buffered solution using phosphate/citrate, tris or
carbonate buffer or after adjusting the pH with hydrochloric acid and
potassium hydroxide solution.


Due to the insolubility of all Ln(2)3� complexes across the pH range
measurements performed on this complex were made using solutions in
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Figure 8. Schematic representation of the conformation of Gd(3)3� (two of the amide substituents have been omitted for clarity). At low and intermediate
pH the aryl substituents point upwards excluding water from a second hydration sphere. As the pH of the solution is increased the coordinating amides
become deprotonated. This sets up an equilibrium in which the phenolic protons form acid ± base pairs with the resulting imides. At and around pH 8.5 the
time-averaged position of the pyridyl group opens up the top of the complex allowing access of water to form a second hydration sphere. The time-averaged
position of the four pyridyl units is such that they tend to organize a second hydration sphere of water molecules across the top of the complex. As the pH is
raised further and the equilibrium tends to the deprotonated form of the amides, the time-averaged position of the aryl groups lies away from the top of the
complex. This allows access of a second hydration sphere to the top side of the complex but without organization the residence lifetime of a water molecule in
this second hydration sphere is short.
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50% aqueous methanol. 17O NMR data for Gd(2)3� were measured in 50%
aqueous acetonitrile.


Luminescence spectra were recorded on Perkin Elmer LS55 fluorimeter.
The pH of luminescence samples were measured using a Fisher Accumet
925 pH meter equipped with an Orion 8103 Ross combination pH
electrode. The pH of luminescence samples was altered by addition of solid
lithium hydroxide monohydrate or p-toluenesulfonic acid. Cyclic voltam-
mograms were recorded on a BAS CV-50W voltammetric analyzer using a
glassy carbon working electrode, platinum wire auxiliary electrode and Ag/
AgCl reference electrode. Samples were prepared at 0.6 m� concentrations
using a 50 m� solution of tetrabutylammonium perchlorate in acetonitrile
and a buffer solution of either phosphate-citrate or tris buffer.


Titrations of Gd(3)3� with HSA were performed by addition of a solution
5 m� in HSA and 1 m� in Gd(3)3� to a 1 m� buffered solution of Gd(3)3�.
Samples were mixed and then allowed to equilibrate for 5 min after
addition of HSA before the measurement was taken. The effect of chemical
oxidants upon relaxivity was measured by addition of 5 equiv oxidant to a
buffered solution of the complex. Relaxivity measurements were made at
0.5, 1, 2 and 24 h after addition of the oxidant. Gel filtration experiments
were performed using a 25 cm column of the appropriate sephadex resin.
The elution was monitored in-line using an ISCO type 6 optical unit
monitoring at 254 nm and an ISCO UA-5 chart recorder.


The following procedure for the preparation of Gd(3)3� is typical of that
used for preparing complexes of these ligands.


Gadolinium oxide (20 mg, 54 �mol) was added to conc. HCl (2 mL) and
heated until dissolved. The solvents were removed under reduced pressure
to afford the corresponding chloride as a colorless solid. The chloride salt
was dissolved in water (3 mL) and the solution added to a solution of the
ligand 3 (100 mg, 121 �mol) in water (3 mL). After heating for 18 h at 60 �C,
the solvents were removed under reduced pressure to afford the complex
Gd(3)3� as a colorless solid.
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Computational Assessment of the Electronic Structure of 1-Azacyclohexa-
2,3,5-triene (3�2-1H-Pyridine) and Its Benzo Derivative (3�2-1H-Quinoline)
as well as Generation and Interception of 1-Methyl-3�2-1H-quinoline**
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Dedicated to Professor Wolfgang Malisch on the occasion of his 60th birthday


Abstract: Treatment of a solution of
3-bromo-1-methyl-1,2-dihydroquinoline
(9) and [18]crown-6 in furan or styrene
with KOtBu followed by hydrolysis
afforded a mixture of 1-methyl-1,2-dihy-
droquinoline (10) and 1-methyl-2-qui-
nolone (11). If the reaction was per-
formed in [D8]THF and the mixture was
immediately analysed by NMR spectros-
copy, 2-tert-butoxy-1-methyl-1,2-dihy-
droquinoline (17) was shown to be the
precursor of 10 and 11. The structure of
17 is evidence for the title cycloallene 7,
which arises from 9 by � elimination of
hydrogen bromide and is trapped by


KOtBu to give 17 so fast that cyclo-
additions of 7 with furan or styrene
cannot compete. Since this reactivity is
unusual compared to the large majority
of the known six-membered cyclic al-
lenes, we performed quantum-chemical
calculations on 8, which is the parent
compound of 7, and the corresponding
isopyridine 6 to assess the electronic
nature of these species. The ground state


of 6 was no longer an allene (6a) but the
zwitterion 6b. In the case of 8, the allene
structure 8a is more stable than the
zwitterionic form 8b by only
�1 kcalmol�1. These results suggest a
high reactivity of 6 and 8 towards
nucleophiles and explains the behaviour
of 7. In addition to the ground states, the
low-lying excited states of 6 and 8 were
considered, which are represented by
the diradicals 6c and 8c and, as singlets,
lie above 6b and 8a by 19.1 ± 24.8 and
14.4 ± 17.7 kcalmol�1, respectively.


Keywords: allenes ¥ eliminations ¥
quantum-chemical calculations ¥
strained molecules ¥ zwitterions


Introduction


Experimental studies of six-membered cyclic allenes[1, 2] that
contain a nitrogen atom have been performed for the
symmetrical isodihydropyridines 1,[3] the unsymmetrical iso-
dihydropyridine 2, its borane complex 3,[4] the isopyridines 5
and 6[5] and the cephalosporine derivatives 4.[6]


Akin to cyclohexa-1,2-diene,[1] the 1-azacyclohexa-3,4-di-
enes 1 can be trapped by activated olefins.[3] In contrast,
attempts to generate 1-methyl-1-azacyclohexa-2,3-diene (2)
did not furnish products that proved the existence of 2.
However, the intermediacy of its borane complex 3 has been
secured by the isolation of cycloadducts of 3 with furan and


styrene.[4] The liberation of the cephalosporins 4 proceeds
under astoundingly mild conditions and their interception,
even with nonactivated olefins and acetylenes, takes place
with high efficiency.[6]


Isopyridines of types 5 and 6 have been postulated by
Shevlin et al.[5] as intermediates in reaction sequences that
start with the addition of carbon atoms onto the respective
pyrroles. The structure of the products as well as preliminary
quantum-chemical calculations support the dipolar nature of
5 and 6, namely, the zwitterions 5b and 6b are more likely to
be the ground state than the allenes 5a and 6a.[5] More
recently, Yavari et al.[7] have theoretically studied the zwitter-
ionic form 6b and the triplet diradical 36c, but did not
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consider more closely the allene form 6a and the singlet
diradical 16c. The possible intervention of derivatives of 3�2-
1H-quinoline (8) in the thermolysis of 1-(2-amino-5-chloro-
phenyl)propargyl carboxylates has recently been advanced by
Frey et al.[8]


Herein, we report the generation of 1-methyl-3�2-1H-
quinoline (7). Since the consecutive products of 7 were
surprising, we carried out a computational study of the parent
heterocycle 8. To assess the effect of the benzo group of 8, we
included the isopyridine 6 in our calculations, the principal
goal of which was to answer the question as to the ground
state of these species, whether they are allenes (6a, 8a) or
zwitterions (6b, 8b). We have recently shown that, to
understand the nature of systems with a strained allene
moiety, the calculation of the respective global energy
minimum alone is not sufficient and the electronic structures
of the ground and the first excited state for the planar
geometry have to be taken into account as well.[9] Thus, a
second objective was the determination of the energetic
distance of 6a and 8a as well 6b and 8b from the singlet
diradical states 6c and 8c, respectively.
Regarding experiment and theory, the present work


expands our previous one, in which we investigated the oxa
and carba analogues of 5 ± 8 (O or CH2 instead of NR, see
compounds 14 and 18 in Figure 4).[9] In this context, the
present work also aims at a detailed understanding of the
factors that govern the electronic and geometric structures in
6 and 8 as compared to 14 and 18. Based on our model, we are
able to present a complete picture of the differences that arise
from benzannulation and heteroatom substitution.


Results and Discussion


Generation and interception of 1-methyl-3�2-1H-quinoline
(7): On treatment of 3-bromo-2H-chromene with potassium
tert-butoxide (KOtBu) in the presence of activated olefins, we
recently obtained cycloadducts of 3�2-chromene (2,3-didehy-
dro-2H-1-benzopyran, 12),[10] the oxa analogue of 7 and 8.
This encouraged us to test whether 7 can be generated by the
same procedure, particularly because 3-bromo-1-methyl-1,2-
dihydroquinoline (9), the starting material, is a known


compound.[11, 12] However, the reaction of 9, dissolved in
furan or styrene, with KOtBu in the presence of [18]crown-6
did not furnish any product that arose by participation of
furan or styrene. After the usual workup, the result was a
mixture of 1-methyl-1,2-dihydroquinoline (10) and 1-methyl-
2-quinolone (11) as the major components in a 1:2 ratio
(Scheme 1). A similar mixture was formed when the reaction
was carried out in THF as the solvent in the absence of furan
and styrene. In this case, 9 was consumed at an appreciable
rate, even in the absence of [18]crown-6. To characterise 10


Scheme 1.


and 11, we prepared these compounds by known routes[13, 14]


and completely assigned their 1H and 13C NMR spectra.
When 12 was generated in the absence of activated olefins,


the acetal 13 resulted with high efficiency. Obviously, tert-
butoxide added to the allene terminus of 12 that carries the
oxygen atom (Scheme 2).[10] The liberation of 3�2-pyran (14),


Scheme 2.


the monocycle related to 12, from 3-bromo-4H-pyran by
KOtBu yielded 4-tert-butoxy-4H-pyran (15) as the only
identified product, regardless of whether activated olefins
were present or not (Scheme 2).[9] Again, the nucleophile
attacked an allene terminus.
These findings made us assume that the desired cyclic


allene 7 had formed from 9 by � elimination of hydrogen
bromide and was rapidly trapped by KOtBu to give the N,O-
acetal 17 eventually (Scheme 3). In that case, furan and
styrene would have been inferior compared to the nucleophile
in competition for 7. Grignon-Dubois and Meola[14] have
mentioned 17, but did not characterise it. They gave a
plausible postulation of the formation of 17 on treatment of
N-methylquinolinium iodide (16) with KOtBu and took
advantage of its sensitivity towards molecular oxygen to
prepare the quinolone 11. We repeated this experiment with
THF as the solvent, filtered the complete mixture through
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Scheme 3.


basic Al2O3 (activity IV) and obtained 10 and 11 in a 1.0:1.3
ratio. When we performed the reaction in [D6]DMSO and
immediately thereafter recorded the 1H and 13C NMR spectra
of the mixture, they each exhibited one set of signals, which
match perfectly with the structure of 17. Moreover, the
1HNMR spectrum of themixture measured immediately after
combining 9 and KOtBu in [D8]THF exhibited only one set of
signals, which we also ascribe to 17. In view of the different
solvents in which the 1H NMR spectra have been determined,
the chemical shifts of the products formed from 9 ([D8]THF)
and 16 ([D6]DMSO) are in excellent agreement, and hence
the products are the same, namely 17.
The transformation of 17 to 10 and 11 apparently occurs


when a hydrolytic workup is performed. Under these con-
ditions, the tert-butoxy group is probably replaced by a
hydroxy group and the resulting pseudo-base undergoes the
redox process to afford 10 and 11. Disproportionations of that
kind are well-known.[15] The fact that the above product
mixtures contained invariably more 11 than 10 is readily
explained by the susceptibility of the latter to autoxidation,
which is the key of the efficient preparation of 2-quinolones
and related compounds from quinolinium salts and KOtBu
and exposure of the resulting N,O-acetals to air.[14]


Thus, the formation of 10 and 11 on treatment of 9 with
KOtBu clearly supports the intermediacy of the cyclic allene 7.
However, cycloadditions of 7 onto activated olefins do not
proceed under these conditions since KOtBu traps 7 much
more efficiently. The high sensitivity toward this nucleophile
as well as the site of attack are evidence for a ground state of 7
that is strongly polar if not entirely zwitterionic (7b) in nature.
Six-membered cyclic allenes that definitely or presumably
have a chiral ground state are attacked by nucleophiles at the
central carbon atom of the allene moiety: cyclohexa-1,2-
diene, 1,1-dimethyl-3�2-1H-naphthalene[1] (1, R�C6H5),[3a]


1-oxacyclohexa-3,4-diene[16] and 3�2-1H-naphthalene.[17]


However, if the ground state is zwitterionic, as calculations
demonstrate for 14 in solution, that is 14b,[9] or if the
zwitterionic state is only a few kcalmol�1 less stable than the
chiral state, as in the case of 12 (energy difference of
3.2 kcalmol�1 in solution),[9] KOtBu interacts with an allene
terminus exclusively (Scheme 2). This is readily explained
since these steps can be considered as an addition to a quasi-
carbonyl group (12b) and as conjugated addition to an �,�-
unsaturated quasi-carbonyl compound (14b). Such a situation


is already approximated in 1-oxacyclohexa-2,3-diene, the
dihydro derivative of 14, which clearly should have a chiral
ground state, but is attacked by KOtBu[18] and enolates[19]


either at the central or a terminal allene atom. By analogy,
these findings support the ground state of 7 to be rather polar,
and this is indeed corroborated by the calculations presented
below.
We recently reported that cycloadducts of 2 with activated


olefins could not be obtained. However, if the lone pair of the
nitrogen atom of 2 was withdrawn from service, as in the
borane complex 3, cycloadditions became feasible.[4] This
recipe could not be applied to 7, since it is too weak a base to
bind borane.


Computational details : For a reliable description of systems
which possess diradical character, a multireference treatment
is essential in most cases. Since the planar diradical species
appeared to be important for the understanding of the
chemistry of cyclic allenes,[9] MR-CI and CASPT2 single-
point energy calculations were employed in the present work.
The geometric parameters of the stationary points were
optimised with analytical gradients of the complete active
space SCF (CASSCF) method and of the density functional
theory (DFT). To obtain the minima of a given multiplicity,
we performed optimisations without symmetry constraints.
The geometric parameters of the planar singlet species were
optimised with Cs symmetry constraints.
For the geometry optimisations that employed DFT


methods, we used the B88 or B3 exchange expressions[20, 21, 22]


in combination with the correlation functionals by Lee, Yang
and Parr (LYP).[23] The unrestricted ansatz was used for all
DFT computations. The singlet diradical species were calcu-
lated and their structures optimised with broken-spin sym-
metry determinants. Although the DFT methodology em-
ployed in the present work is a single reference method, it has
proven to be capable of describing the geometries of diradical
systems similar to 6 and 8 in our previous work.[9] Never-
theless, a careful validation of the used functional and basis set
against reliable multireference treatments is required from
case to case. In this work, MR-CI and CASPT2 results from 6
were used to check the validity of the present DFT approach.
The nature of the various stationary points was analysed by
calculation of the DFT harmonic frequencies. The vibrational
analysis at the DFT level was also utilised to determine the
thermal corrections necessary for obtaining the enthalpy
values. All DFT calculations were performed with the
Gaussian98 program package.[24]


A comparison of different choices for the active space in the
CAS treatment showed that an adequate description in Cs
symmetry (compounds 6b and 6c) includes the three occu-
pied a�� (�) orbitals with the corresponding number of virtual
orbitals and the nonbonding a� (�) orbital mainly located at
the central allene carbon, thus defining an [8,7]-CASSCF
method. The active space for the C1-symmetrical species 6a
was chosen as the three highest occupied and three lowest
unoccupied molecular orbitals (MOs) of the a irreducible
representation, leading to a [6,6] active space. The CASPT2
single-point energy calculations utilised [6,6]-CASSCF wave
functions as a reference. The CASSCF as well as the CASPT2
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calculations were performed with the MOLCAS program
package.[25]


The MR-CI approach used in this study is based on an
individually selecting multireference CISD algorithm[26] to
reduce the dimension of the CI eigenvalue problem. The
contribution of the configurational state functions neglected
in the CI procedure was taken into account by the Buenker ±
Peyerimhoff extrapolation scheme.[27, 28] The influence of
higher excitations was estimated by the normalised form of
the usual Davidson correction.[29] In the following, these
calculations are abbreviated as MR-CI�Q. They were
performed with the DIESEL-CI program package[30] and
utilised the orbitals obtained from a [6,6]-CASSCF calcula-
tion. Thermal corrections were obtained from DFT
(UB3LYP/cc-pVDZ) frequency calculations.
For the CASPT2 and the MR-CI calculations, we employed


the cc-pVDZ basis set of Dunning.[31] Geometry optimisations
were performed with the cc-pVDZ or 6-31G(d) basis sets.
While a multireference approach is necessary for an


accurate computation of the energetics, a qualitative descrip-
tion of the electronic situation can already be obtained on the
basis of less sophisticated treatments. This can be seen from
the orbitals resulting from the CASSCF and the DFT
calculations, which do not differ significantly. This shows that
the electron densities provided by the various treatments are
qualitatively equal. Consequently, the natural resonance
theory (NRT)[32] analysis based on the DFT result was
employed to obtain qualitative insights into electron-density
distributions.


Calculations of 3�2-1H-pyridine (6): The optimised geome-
tries of allene 6a, the zwitterion 6b, and the singlet diradical
16c are depicted in Figure 1. The [6,6]-CASSCF calculation
predicts an unsymmetrical species 6a as global minimum. The
average of its dihedral angles C1-C2-C3-H3 and C3-C2-C1-
H1 (see Figure 1 for the numbering of atoms) is 159� and the
angle at the central allene carbon atom is 122�, indicating a
highly strained allenic structure. In contrast, DFT calculations
result in a geometry much closer to the planar arrangement,


which possesses no allene character. The deviations from
planarity are very small in the case of BLYP computations
(average of the above dihedral angles� 171�) and even
negligible according to the B3LYP result. We assume that
the deviation from planarity obtained with the BLYP func-
tional is a symmetry-breaking effect, which is why this
geometry was not considered any further. At the CASPT2
level, single-point calculations favour the planar structure
over the allenic one by 1 ± 2 kcalmol�1. Since CASPT2
calculations represent a more sophisticated approach than
the CASSCF method, the allenic structure can be ruled out as
energy minimum of 6 in the ground state. On the basis of this
finding, structure 6a seems to be an artefact and only
represents a minimum if dynamic correlation effects are
neglected. Obviously, in the case of the ground state of 6,
which has a closed-shell single-determinant nature, the DFT
methods perform better than CASSCF calculations, since they
offer a more balanced description of dynamic and non-
dynamic correlation effects. The results of the CASSCF and
DFT calculations are in much better agreement for the species
6b and 6c, where the larger [8,7] active space could be used.
In general, the geometries optimised with DFT methods gave
lower absolute single-point energies at the CASPT2 level, and
we will focus on these structures in the following.
Thus, in accordance with previous studies,[5, 7] we find the


zwitterion 6b to be the equilibrium structure of 3�2-1H-
pyridine (6) in the ground state. The striking structural feature
of 6b is the small magnitude of the angle C1-C2-C3 (�111�),
which originates from the electronic repulsion of the lone pair
in a � orbital at C2 and the neighbouring C�C bonds. This
™chemically∫ intuitive representation of the electronic struc-
ture is corroborated by the analysis of the frontier orbitals
(Figure 2) and the strongly dominating configuration of the CI
expansion (coefficient 0.967) (Table 1): the electronic state is
of 1A� symmetry, with the non-bonding � orbital 18a� being the
HOMO and three occupied a�� orbitals constituting a pos-
itively charged aromatic � system. This shows that the p
orbital of the nitrogen atom arranged perpendicularly to the
molecular plane is integrated into the ring � system.
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Figure 1. Optimised C�C and C�N bond lengths [ä] and bond angles [�] computed for the isopyridine 6. From bottom to top, the values given were obtained
by CASSCF/cc-pVDZ, BLYP/cc-pVDZ and B3LYP/cc-pVDZ . [a] No stationary point on the 1A surface was located with B3LYP/cc-pVDZ; [b] [6,6]-
CASSCF; [c] [8,7]-CASSCF.
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Figure 2. Frontier orbitals (FO) of different states of the isopyridine 6.


The partial atomic charges obtained from a Natural
Population Analysis (C1: �0.029; C2: �0.317; C3: �0.205)
indicate that the ™central allene∫ carbon atom C2 is, in fact, a
nucleophilic centre. This is in contrast with the prototypical
allene moiety with an electrophilic central allene carbon
atom–a situation that is also found in strained carbocyclic
allenes, such as 1,2-cyclohexadiene or 1,2,4-cyclohexatriene
(isobenzene 18, see Figure 4).[9]


The first excited singlet state of 6 in the planar arrangement
is of 1A�� symmetry and corresponds to the �,� diradical 16c.
The strongly dominating configuration in the CI expansion
shows that it results from the excitation of an electron from
the non-bonding � orbital (18a�) into an antibonding MO
(4a��) of the cyclic �-electron system (Figure 2), which now
hosts seven electrons. As expected for this unfavourable
electronic situation, all theoretical approaches predict this
species to lie significantly higher in energy than 6b (Table 2).


At theMR-CI�Q level, 16c is calculated to lie 23.9 kcalmol�1


(1.04 eV) above 6b, while the CASPT2 calculation yields a
relative energy of �19.1 kcalmol�1 (0.83 eV). The corre-
sponding triplet diradical 36 c is computed to be 27.3 (MR-
CI�Q) and 21.3 (CASPT2) kcalmol�1 higher in energy than
6b. Yavari et al.[7] have reported a relative energy for 36c of
�37.9 kcalmol�1 at the QCISD/6-31G(d)//HF/6-31G(d) level.
The optimised singlet and triplet diradical structures 6c are
virtually identical. Most notably, the angle C1-C2-C3 is
calculated to be �127� and is thus significantly larger than
in the zwitterionic structure 6b (Figure 1). This larger value is
in agreement with the much smaller electronic repulsion in 6c
as compared to 6b, since the � orbital is only singly occupied.


The results of the DFT meth-
ods (B3LYP/BLYP) for the rel-
ative energies of the diradical
states are in remarkably good
agreement with the ab initio
approaches: 16c: �23.0/24.8, 36c:
�23.7/25.0 kcalmol�1. Table 2
also contains values for ��H298


and ��G298 calculated at the
B3LYP level of theory. These
results indicate that thermal and
entropic effects cause only a
slight stabilisation of the dirad-
ical states by 1 ± 2 kcalmol�1 .
Relative free energies ��G298


may also be estimated by adding the free energy corrections
obtained from DFT calculations to the electronic energies
resulting from the MR-CI�Q approach. On this scale, the
diradical minima are predicted to lie 22.8 (16c) and 24.9
(36c) kcalmol�1 above the zwitterion 6b.


Calculations of 3�2-1H-quinoline (8) and explanation of the
reactivity of its N-methyl derivative (7): Since the DFT
approaches gave results in fair agreement with the more
sophisticated ab initio methods and we were mainly interested
in the qualitative changes of the electronic structure that arise
from benzannulation, only the DFT methods were utilised for
the investigation of the quinoline 8.
The optimised geometries of the allenic form 8a, the


zwitterion 8b and the diradical 18c were calculated by the
B3LYP method and are presented in Figure 3. In contrast to
the situation of the isopyridine 6, the ground state equilibrium
structure of 8 possesses some allene character (8a), as is
apparent from the average of the dihedral angles C1-C2-C3-
H3 and C3-C2-C1-H1 of 166�, the rather short bonds C1�C2
(1.380 ä) and C2�C3 (1.378 ä) and the relatively large angle
C1-C2-C3 of 117� (see Figure 3 for the numbering of atoms).
The length of the bond C4�C5 (1.425 ä) is increased with
respect to the corresponding bond in 6 (1.385 ä), which is a
consequence of the aromatic delocalisation of the � bond in 8.
For the planar arrangement (Cs symmetry), we have consid-
ered the zwitterionic and diradical states as for the isopyridine
6. The calculation of the harmonic frequencies characterised
the zwitterion 8b as a saddle point of first order, which serves
as transition state for the racemisation of the allene species.
The geometrical parameters of the diradical 8c show trends
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Table 1. Dominating configurations of the CI expansion for three stationary points of the isopyridine 6.


Stationary point Symmetry, State Configuration Coefficient


6b Cs, 1A� � (1a�)2 . . . (18a�)2; (1a��)2 (2a��)2 (3a��)2� 0.9673
� (1a�)2 . . . (18a�)2; (1a��)2 (2a��)2 (4a��)2� � 0.1629
� (1a�)2 . . . (18a�)2; (1a��)2 (3a��)2 (5a��)2� � 0.1235
� (1a�)2 . . . (18a�)2; (1a��)2 (2a��)1 (3a��)1 (4a��)1 (5a��)1� 0.1139


6c Cs, 1A�� � (1a�)2 . . . (17�)2 (18a�)1; (1a��)2 (2a��)2 (3a��)2 (4a��)1� 0.9732
� (1a�)2 . . . (17�)2 (18a�)1 ; (1a��)2 (2a��)2 (4a��)1 (5a��)2� � 0.1293
� (1a�)2 . . . (17�)2 (18a�)1; (1a��)2 (2a��)2 (3a��)1 (4a��)1 (5a��)1� 0.1255
� (1a�)2 . . . (17�)2 (18a�)1 ; (1a��)2 (2a��)1 (3a��)2 (4a��)1 (6a��)1� 0.1067


6c Cs, 3A�� � (1a�)2 . . . (17�)2 (18a�)1; (1a��)2 (2a��)2 (3a��)2 (4a��)1� 0.9918
� (1a�)2 . . . (17�)2 (18a�)1 ; (1a��)2 (2a��)2 (4a��)1 (5a��)2� � 0.1277


Table 2. Relative energies [kcalmol�1] for various states of isopyridine 6,
as calculated by different methods.


Method 6a 6b 16c 36c


B3LYP/cc-pVDZ ± 0 � 23.0 � 23.7
BLYP/cc-pVDZ � 0.4 0 � 24.8 � 25.0
MR-CI�Q/cc-pVDZ//DFT[a] ± 0 � 23.9 � 27.3
CASPT2/cc-pVDZ//DFT[a] ± 0 � 19.1 � 21.3
CASPT2/cc-pVDZ//CASSCF[b] � 1.3 0 � 20.2 � 21.8
Thermochemistry:
B3LYP/cc-pVDZ: ��H298 ± 0 � 21.4 � 22.1
B3LYP/cc-pVDZ: ��G298 ± 0 � 22.0 � 21.3
[a] B3LYP/cc-pVDZ. [b] See text.
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analogous to those of the isopyridine state 6c and will not be
discussed further.
The calculated relative energies of the different stationary


points of 8 are summarised in Table 3. According to these
data, the allene 8a is the most stable species, which will,
however, undergo a quick racemisation through the zwitter-


ion 8b with a barrier of about 1 ± 3 kcalmol�1. Thus, compared
with the isopyridine 6, benzannulation in 8 stabilises the
allene form relative to the zwitterion. This can probably be
attributed to the increased length of the C4 ±C5 bond, which
effectively increases the length of the tether across the allene
termini and thereby reduces the ring strain in 8a. Interest-
ingly, the diradical 18c is calculated to lie only 14 ±
18 kcalmol�1 above the zwitterion 8b. The comparison with
the parent diradical 6c shows that the gap between the ground
and the first excited singlet state is reduced by 7 ± 9 kcalmol�1.
The same effect is calculated for the triplet diradical. Since the
change of the geometric parameters on going from 8b to 8c is
similar to that on going from 6b to 6c, electronic factors are
likely to cause this difference in the energy gaps between
zwitterionic and diradical structures. The possible nature of
these factors will be discussed below.
A resemblance of the energies of the allene 8a and the


zwitterion 8b, which should also hold for the N-methyl
derivative 7, has already been calculated for the pyran 14 and
was taken there as the reason for the rapid reaction with
KOtBu and the attack of the latter at an allene terminus.[9] The
arguments advanced there should also apply to the formation
of 17 from 7, even in the presence of furan or styrene. As in the
case of 6 (Figure 2), the LUMO of 7 should have large
coefficients in positions 2 and 4 of the quinoline system (C1


and C3 in Figure 3). Therefore, the attack of KOtBu at the
allene terminus next to the nitrogen atom is not astounding,
giving rise to 17 eventually. In other words, the reactivity of 7
towards nucleophiles is obviously similar to that of quinoli-
nium salts, such as 16. In this respect, 7 and the chromene 12
show the same behaviour. However, in the case of 12, furan
and styrene react faster than KOtBu and furnish cyclo-
adducts.[10] On the basis of the calculations, the different
sensitivity of these intermediates towards nucleophiles may
be caused by different relative energies of the allene
structures and the zwitterions, which represent the transition
states for the racemisation of the allene enantiomers. The
smaller this difference is, the greater should be the zwitter-
ionic character of the allene ground state. Whereas the free
energy difference of 12a and 12b in solution amounts to
�3 kcalmol�1,[9] that of 8a and 8b in the gas phase is only
�1 kcalmol�1 (Table 3) and most probably the zwitterion 8b
will become the global minimum in a polar solution.


Comparison of the isopyridine 6 with the pyran 14 and the
isobenzene 18 : The free energies of the different states of the
isopyridine 6 are compared with those of two isoelectronic
species, namely the pyran 14 and the isobenzene 18, which
have recently been investigated by means of MR-CI, CASPT2
and DFT methods,[9] in Figure 4. The variations in the
electronic structures of these species can be best understood,
when the nature of the electronic ground state S0 and the first
excited singlet state S1 for the planar arrangement (Cs
symmetry) are analysed.
Regarding their zwitterionic states 6b and 14b, respective-


ly, 6 and 14 exhibit closely related structural and electronic
features. In the planar arrangement, the zwitterionic 1A� state
represents the electronic ground state of both species.
However, 14b serves as the transition state for the racemi-
sation of the allene state and is calculated to lie 1.0 kcalmol�1


above the latter. The question arises as to why in the case of 6,
6b is more stable than the allene structure 6a. A qualitative
explanation to this question is offered by an analysis of the
electron densities, calculated by the DFTmethod, by means of
the Natural Resonance Theory (Table 4). Accordingly, the
two Kekule¬ forms, which localise the formal positive charge at
the heteroatom, are the dominating resonance structures of
6b, summing up to 35% weight. In 14b, however, these
structures contribute only 22% to the resonance hybrid.[9]
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Table 3. Relative energies [kcalmol�1] for various states of quinoline 8, as
calculated by DFT methods.


Method 8a 8b[a] 18c 38c


B3LYP/6 ± 31G(d) 0 � 1.3 � 14.4 � 15.4
BLYP/6 ± 31G(d) 0 � 2.7 � 17.7 � 18.0
thermochemistry:
B3LYP/6 ± 31G(d): ��H298 0 � 0.8 � 14.9 � 14.2
B3LYP/6 ± 31G(d): ��G298 0 � 1.4 � 14.8 � 13.2
[a] Transition state.


Figure 3. Optimised C�C and C�N bond lengths [ä] and bond angles [�] computed [B3LYP/6 ± 31G(d)] for various stationary points of 3�2-1H-quinoline
(8).
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These findings mirror the chemical experience that nitrogen,
being less electronegative than oxygen, is the better � donor
and thus provides greater stabilisation of the zwitterion.
As can be seen from the CI wavefunctions discussed above


(Table 1), the most important configurations in the CI
expansions arise from the differential occupation of two
MOs, the non-bonding � orbital (18a� in 6b/6c) and the first
antibonding �* orbital (4a�� in 6b/6c, Figure 2). A clear
picture of the electronic structure is provided by the simplest
CI approximation to the electronic structure of this system, in
which only the three lowest-lying singlet configurations and
the lowest-lying triplet configuration are taken into account.
They can be constructed from the different occupations of the
above-mentioned non-bonding � orbital and first antibonding
�* orbital with two electrons. These four configurations have
been previously analysed for the general case of a planarised
and bent allene.[1, 33] The situation here, where the two critical
MOs do not interact as a result of the symmetry but differ in
their energy, is usually discussed in the general formalism of
heterosymmetric diradicaloids.[34] Which electronic state is
lowest in energy depends on the electronegativity difference
between the two orbitals � and �*, a measure of which is the


energy difference between the
configurations �2 and �*2. Ow-
ing to its higher s character, the
� orbital has the lower orbital
energy, favouring the zwitter-
ionic configuration �2. On the
other hand, electron repulsion
and the avoidance of charge
separation favours the diradical
configuration �1�*1. According
to the relative state energies
calculated for the isopyridine 6,
the zwitterionic state is the
ground state and the diradical
corresponds to the first excited
singlet state. Such systems are
classified as strongly hetero-
symmetric diradicaloids.[34] The
underlying reason for this elec-
tronic situation stems from the
shape of the frontier orbitals as
the �* orbital has a strong
antibonding and hence desta-
bilising contribution from the
nitrogen atom. The weaker the
destabilisation of the �* orbital,


the smaller will be the energy gap between the zwitterionic
and the diradical state, and vice versa.
From this, the differences in the energy gaps between 6b/6c


and 8b/8c can be understood. As to the planar structure of the
quinoline 8, the �* orbital should be stabilised with respect to
the � orbital, as compared to the situation in 6b/6c, since it is
delocalised into the benzo subunit, whereas such an effect
should not be possible for the � orbital. This is corroborated
by the calculated energy difference between the �* and the �
orbital of 3.42 and 3.26 eV for 36c and 38c, respectively, at the
B3LYP/6-31G(d) level. As a consequence, the calculated
energy gap between the zwitterionic and the diradical state is
significantly reduced by almost 10 kcalmol�1 in 8 (Table 3) as
compared to 6 (Table 2).
The correlation of the relative state energies with the


relative energies of the �* orbital and the � orbital is
becoming even clearer, when the isoelectronic systems 14 and
18 are considered (Figure 4).[9] Similar to 6, the pyran 14 is a
strongly heterosymmetric diradicaloid, characterised by a
closed-shell, zwitterionic electronic ground state for the
planar geometry. However, the destabilising contribution of
the oxygen atom to the �* orbital is less pronounced as it is
obvious from the energy difference between the �* and the �
orbital at the B3LYP/6-31G(d) level in the triplet diradicals,
which is only 2.99 eV in 314c but 3.42 eV in 36c. This agrees
with the qualitative notion that oxygen is a poorer � donor
than nitrogen, and thus its contributions to the bonding and
antibonding �-frontier orbitals are smaller. In agreement with
these arguments, the energy gap between the zwitterionic and
the S1 diradical state is smaller by �10 kcalmol�1 in 14 as
compared to 6. The most intriguing species, however, is the
isobenzene 18. Owing to the membership of the methylene
group within the ring, the antibonding character of the �*
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Figure 4. Comparison of the relative state energies of the isopyridine 6 (this work) with those of the isobenzene
18 and pyran 14 (taken from ref. [9]). Relative�G298 values were obtained by adding the thermal corrections from
a DFT vibrational analysis to the MR-CI�Q calculated electronic energies.


Table 4. Natural resonance theory (NRT) analysis of the minimum
structures 6b and 14b (Cs, 1A�) of the isopyridine 6 and the pyran 14,
respectively.


X�NH (6b)[a] 18% 17% 14% 7% 5%
X�O (14b)[b] 11% 11% 21% 8% 6%


[a] This work. [b] Taken from reference [9].
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orbital is further reduced, as shown by the energy difference
of the �* and the � orbital of 1.60 eV in the triplet diradical. In
this case, commonly referred to as a weakly heterosymmetric
diradicaloid,[34] the state ordering is reversed and, at the
planar geometry, the diradical state (18c) represents the
ground state S0, whereas the zwitterion with the �2 config-
uration (18b) now dominates the S1 state.


Conclusion


The reactivity of the six-membered cyclic allenes towards
nucleophiles seems to be closely connected to the structure
associated with the global energy minimum. In the case of the
isobenzene 18 and its benzo derivative 3�2-1H-naphthalene,
the allene forms are by far the most stable structures.[9] Both
species can be trapped by activated olefins with formation of
cycloadducts,[35] even in the presence of KOtBu.[17, 36] Al-
though the zwitterionic state (12b) of the chromene 12
approaches the allene form (12a) to within a few kcalmol�1,[9]


the formation of cycloadducts is still the major process, in
spite of the presence of KOtBu.[10] However, the pyran 14[9]


and the quinoline 7 do not furnish any cycloadducts but only
products resulting from the interception by KOtBu. If the
energetics of 8 can be applied to theN-methyl derivative 7, the
free energy difference between allene form 7a and the
zwitterion 7b amounts only to �1 kcalmol�1 in the gas phase.
Such a small preference of the allene form (14a) over the
zwitterion (14b) was also calculated for the pyran 14.[9] On
consideration of the solvent effect, the zwitterion 14b is even
the more stable form in solution,[9] which may be valid for 7b
as well. Thus, the high polarity of the ground state seems to be
in agreement with a particular sensitivity towards the KOtBu.
Whether this property is accompanied by a low reactivity
towards activated olefins is an open question, which could be
answered by the generation of 7 and 14 in the absence of
KOtBu. However, there is no promising method to reach that
goal. This is also true for the N-methylisopyridine 5, the
intermediacy of which was supported by experimental evi-
dence,[5b] but under conditions that are unsuitable for a test to
prove whether or not 5 can be intercepted by an activated
olefin or not.


Experimental Section


NMR measurements : Bruker AC200 and DMX600 instruments were used.
Solvent signals were taken as internal standards.


3-Bromo-1-methylquinolinium iodide : This salt was prepared according to
Kreevoy et al.[11] Since virtually no NMR spectroscopic data are published,
we report them here: 1H NMR [600 MHz, (CD3)2SO]: �� 4.63 (br s, 3H;
CH3), 8.09 (ddd, J5,6� 8.1, J6,7� 7.0, J6,8� 0.8 Hz, 1H; H6), 8.30 (ddd, J7,8�
8.9, J6,7� 7.0, J5,7� 1.4 Hz, 1H; H7), 8.40 (dm, J5,6� 8.1 Hz, 1H; H5), 8.51
(dm, J7,8� 8.9 Hz, 1H; H8), 9.65 (brdd, J2,4� 1.9 Hz, 1H; H4), 9.91 ppm
(brdd, J2,4� 1.9 Hz, 1H; H2); the assignment is based on H,H COSY and
NOESYexperiments [NOEs inter alia between following signal pairs: 4.63
(CH3) ± 8.51 (H8), 4.63 (CH3) ± 9.91 (H2), 8.40 (H5) ± 9.65 (H4)]; 13C NMR
[151 MHz, (CD3)2SO]: �� 45.3 (CH3), 114.4 (C3), 119.2 (C8), 129.48 (C5),
129.52 (C4a), 130.7 (C6), 135.6 (C7), 137.1 (C8a), 148.0 (C4), 151.3 ppm
(C2); the assignment is based on a C,H COSY experiment.


3-Bromo-1-methyl-1,2-dihydroquinoline (9): The published procedure[12]


was scaled up and modified. Lithium aluminium hydride (1.10 g,
29.0 mmol) was added in small portions to a stirred suspension of
3-bromo-1-methylquinolinium iodide (10.0 g, 28.6 mmol) in anhydrous
diethyl ether (200 mL), kept at room temperature under nitrogen, within
1 h. Afterwards, cold water (0 �C, 270 mL) was cautiously added with
continued stirring. The layers were separated, the aqueous layer was
extracted with ether (3� 50 mL) and the combined organic layers were
dried with MgSO4 and concentrated in vacuo. The residual yellow oil was
filtered through basic Al2O3 (activity IV) with diethyl ether, and the solvent
was evaporated in vacuo to give 9 as an orange oil (5.76 g, 90%), which
could be stored under nitrogen at �30 �C over several weeks. 1H NMR
(600 MHz, CDCl3): �� 2.79 (s, 3H; CH3), 4.26 (d, J2,4� 1.6 Hz, 2H; H2),
6.53 (brd, J7,8� 8.2 Hz, 1H; H8), 6.70 (td, J5,6� J6,7� 7.4, J6,8� 0.9 Hz, 1H;
H6), 6.72 (br t, J2,4� 1.6 Hz, 1H; H4), 6.87 (dd, J5,6� 7.4, J5,7� 1.6 Hz, 1H;
H5), 7.16 ppm (� td, average of J6,7 and J7,8� 7.8 Hz, J5,7� 1.6 Hz, 1H; H7);
the assignment is based on H,H COSY and NOESY experiments [NOEs
inter alia between following signal pairs: 2.79 (CH3) ± 6.53 (H8), 6.72
(H4) ± 6.87 (H5)]. These data are in accord with the scant information
published.[11, 12] 13C NMR (151 MHz, CDCl3): �� 36.9 (CH3), 58.5 (C2),
110.0 (C8), 114.9 (C3), 117.4 (C6), 121.7 (C4a), 126.3 (C5), 128.4 (C4), 129.3
(C7), 143.8 ppm (C8a); the assignment is based on C,H COSYexperiment.


Treatment of 9 with KOtBu


Furan, styrene or THF as the solvent : KOtBu (700 mg, 6.24 mmol) was
added in small portions, under nitrogen, to a stirred solution of 9 (673 mg,
3.00 mmol) and [18]crown-6 (794 mg, 3.00 mmol) in furan (10 mL) at room
temperature within 5 min, whereby the mixture warmed and turned brown.
Stirring was continued for 2 h and then water (5 mL) was added to the
mixture. The layers were separated, the aqueous layer was extracted with
ether (3� 20 mL), then the combined organic layers were dried with
MgSO4 and concentrated in vacuo. As shown by a 1H NMR spectrum, the
residual dark oil contained 1-methyl-1,2-dihydroquinoline (10) and
1-methyl-2-quinolone (11) as major components in a ratio of 1:2. If styrene
or anhydrous THF was used as the solvent instead of furan, the result was
virtually the same. In the case of THF, 18-crown-6 was not added and the
yield was determined to be 16% by means of an internal standard.


[D8]THF as solvent, immediate analysis by 1H NMR spectroscopy : KOtBu
(55 mg, 0.49 mmol) was added to a solution of 9 (30.0 mg, 0.134 mmol) in
[D8]THF (0.7 mL) in an NMR tube. The 1H NMR spectrum recorded
immediately afterwards showed that 9 had been completely consumed and
that only one product had been formed, the signals of which are in perfect
agreement with the structure of 2-tert-butoxy-1-methyl-1,2-dihydroquino-
line (17). 1H NMR (200 MHz, [D8]THF): �� 1.23 [s, 9H; OC(CH3)3], 3.05
(s, 3H; NCH3), 5.38 (d, J2,3� 5.1 Hz, 1H; H2), 5.83 (dd, J3,4� 9.4, J2,3�
5.1 Hz, 1H; H3), 6.56 ± 6.74 (m, 3H; H4, H6, H8), 7.03 (d, J5,6� 7.4, 1H;
H5), 7.11 ppm (t, average of J6,7 and J7,8� 7.5 Hz, 1H; H7); since the
reaction mixture was analysed, the line width was not small enough for the
resolution of coupling constants over four bonds. The assignment is in
agreement with that of the signals of 10. After having been kept at room
temperature for two weeks, the sample gave a 1H NMR spectrum that
showed, as judged on the basis of N-CH3 signals (�� 3.00, 3.05, 3.09,
3.62 ppm), four major components, among them the quinolone 11 and still
17.


Treatment of 1-methylquinolinium iodide with KOtBu


THF as solvent, formation of 10 and 11 and conversion of the mixture into
pure 11: A suspension of 1-methylquinolinium iodide (5.00 g, 18.4 mmol)
and KOtBu (2.07 g, 18.4 mmol) in anhydrous THF (100 mL) was stirred
under nitrogen for 30 min at room temperature. Then the mixture was
filtered through basic Al2O3 (activity IV) with diethyl ether as the washing
solvent. The filtrate was concentrated in vacuo to give a brown oil (2.03 g),
which contained 10 and 11 as the major components in a ratio of 1.0:1.3. For
the oxidation of 10 to 11, a procedure of Grignon-Dubois and Meola,[14]


described for the conversion of N,O-acetals, such as 17, was utilised. Thus,
silica gel (5 g) was added to a solution of the brown oil in dichloromethane
and the surplus solvent was removed in a rotary evaporator. The silica gel
was exposed to air for 4 h and then extracted with acetone (100 mL).
Evaporation of the acetone in vacuo yielded 1-methyl-2-quinolone (11,
1.69 g, 58%) as a reddish brown solid. 1H NMR (600 MHz, CDCl3): ��
3.73 (s, 3H; CH3), 6.71 (d, J3,4� 9.5 Hz, 1H; H3), 7.24 (ddd, J5,6� 7.7, J6,7�
7.3, J6,8� 1.0 Hz, 1H; H6), 7.37 (brd, J7,8� 8.4 Hz, 1H; H8), 7.56 (brdd,
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J5,6� 7.7, J5,7� 1.4 Hz, 1H; H5), 7.57 (ddd, J7,8� 8.4, J6,7� 7.3, J5,7� 1.4 Hz,
1H; H7), 7.67 ppm (d, J3,4� 9.5 Hz, 1H; H4); the assignment is based on a
NOESYexperiment [NOE inter alia between the following signal pair: 3.73
(CH3) ± 7.37 (H8)]; 13C NMR (151 MHz, CDCl3): �� 29.4 (CH3), 114.1
(C8), 120.7 (C4a), 121.8 (C3), 122.1 (C6), 128.7 (C5), 130.6 (C7), 138.9 (C4),
140.1 (C8a), 162.3 ppm (C2); the assignment is based on C,H COSY
spectrum.
These 1H and 13C NMR data are in agreement with those in reference [14],
where the assignment is less specific, however. In addition, the 1H NMR
chemical shifts of reference [14] are systematically smaller by �0.3 ppm.
(CD3)2SO as the solvent, immediate analysis by NMR spectroscopy : KOtBu
(10 mg, 0.089 mmol) was added to a solution of 1-methylquinolinium
iodide (17.0 mg, 0.0627 mmol) in (CD3)2SO (0.7 mL) in an NMR tube. The
NMR spectra recorded immediately afterwards showed that the quinoli-
nium salt had been completely consumed and that only one product had
been formed. The 1H NMR spectrum is in agreement with that obtained
from product 17, prepared from 9. 1H NMR [200 MHz, (CD3)2SO]: �� 1.15
[s, 9H; OC(CH3)3], 2.92 (s, 3H; NCH3), 5.44 (d, J2,3� 4.4 Hz, 1H; H2), 5.73
(dd, J3,4� 9.6, J2,3� 4.4 Hz, 1H; H3), 6.27 (d, J3,4� 9.6, 1H; H4), 6.43 ± 6.53
(m, 2H; H6, H8), 6.91 (dd, J5,6� 7.5, J5,7� 1.5 Hz, 1H; H5), 7.01 ppm (� td,
average of J6,7 and J7,8� 7.7 Hz, J5,7� 1.5, 1H; H7); 13C NMR [50 MHz,
(CD3)2SO]: �� 31.3 (OC(CH3)3, 35.4 (NCH3), 66.9 (C2), 78.8 [OC(CH3)3],
110.6 (C8), 116.0 (C6), 120.1 (C4a), 123.1 (C3), 125.0 (C4), 126.6 (C5), 128.5
(C7), 142.3 ppm (C8a). The assignments of the signals in these spectra are
just guesses based on the data of 10.


1-Methyl-1,2-dihydroquinoline (10): The original procedure[13] was modi-
fied to resemble the preparation of 9. Thus from 1-methylquinolinium
iodide (3.00 g, 11.1 mmol), the product 10 (1.22g, 76%) was obtained as a
yellow oil, which was sensitive to air, but could be stored without
decomposing at �30 �C under nitrogen. 1H NMR (600 MHz, CDCl3): ��
2.74 (s, 3H; CH3), 4.00 (dd, J2,3� 3.9, J2,4� 1.9 Hz, 2H; H2), 5.79 (dt, J3,4�
9.8, J2,3� 3.9 Hz, 1H; H3), 6.32 (dt, J3,4� 9.8, J2,4� 1.9 Hz, 1H; H4), 6.47
(brd, J7,8� 7.8 Hz, 1H; H8), 6.60 (td, J5,6� J6,7� 7.4, J6,8� 1.1 Hz, 1H; H6),
6.84 (dd, J5,6� 7.4, J5,7� 1.6 Hz, 1H; H5), 7.05 ppm (� td, average of J6,7 and
J7,8� 7.6, J5,7� 1.6 Hz; H7); the assignment is based on H,H COSY and
NOESY experiments [NOEs inter alia between the following signal pairs:
2.74 (CH3) ± 6.47 (H8), 6.32 (H4) ± 6.84 (H5)]. The data published
previously[37] contain less information. 13C NMR (151 MHz, CDCl3): ��
37.1 (CH3), 51.7 (C2), 109.7 (C8), 117.0 (C6), 122.2 (C3), 122.3 (C4a), 126.5
(C5), 126.6 (C4), 128.9 (C7), 146.0 ppm (C8a); the assignment is based on a
C,H COSY spectrum.
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Synthesis, Structure, and Spectroscopy of Phenylacetylenylene Rods
Incorporating meso-Substituted Dipyrrin Ligands


Sara R. Halper and Seth M. Cohen*[a]


Abstract: The synthesis, structure, and
spectroscopic characterization of a ser-
ies of phenylacetylenylene rodlike mol-
ecules containing dipyrromethene (di-
pyrrin) ligands are described. The com-
bination of the phenylacetylenylene
groups with the porphyrinogenic dipyr-
rin moieties results in a rich absorption
spectroscopy for these compounds, al-
though the fluorescence of the phenyl-
acetylenylene moiety is quenched by


presence of the dipyrrin chelator. The
Cu2� and Fe3� complexes of these li-
gands have been prepared and three of
these compounds have been structurally
characterized by using single-crystal
X-ray diffraction. Unlike other octahe-


dral metal-dipyrrin complexes described
to date, one of the iron complexes
demonstrates ideal threefold symmetry
in the solid-state. The elongated struc-
ture and high symmetry of these com-
plexes suggests the use of these meso-
substituted phenylacetylenylene ligands
as an interesting class of extended,
branched molecules for the construction
of supramolecular architectures.


Keywords: copper ¥ iron ¥ ligand
design ¥ N ligands ¥ supramolecular
chemistry


Introduction


Rigid phenylacetylenylene building blocks have gathered
considerable attention for use in a variety of supramolecular
systems. Macrocyclic phenylacetylenylenes have been used to
prepare a number of liquid-crystalline materials,[1, 2] and
heteroatom-substituted systems have been synthesized to
generate several novel metal-binding macrocycles.[3]


Branched phenylacetylenylene-based molecules have been
described in the construction of light-harvesting dendrim-
ers[4±6] and decorating the surface of metal-cluster-based
dendrimers.[7] Smaller branched systems have been derivat-
ized with peripheral metal-binding groups to construct
molecular solids[8±10] and even to link together metal nano-
particles.[11, 12] These conjugated molecules have also been
tethered to surfaces for study as �molecular-scale wires�[13] and
surface-immobilized catalysts.[14, 15] Clearly, these investiga-
tions show that the phenylacetylenylene unit has found
widespread incorporation into various supramolecular sys-
tems.
Dipyrromethene (dipyrrin) ligands are aromatic, planar


ligand systems that are porphyrinogenic in nature.[16±20] The
dipyrrin ligand offers a number of desirable features for
utilization in supramolecular coordination chemistry includ-


ing relative ease of synthesis, intense optical absorptions, and
a propensity to form stable, neutral complexes with a variety
of metal ions. Previous efforts have taken advantage of these
properties by synthesizing both simple coordination com-
pounds and supramolecular clusters that are easily purified by
conventional silica flash chromatography.[21, 22] Earlier studies
by Dolphin and co-workers utilized �- and �- linked dipyrrins
for the synthesis of metallohelicates and metal-containing
cyclic trimers.[21, 22] These multinuclear complexes clearly
demonstrate the advantages of dipyrrin ligands as described
above, but the complexes described to date have been limited
to only a few different supramolecular topologies.[23, 24] In
contrast, the use of meso-substituted dipyrrins has the
advantage of allowing for the rational design of directional
bonding[24, 25] and exploration of new molecular architectures
with these intriguing ligand systems.
In an effort to exploit the phenylacetylenylene building


block motif and provide new compounds for the synthesis of
supramolecular structures, we have prepared a series ofmeso-
substituted dipyrrin ligands fused with a variety of phenyl-
acetylenylene backbones. The cupric and ferric metal com-
plexes of these ligands have been synthesized, and the
spectroscopic properties of these compounds have been
examined. The compounds prepared show that metal ions
can be used to spatially organize phenylacetylenylene units in
a defined stoichiometry. The highly symmetric architecture of
these complexes makes them excellent candidates for incor-
poration of transition-metal centers into many of the supra-
molecular systems where phenylacetylenylene-derived com-
pounds have found utility.
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Results and Discussion


Ligand synthesis : Three different approaches were envisaged
for the preparation of dipyrrin phenylacetylenylene ligands.
These three synthetic strategies are outlined in Scheme 1.
Method 1 begins first with the preparation of an arylhalide-
substituted dipyrrin that can be subsequently coupled to
phenylacetylenylene. Method 1 was abandoned due to the
difficulty involved in purifying the dipyrrin products via
column chromatography (vide infra). Method 2 involved the
preparation of an arylhalide-substituted dipyrromethane,
followed by Sonogashira coupling[26] to phenylacetylenylene,
and finally oxidation to the dipyrrin ligand.[17, 18] Although a
plausible route based on the large amounts of dipyrromethane
that could be prepared (despite the modest yield), repeated
attempts of the Sonogashira coupling were unsuccessful,
presumably due to an incompatibility with the dipyrrome-
thane moiety. Finally, method 3 was applied, which involves
the synthesis of a phenylacetylenylene-extended aldehyde
followed by subsequent preparation of the dipyrromethane
and the dipyrrin, respectively. Method 3 was found to be the
most efficient route to L1 and was subsequently applied to all
of the ligands described herein. This route provided good
yields for all of the intermediates, although the isolated yields
of the dipyrrin products remained relatively low. Scheme 2


shows the synthesis of a meta-substituted dipyrrin phenyl-
acetylenylene ligand (L2) that was also synthesized via a
phenylacetylenylene-substituted aldehyde prior to formation
of the dipyrrin. Scheme 3 shows the synthesis of two
�extended� ligands (L3, L4) that contain an additional phenyl-
acetylenylene unit relative to L1 and L2. The synthesis of these
extended ligands proceeds via an iodoarylaldehyde inter-
mediate that is ultimately converted to the dipyrrin ligand at
the end of the synthesis in a manner analogous to ligands L1


and L2 described above. All of the final dipyrrin ligands can be
isolated as yellow, glassy solids, however isolation of the
dipyrrins was not required for the synthesis of the desired
metal complexes. Indeed, synthesis of the metal complexes
was found to be more facile when prepared by a one-pot
reaction starting with the dipyrromethane precursors.[16±18]


Synthesis of metal complexes : Copper(��) and iron(���) com-
plexes of ligands L1 ±L4 were synthesized from solutions of
the ligand prepared in situ. This approach was used, as
purification of the free dipyrrin ligands was rather tedious,
while isolation of the metal complexes was found to be facile.
In addition, the free dipyrrin ligand could be isolated later by
demetalation methods (vide infra).[27, 28] In a typical reaction
(Scheme 4), the dipyrromethane precursor (2, 4, 8, 11) was
oxidized in ice cold CHCl3 by the addition of a benzene


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4661 ± 46694662


Scheme 1. Three synthetic routes investigated for the synthesis of dipyrrin L1. TFA� trifluoroacetic acid, DDQ� 2,3-dichloro-5,6-dicyanobenzoquinone,
TEA� triethylamine.
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Scheme 4. Synthesis of metal complexes from ligands L1 ±L4.


solution containing an equimolar amount of 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ). After the addition was com-
plete, partial removal of solvent, followed by addition of the
metal salt resulted in formation of the desired complexes as
judged by thin-layer chromatography. All of the metal


complexes were easily purified by flash silica chromatography,
where the compounds were followed as bright red bands on
the column. Subsequent isolation of the free ligands could be
obtained by treating the purified copper complexes
([Cu(LN)2]) with excess KCN in a �3:1 THF/water solution.
Subsequent removal of solvent and re-dissolution of the
resulting residue in CH2Cl2 was followed by several aqueous
washes resulting in isolation of the metal-free ligands (L1 ±
L4). A notable difference was found in the solubility of
complexes prepared with the �linear� ligands (L1, L3) versus
the �bent� ligand systems (L2, L4). The complexes [Cu(L2)2],
[Fe(L2)3], [Cu(L4)2], and [Fe(L4)3] were soluble in most
organic solvents including acetone, MeOH, EtOH, CH2Cl2,
CHCl3, benzene, pentane, hexanes, and diethylether. How-
ever, the linear ligand complexes [Cu(L1)2], [Fe(L1)3],
[Cu(L3)2], and [Fe(L3)3] were generally only soluble in
CH2Cl2, CHCl3, and benzene. Notably, the complex
[Cu(L3)2] after being purified by column chromatography,
using CHCl3 as solvent, became difficult to redissolve in all
solvents, including the aforementioned CH2Cl2, CHCl3, and
benzene. The reason for the low solubility of the �linear� ligand
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Scheme 2. Synthetic route for ligand L2.


Scheme 3. Synthetic route for ligands L3 and L4.
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complexes is unclear, but may be related to interligand
stacking and subsequent aggregation.


Structure : The structures of [Cu(L1)2], [Fe(L1)3], and [Fe(L3)3]
were determined by single-crystal X-ray diffraction methods
(Table 1). The crystals were produced by solvent diffusion


methods by using a solution of the metal complex into which
either hexanes or cyclohexane was slowly diffused. Like other
metal complexes based on dipyrrin ligands, the complexes
prepared here produced deeply colored crystals that appeared
either red and/or a lustrous deep green. The copper complex
[Cu(L1)2] displays the expected four-coordinate distorted
square-planar coordination geometry (Figure 1), with a twist
angle between the two dipyrrin planes of �46�. The Cu�N
bond lengths are all comparable at 1.942, 1.951, 1.947, and
1.943 ä. The phenylacetylenylene moieties lie out of the plane


of the dipyrrin chelating groups, as is typically found formeso-
substituted dipyrrins with aryl substituents in this posi-
tion.[16±18] The angle between the planes of the two aromatic
systems is 59� in one ligand and 55� in the other. The
phenylacetylenylene groups are essentially linear for both
ligands attached to the copper center.
The iron complex [Fe(L1)3] crystallized as small hexagons,


suggestive of a high-symmetry complex. Indeed, the metal
center displays a perfect octahedral coordination geometry
with the metal center occupying a special position in the
crystal lattice (Figure 2). The high symmetry of this complex


Figure 2. Structural diagram of [Fe(L1)3] with partial atom numbering
schemes (ORTEP, 50% probability ellipsoids). Hydrogen atoms and
disordered solvent have been omitted for clarity.


in the solid state is unlike similar octahedral complexes of �,�-
unsubstituted dipyrrins reported to date, where the geometry
at the metal center is typically distorted such that no threefold
axis is present.[16, 17] The idealized symmetry of the complex
generates a Fe�N distance of 1.959 ä and an interplane angle
between the dipyrrin and phenylacetylenylene � systems of
73�. Although the phenyl groups of each ligand are twisted
relative to one another, the phenylacetylenylene units are
overall linear in structure with no apparent bending along the
ligand axis. The rigid structure and high symmetry of this
complex suggests that appropriately substituted derivatives


may be very useful for prepar-
ing heterometallic honeycomb
framework molecular solids.[8, 9]


Crystals of the iron complex
[Fe(L3)3] were obtained as thin
hexagonal plates by slow evap-
oration from benzene. Al-
though this morphology was
suggestive of a high-symmetry
complex (vide supra), a struc-
ture from these crystals was not
achieved due to their extremely
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Table 1. Crystal data for [Cu(L1)2], [Fe(L1)3], and [Fe(L3)3].


[Cu(L1)2] [Fe(L1)3] [Fe(L3)3]


empirical formula C52H36N4Cu C75H51N6Fe C99H69N6Fe
crystal system triclinic rhombohedral monoclinic
space group P1≈ R3≈c P21/c
unit cell dimensions
a [ä] 9.378(1) 14.455(1) 28.896(2)
� [�] 104.721(2) 84.738(1) 90
b [ä] 13.821(1) 14.455(1) 15.122(1)
� [�] 99.250(2) 84.738(1) 91.484(1)
c [ä] 16.635(2) 14.455(1) 17.094(1)
� [�] 104.753(2) 84.738(1) 90
volume [ä3], Z 1957.2(3), 2 2984.2(2), 2 7466.7(8), 4
crystal size [mm] 0.21� 0.20� 0.20 0.34� 0.32� 0.12 0.48� 0.35� 0.03
temperature [K] 100(2) 100(2) 100(2)
reflections collected 16330 24747 45623
independent
reflections


8499 2298 16911


R(int) 0.0253 0.0326 0.0426
data/restraints/
parameters


8499/0/514 2298/0/119 16911/0/955


goodness-of-fit on F 2 1.034 1.075 1.023
final R
indices I� 2�(I)
R1 0.0518 0.0393 0.0510
wR2 0.1445 0.0999 0.1164
R indices (all data)
R1 0.0551 0.0497 0.0821
wR2 0.1477 0.1043 0.1292
largest peak/hole
difference [eä�3]


2.215/� 0.631 0.339/� 0.267 0.699/� 0.473


Figure 1. Structural diagram of [Cu(L1)2] with partial atom numbering schemes (ORTEP, 50% probability
ellipsoids). Hydrogen atoms and solvent have been omitted for clarity.
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thin dimension and fragility. Ultimately, the structure of
[Fe(L3)3] was determined from thin plates (which did not show
a hexagonal morphology), grown from solvent diffusion
methods. The structure shows the expected distorted octahe-
dral complex (Figure 3) lacking the perfect three-fold sym-
metry observed in [Fe(L1)3]. The average Fe�N bond length is
1.960 ä and the twist angles between the dipyrrin and phenyl
� systems for each ligand are 65�, 67�, and 84�. A notable
feature of the structure is the bending observed along the axis
of the coordinated ligands (Figure 3).


Figure 3. Structural diagram of [Fe(L3)3] (top) with partial atom number-
ing schemes (ORTEP, 50% probability ellipsoids). Structural diagram of
one ligand from [Fe(L3)3] (bottom) with partial atom numbering schemes
(ORTEP, 50% probability ellipsoids), showing the notable bending of the
phenylacetylenylene portion of the ligand. Hydrogen atoms and solvent
have been omitted for clarity.


A search of the Cambridge Structural Database[29] revealed
only 17 structures containing a linear (central para substitu-
tion) phenyl-acetylene-phenyl-acetylene-phenyl oligomer,
several of which demonstrated bending along the acetylene
axis. Surprisingly, of these 17 compounds only one was found
to be a metal complex; a thiol-terminated oligomer that was
appended to a tris(osmium) cluster.[30] As such, the system
reported here represents the first structurally characterized
metal complex that contains multiple, chelating ligands
appended with these extended molecular units.
Attempts to crystallize the complexes containing the


ligands L2 or L4 were not successful. The high solubility of
these complexes in a variety of organic solvents (vide supra)
precluded the use of solvent diffusion methods. Attempts to
grow crystals by slow evaporation always resulted in forma-
tion of thin films, never the desired crystalline materials.


Electrochemistry : The electrochemical behavior of the iron
complexes was examined by cyclic voltammetry. Similar to


previously reported iron ± dipyrrin compounds,[16] complexes
[Fe(LN)3] (N� 1, 2, 3, or 4) display quasireversible redox
couples centered around �1.152 V (�0.692 V versus SCE)
with an average �Ep value of 0.119 V for all four complexes.
Table 2 summarizes the individual electrochemical results for


each compound. Based on this data the phenylacetylenylene
moiety does not significantly contribute to the electrochem-
ical behavior of the metal center. The electrochemical
behavior of these complexes may serve as a useful tool to
examine the incorporation of these building blocks in supra-
molecular structures.


UV/Vis spectroscopy : The combination of the phenylacet-
ylenylene groups with the dipyrrin chelators provides these
ligands and the resulting metal complexes with a rich
absorption spectroscopy. Absorption spectra were collected
for all of the phenylacetylenylene-substituted aldehydes,
dipyrromethanes, dipyrrins, and metal complexes synthesized.
The absorption spectra of the aldehydes and dipyrromethanes
for each phenylacetylenylene system generally displayed
fairly similar broad, high energy transitions below 350 nm.
For example, compounds 3 and 4 had similar absorption
spectra with maxima at 282/298 nm and 284/302 nm, respec-
tively. These broad, intense features are assigned to � ±�*
transitions of the phenylacetylenylene systems.[5] Compounds
7 and 8 display the most significantly red-shifted spectra with
maxima at 338 nm and 324/346 nm, respectively. This is
consistent with the extended �-conjugation of this system
due to the para substitution pattern at the central benzene
ring.[5] Compounds 10 and 11 do not display this large red-
shift, indicating that the meta substitution pattern on the
central benzene ring disrupts the extended conjugation of the
� system. Upon oxidation with DDQ, all of the compounds
display a new absorption band centered around 435 nm, which
is ascribed to the � ±�* transition of the dipyrrin aromatic
system.[17, 18] In addition to the new band at 435 nm, dipyrrins
L1 and L4 display a second, less intense band centered at
342 nm for L1 and 332 nm for L4. This new band is not seen in
L2, but does appear to be present in L3, as a shoulder feature
of a more intense, higher energy absorption. These spectra
indicate that this transition only appears in dipyrrins where
the meso-phenyl group has para versus meta substitution, and
that the feature is not solely due to the formation of a dipyrrin
moiety. Additionally, this transition is affected by the
coordination of metal ions. In the copper and iron complexes
of L1 this band becomes better defined and shifts to slightly
lower energy at 356 and 348 nm, respectively (Figure 4). In
the complex [Cu(L4)2] this band shifts to lower energy at 354
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Table 2. Electrochemical data for [Fe(L1)3], [Fe(L2)3], [Fe(L3)3], and
[Fe(L4)3].


Compound Potential versus
Fc [V]


Potential versus
SCE [V]


�Ep [V]


[Fe(L1)3] � 1.156 � 0.697 0.105
[Fe(L2)3] � 1.147 � 0.687 0.086
[Fe(L3)3] � 1.155 � 0.695 0.145
[Fe(L4)3] � 1.150 � 0.690 0.140
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Figure 4. UV/Vis spectra for dipyrrin-metal complexes ([Fe(LN)3] top,
[Cu(LN)2] bottom) as determined in CH2Cl2 solution; complexes: ––:
L1; ±±±: L2; ����: L3; �±�±: L4.


and in [Fe(L4)3] to 344 nm. Based on these observations, this
transition is tentatively assigned as a � ±�* charge transfer
process between the � system of the phenylacetylenylene
group and the � system of the dipyrrin moiety. Continuing
studies of meso-substituted phenyl dipyrrins will be required
to more concretely elucidate the nature of this absorption
feature.
In solution, the metal complexes of these ligands appear


bright red, while in the solid state they are either deep red or
lustrous green in color. The absorption spectroscopy of the
metal complexes (Figure 4) preserves some of the features
found in the free ligands and generates additional charge
transfer transitions. The maintained transitions are those
associated with the phenylacetylenylene � ±�* transitions and
the cautiously assigned � ±�* charge transfer process between
the phenylacetylenylene and dipyrrin � systems as described
above. However the strong absorption features associated
solely with the dipyrrin � ±�* transitions, centered at
�435 nm is lost in favor of new features. The new bands are


dependent on the nature of the metal center,[17, 18] but not on
the nature of the phenylacetylenylene group as would be
anticipated for a metal ± dipyrrin charge transfer process. For
the iron complexes, two new broad absorptions appear
centered at around 444 and 490 nm. These two new transitions
are relatively close in intensity with extinction coefficients of
47900 and 36200��1 cm�1, respectively. In the copper com-
plexes, two new transitions also arise, centered at 468 and
500 nm, but the intensities of these transitions differ more
significantly from one another (61700 versus 32600��1 cm�1).
These spectral features of these metal complexes are con-
sistent with similar compounds reported in the literature.[16±18]


Fluorescence spectroscopy: The use of phenylacetyleny-
lene[4±6] and boron-dipyrrin (BODIPY) groups[31, 32] in light-
harvesting systems prompted the examination of the fluo-
rescence properties of the compounds prepared in this study.
The fluorescence emission of the phenylacetylenylene alde-
hydes, dipyrromethanes, dipyrromethenes, and metal com-
plexes were examined as solutions in CH2Cl2. Of all the
aldehydes (1, 3, 7, 10) and dipyrromethanes synthesized (2, 4,
8, 11), only the para-substituted compounds 7 and 8 exhibited
a significant fluorescence emission (Figure 5). The emission


Figure 5. Fluorescence spectra for compounds 7 (����), 8 (±±±), L3 (�±�±),
[Cu(L3)2] (––, no significant emission), and [Fe(L3)3] (- - - -, no significant
emission). Only compounds 7 and 8 show significant fluorescence emission.
Excitation wavelength� 320 nm.


from the dipyrromethane 8 was considerably stronger than
that observed from aldehyde 7, probably due to the known
quenching properties of aldehyde substituents.[33, 34] The
fluorescence spectrum of 8 exhibited emission maxima at
352 and 368 nm consistent with the known emission features
of the extended phenylacetylenylene functionality.[30] In
addition a strong emission centered at �460 nm was ob-
served; the exact origin of this band has not been determined,
but the feature appears to have some concentration depend-
ent behavior and may be related to solution aggregation. The
dipyrrin oxidation products were all found to be virtually non-
fluorescent, and subsequently, none of the metal complexes
showed any emission properties.
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Conclusion


Several routes have been explored for the preparation of a
new series of phenylacetylenylene compounds that contain a
dipyrrin porphrinoid unit. These studies have led to a general
method for the synthesis of metal-chelating ligands containing
these extended unsaturated groups. Eight different metal
complexes have been prepared and their electrochemical and
spectroscopic features have been studied. Three of these
metal complexes have been structurally characterized clearly
demonstrating that the metal centers can assemble and
organize these �molecular rods� in a stoichiometric and
spatially defined fashion. The high symmetry and extended
structure of these complexes suggest their use as components
for supramolecular assembly; efforts to utilize these com-
pounds in expanded structures and molecular solids are
currently underway.


Experimental Section


General : Unless otherwise noted, starting materials were obtained from
commercial suppliers and used without further purification. Mass spec-
trometry was performed either at the University of California, San Diego
Mass Spectrometry Facility in the Department of Chemistry and Bio-
chemistry, or at University of Arizona Mass Spectrometry Facility in the
Department of Chemistry. Elemental analysis was performed at the
University of California, Berkeley Analytical Facility. 1H/13CNMR spectra
were recorded on a Varian FT-NMR spectrometer running at 400 MHz at
the Department of Chemistry and Biochemistry, University of California,
San Diego. UV/Vis spectra were recorded in CH2Cl2 using a Hewlett-
Packard 4582A spectrophotometer under PC control using the ChemSta-
tion software suite.


4-(Phenylacetylenyl)benzaldehyde (1): A mixture of 4-bromobenzalde-
hyde (0.150 g, 0.81 mmol), phenylacetylenylene (0.331 g, 3.24 mmol),
triethylamine (0.123 g, 1.22 mmol), [Pd(PPh3)2Cl2] (0.028 g, 0.04 mmol),
triphenylphosphine (0.005 g, 0.02 mmol), CuI (0.002 g, 0.008 mmol), and
dry THF (15 mL) was stirred under nitrogen for 24 h. The reaction mixture
was diluted with CH2Cl2 (50 mL), washed with 0.1� EDTA (50 mL) and
brine (50 mL), and then dried over Mg2SO4. The Mg2SO4 was removed by
vacuum filtration, and the filtrate was evaporated to dryness. The resulting
brown oil was purified by column chromatography (SiO2; hexanes/CH2Cl2,
4:1) to afford a yellow solid. Yield: 64% (0.107 g). 1H NMR (CDCl3
400 MHz, 25 �C): �� 7.34 ± 7.36 (m, 3H), 7.51 ± 7.54 (m, 2H), 7.67 (d, 2H,
J� 8.0 Hz), 7.85 (d, 2H, J� 8.4 Hz), 9.99 ppm (s, 1H, CHO); 13C NMR
(CDCl3 100 MHz, 25 �C): �� 88.4, 93.7, 122.6, 128.7, 129.2, 129.7, 132.0,
132.2, 132.6, 135.5, 191.4 ppm; APCI-MS: m/z : 207.2 [M�H]� ; �max� 312,
326 nm.


5-(4-Phenylacetylenylphenyl)dipyrromethane (2): Aldehyde 1 (0.107 g,
0.52 mmol) was dissolved in neat pyrrole (10 mL) and degassed by
bubbling with nitrogen for 20 min. Trifluoroacetic acid (0.01 mL,
0.09 mmol) was added. The solution was stirred for 10 min. It was diluted
with CH2Cl2 (50 mL), washed with 0.1� NaOH (50 mL) and water (50 mL)
then dried over Mg2SO4. The Mg2SO4 was removed by vacuum filtration
and the filtrate was evaporated to remove CH2Cl2. The remaining pyrrole
was removed by vacuum distillation with gentle heating. The product was
purified by column chromatography (SiO2; hexanes/CH2Cl2, 1:1) to afford
a yellow foam. Yield: 83% (0.139 g). 1H NMR (CDCl3 400 MHz, 25 �C):
�� 5.46 (s, 1H) 5.95 (s, 2H), 6.23 (q, 2H, J� 2.8 Hz, J� 2.8 Hz), 6.71 (m,
2H), 7.23 (d, 2H, J� 8.4 Hz), 7.39 ± 7.41 (m, 3H), 7.55 (d, 2H, J� 8.4 Hz),
7.58 ± 7.61 (m, 2H), 7.88 ppm (bs, 2H, NH); 13C NMR (CDCl3 100 MHz,
25 �C): �� 44.2, 89.5, 89.8, 107.7, 108.7, 117.7, 122.1, 123.4, 128.5, 128.6, 128.7,
131.8, 132.0, 132.2, 142.6 ppm; APCI-MS: m/z : 323.1 [M�H]� , 256.3 [M�
pyrrole]� ; �max� 288, 306 nm.


5-(4-Phenylacetylenylphenyl)-4,6-dipyrromethene (L1):


Method 1: Dipyrromethane 2 (0.080 g, 0.25 mmol) was dissolved in CHCl3
(150 mL) and stirred in an ice bath. DDQ (0.057 g, 0.25 mmol) was
dissolved in benzene (100 mL) and added slowly dropwise over the course
of 1 h. The solvent was then evaporated and the product was purified by
column chromatography (SiO2; CHCl3) to afford a yellow film. Yield: 30%
(0.024 g). 1H NMR (CDCl3 400 MHz, 25 �C): �� 6.43 (d, 2H, J� 4.4 Hz,
pyrH), 6.63 (d, 2H, J� 4.4 Hz), 7.38 ± 7.41 (m, 3H), 7.52 (d, 2H, J� 8.1 Hz),
7.58 ± 7.60 (m, 2H), 7.64 (d, 2H, J� 8.1 Hz), 7.66 ppm (bs, 2H); 13C NMR
(CDCl3 100 MHz, 25 �C): �� 88.8, 90.7, 117.6, 122.8, 123.8, 128.2, 128.3,
128.4, 130.6, 130.7, 131.5, 137.0, 140.5, 140.8, 143.6 ppm; ESI-MS:m/z : 321.3
[M�H]� ; �max� 286, 342, 436 nm.


Method 2 : Dipyrromethane 2 (0.139 g, 0.43 mmol) was dissolved in CHCl3
(150 mL) and stirred in an ice bath. DDQ (0.109 g, 0.48 mmol) was
dissolved in benzene (100 mL) and added slowly dropwise. The solvent was
then evaporated to one-half the volume and Cu(acac)2 (0.068 g, 0.26 mmol)
was added to form the copper complex, which was purified by column
chromatography (vide infra). The copper complex was dissolved in THF
(75 mL). Potassium cyanide (0.200 g, 3.07 mmol) dissolved in H2O (20 mL)
was added to the copper complex, and the mixture was stirred overnight.
The solution turned from red to orange. The reaction mixture was
evaporated to dryness and the resulting residue was dissolved in CH2Cl2
(50 mL), washed with brine (50 mL) and H2O (50 mL), dried with Mg2SO4,
vacuum filtered, and the filtrate evaporated to dryness to afford a yellow
film. Yield: 36% (0.050 g, from 2 ; 57% from [Cu(L1)2]).


[Cu(L1)2]: Dipyrromethane 2 (0.139 g, 0.43 mmol) was dissolved in CHCl3
(150 mL) and stirred in an ice bath. DDQ (0.109 g, 0.48 mmol) was
dissolved in benzene (100 mL) and added slowly dropwise. The solvent was
then evaporated to one-half the volume and Cu(acac)2 (0.068 g, 0.26 mmol)
was added and the solution was stirred at room temperature for 5 ± 10 min.
The reaction mixture was then evaporated to dryness and the resulting
residue was purified by column chromatography (SiO2; CHCl3) to afford a
dichroic red/green film. Yield: 63% (0.095 g). m.p. �300 �C. APCI-MS:
m/z : 702.1 [M�H]� ; elemental analysis calcd (%) for C46H30N4Cu ¥H2O ¥
benzene: C 78.22, H 4.80, N 7.02; found: C 78.40, H 4.66, N 6.99; �max� 282,
292, 356, 468, 502 nm.


[Fe(L1)3]: Dipyrromethane 2 (0.150 g, 0.47 mmol) was dissolved in CHCl3
(150 mL) and stirred in an ice bath. DDQ (0.117 g, 0.51 mmol) was
dissolved in benzene (100 mL) and added slowly dropwise. After addition,
the reaction mixture was then evaporated to dryness and the resulting dark
residue was redissolved in a 1:1 mixture of CHCl3/MeOH (100 mL).
Triethylamine (2 mL) and FeCl3 ¥ 6H2O dissolved in MeOH (5 mL) was
added to the CHCl3/MeOH solution. The resulting mixture was heated to
reflux overnight (�14 h). The solution was evaporated to dryness and the
product was purified by column chromatography (SiO2; CHCl3) to afford a
dichroic red/green film. Yield: 59% (0.092 g); m.p. 204 �C. APCI-MS:m/z :
1013.7 [M�H]� ; analysis calcd (%) for C69H45N6Fe ¥H2O ¥ hexane: C 80.56,
H 5.50, N 7.52; found: C 80.37, H 5.18, N 7.66; �max� 280, 292, 348, 444,
490 nm.


3-(Phenylacetylenyl)benzaldehyde (3): The same procedure was used as in
the synthesis of 1, starting from 3-iodobenzaldehyde (0.250 g, 1.08 mmol).
Yield: 77% (0.171 g); 1H NMR (CDCl3 400 MHz, 25 �C): �� 7.35 ± 7.37 (m,
3H), 7.49 (t, 1H, J� 15.6 Hz), 7.54 ± 7.56 (m, 2H), 7.74 ± 7.76 (dt, 1H, J�
8.4 Hz), 7.80 ± 7.83 (dt, 1H, J� 8.0 Hz), 8.01 (t, 1H, J� 1.2 Hz), 9.99 ppm (s,
1H, CHO); 13C NMR (CDCl3 100 MHz, 25 �C): �� 88.0, 91.1, 122.7, 124.6,
128.5, 128.8, 128.9, 129.2, 131.7, 133.0, 136.5, 137.1, 191.5 ppm; GC-EIMS:
m/z : 206.1 [M .]� ; �max� 282, 298 nm.


5-(3-Phenylacetylenylphenyl)dipyrromethane (4): The same procedure
was used as in the synthesis of 2, starting from 3 (0.171 g, (0.83 mmol).
Yield: 76% (0.204 g); 1H NMR (CD2Cl2 400 MHz, 25 �C): �� 5.48 (s, 1H),
5.96 (m, 2H), 6.23 (q, 2H, J� 2.8, Hz J� 2.4 Hz), 6.73 (q, 2H, J� 2.0, Hz
J� 2.4 Hz), 7.26 (d, 1H, J� 8.4 Hz), 7.38 (t, 1H, J� 7.6 Hz), 7.42 ± 7.45 (m,
3H), 7.47 (s, 1H), 7.52 (d, 1H, J� 8.0 Hz), 7.60 ± 7.62 (m, 2H), 7.99 ppm (bs,
2H, NH); 13C NMR (CDCl3 100 MHz, 25 �C): �� 44.1, 89.5, 89.6, 107.5,
108.6, 117.7, 123.3, 123.6, 128.5, 128.6, 128.7, 128.9, 130.3, 131.5, 131.8, 132.3,
143.1 ppm; APCI-MS: m/z : 323.1 [M�H]� , 256.3 [M� pyrrole]� ; �max�
284, 302 nm.


5-(3-Phenylacetylenylphenyl)-4,6-dipyrromethene (L2): The same proce-
dure was used as in the synthesis of L1 (Method 1), starting from 4 (0.204 g,
0.63 mmol). Yield: 42% (0.086 g); 1H NMR (CDCl3 400 MHz, 25 �C): ��
6.42 (d, 2H, J� 2.8 Hz), 6.62 (d, 2H, J� 2.8 Hz), 7.33 ± 7.34 (m, 3H), 7.42 ±
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7.43 (m, 2H), 7.51 ± 7.53 (m, 2H), 7.64 ± 7.66 (m, 2H), 7.70 ppm (t, 2H, J�
1.2 Hz); 13C NMR (CDCl3 100 MHz, 25 �C): �� 88.6, 90.1, 117.6, 122.7,
122.8, 127.6, 128.2, 128.3, 129.6, 130.4, 131.4, 131.5, 132.0, 133.4, 137.2, 139.3,
143.7 ppm; APCI-MS: m/z : 321.3 [M�H]� ; �max� 288, 434 nm.


[Cu(L2)2]: The same procedure was used as in the synthesis of [Cu(L1)2] ,
starting from purified L2 (0.034 g, 0.11 mmol). Yield: 81% (0.030 g); m.p.
146 �C; MALDI-TOF-MS: m/z : 702.58 [M�H]� ; elemental analysis calcd
(%) for C46H30N4Cu: C 78.67, H 4.31, N 7.98; found: C 78.85, H 4.42, N 7.68;
�max� 284, 298, 468, 500 nm.


[Fe(L2)3]: The same procedure was used as in the synthesis of [Fe(L1)3] ,
starting from purified L2 (0.026 g, 0.081 mmol). Yield: 91% (0.025 g); m.p.
176 �C; APCI-MS: m/z : 1013.8 [M�H]� ; elemental analysis calcd (%) for
C69H45N6Fe: C 81.73, H 4.47, N 8.29; found: C 81.70, H 4.55, N 8.22; �max�
284, 300, 444, 496 nm.


4-(Ethynyl)benzaldehyde (5): 4-[(Trimethylsilyl)ethynyl]benzaldehyde
(1.00 g, 4.94 mmol) was dissolved in methanol (50 mL) to which K2CO3


(0.500 g, 3.62 mmol) was added. The reaction mixture was stirred for
15 min at which point the starting material was completely consumed as
judged by TLC and GC-MS. The reaction mixture was evaporated to
dryness and dissolved in CH2Cl2 (50 mL), washed with aqueous sodium
bicarbonate (50 mL), and dried over Mg2SO4. TheMg2SO4 was removed by
vacuum filtration, and the filtrate was evaporated to dryness to afford a
yellow solid. Yield: 96% (0.617 g). 1H NMR (CDCl3 400 MHz, 25 �C): ��
3.30 (s, 1H), 7.57 (d, 2H, J� 8.0 Hz), 7.78 (d, 2H, J� 8.4 Hz), 9.94 ppm (s,
1H, CHO); 13C NMR (CDCl3 100 MHz, 25 �C): �� 81.5, 82.9, 128.3, 129.6,
132.8, 136.0, 191.3. GC-EIMS: m/z : 130.7 [M .]� .


4-(4-Iodophenylacetylenyl)benzaldehyde (6): A mixture of 5 (0.300 g,
2.31 mmol), 1,4-diiodobenzene (3.042 g, 9.22 mmol), triethylamine
(0.349 g, 3.46 mmol), [Pd(PPh3)2Cl2] (0.081 g, 0.12 mmol), triphenylphos-
phine (0.015 g, 0.06 mmol), CuI (0.009 g, 0.05 mmol), and dry THF (15 mL)
was stirred under nitrogen for four days. The reaction mixture was diluted
with CH2Cl2 (50 mL), washed with 0.1� EDTA (50 mL) and brine (50 mL),
and was then dried over Mg2SO4. The Mg2SO4 was removed by vacuum
filtration and the filtrate was evaporated to dryness. The remaining residue
was purified by column chromatography (SiO2; hexanes/CH2Cl2, 1:1) to
afford a yellow solid. Yield: 73% (0.560 g). 1H NMR (CDCl3 400 MHz,
25 �C): �� 7.28 (d, 2H, J� 8.4 Hz), 7.67 (d, 2H, J� 8.4 Hz), 7.72 (d, 2H, J�
8.4 Hz), 7.87 (d, 2H, J� 8.4 Hz), 10.02 ppm (s, 1H, CHO); 13C NMR
(CDCl3 100 MHz, 25 �C): � 89.8, 92.3, 95.0, 121.8, 127.7, 129.0, 129.4, 131.8,
133.0, 137.5, 191.0 ppm; GC-EIMS: m/z : 332.1 [M .]� . �max� 320, 334 nm.


4-[4-(Phenylacetylenyl)phenylacetylenyl]benzaldehyde (7): The same pro-
cedure was used as in the synthesis of 1, starting from 6 (0.200 g, 0.60 mmol)
and phenylacetylenylene (0.184 g, 1.8 mmol). After three days, the reaction
mixture was diluted with CH2Cl2 (50 mL), washed with 0.1� EDTA
(50 mL) and brine (50 mL), and was then dried over Mg2SO4. The Mg2SO4


was removed by vacuum filtration and the filtrate was evaporated to
dryness. The remaining residue was purified by column chromatography
(SiO2; CH2Cl2) to afford a yellow solid. Yield: 72% (0.133 g); 1H NMR
(CDCl3 400MHz, 25 �C): �� 7.36 (m, 3H), 7.54 (m, 6H), 7.69 (d, 2H, J�
8.0 Hz), 7.89 (d, 2H, J� 8.0 Hz), 10.03 ppm (s, 1H, CHO); 13C NMR
(CDCl3 100 MHz, 25 �C): �� 88.9, 90.2, 91.6, 93.0, 122.1, 122.7, 123.8, 128.3,
128.4, 129.2, 129.5, 131.4, 131.5, 131.6, 132.0, 135.3, 191.1 ppm; GC-EIMS:
m/z : 306.3 [M .]� . �max� 338 nm.


5-[4-((Phenylacetylenyl)phenylacetylenyl)phenyl]dipyrromethane (8):
The same procedure was used as in the synthesis of 2, starting from 7
(0.133 g, 0.43 mmol). Yield: 75% (0.138 g); 1H NMR (CDCl3 400 MHz,
25 �C): �� 5.48 (s, 1H), 5.93 (m, 2H), 6.19 (q, 2H, J� 2.8 Hz, J� 3.2 Hz),
6.71 (m, 2H), 7.22 (d, 2H, J� 8.0 Hz), 7.37 (m, 3H), 7.49 ± 7.57 (m, 8H),
7.90 ppm (bs, 2H, NH); 13C NMR (CDCl3 100 MHz, 25 �C): �� 43.8, 89.0,
89.1, 90.9, 91.2, 107.3, 108.4, 117.3, 121.5, 122.8, 122.9, 123.0, 128.2, 128.3,
131.3, 131.4, 131.7, 131.8, 142.3 ppm; MALDI-TOF-MS: m/z : 422.23 [M�
H]� ; �max� 324, 346 nm.


5-[4-((Phenylacetylenyl)phenylacetylenyl)phenyl]-4,6-dipyrromethene
(L3): The same procedure was used as in the synthesis of L1 starting from 8
(0.202 g, 0.48 mmol). Yield: 13% (0.026 g); 1H NMR (CDCl3 400 MHz,
25 �C): �� 6.42 (d, 2H, J� 2.8 Hz), 6.62 (d, 2H, J� 3.2 Hz), 7.36 ± 7.39 (m,
3H), 7.52 (d, 2H, J� 8.0 Hz), 7.55 ± 7.57 (m, 6H), 7.63 (d, 2H, J� 8.0 Hz),
7.66 ppm (s, 2H); 13C NMR (CDCl3 100 MHz, 25 �C): � 89.0, 90.4, 90.6, 91.4,
117.7, 122.6, 122.8, 123.2, 123.6, 128.3, 128.4, 128.5, 130.7, 130.8, 131.3, 131.4,


131.5, 137.2, 140.5, 140.8, 143.7 ppm; ESI-MS: m/z : 421.3 [M�H]� ; �max�
324, 436 nm.


[Cu(L3)2]: The same procedure was used as in the synthesis of [Cu(L1)2],
starting from 8 (0.130 g, 0.31 mmol). Yield: 69% (0.096 g). m.p. �300 �C;
MALDI-TOF-MS:m/z : 902.40 [M�H]� ; analysis calcd for C62H38N4Cu: C
82.51, H 4.24, N 6.21; found: C 82.43, H 4.58, N 5.97. �max� 322, 468, 500 nm.


[Fe(L3)3]: The same procedure was used as in the synthesis of [Fe(L1)3],
starting from 8 (0.340 g, 0.80 mmol). Yield: 48% (0.170 g). m.p. 196 �C.
MALDI-TOF-MS: m/z : 1313.44 [M�H]� ; analysis calcd (%) for
C93H57N6Fe: C 84.99, H 4.37, N 6.39; found: C 85.00, H 4.36, N 6.50;
�max� 320, 444, 490 nm.


4-(3-Iodophenylacetylenyl)benzaldehyde (9): A mixture of 5 (0.200 g,
1.54 mmol), 1,3-diiodobenzene (1.52 g, 4.61 mmol), triethylamine (0.155 g,
1.54 mmol), [Pd(PPh3)2Cl2] (0.054 g, 0.08 mmol), triphenylphosphine
(0.010 g, 0.04 mmol), CuI (0.006 mg, 0.03 mmol), and dry THF (15 mL)
was stirred under nitrogen for three days. The reaction mixture was diluted
with CH2Cl2 (50 mL), washed with 0.1� EDTA (50 mL) and brine (50 mL),
and was then dried over Mg2SO4. The Mg2SO4 was removed by vacuum
filtration and the filtrate was evaporated to dryness. The remaining residue
was purified by column chromatography (SiO2; hexanes/CH2Cl2, 1:1) to
afford a yellow solid. Yield: 82% (0.420 g). 1H NMR (CDCl3 400 MHz,
25 �C): �� 7.11 (t, 1H, J� 8.0 Hz), 7.52 (dt, 1H, J� 8.0 Hz), 7.67 (d, 2H, J�
8.0 Hz), 7.72 (dt, 1H, J� 8.0 Hz), 7.88 (d, 2H, J� 8.4 Hz), 7.91 (t, 1H, J�
2.0 Hz), 10.02 ppm (s, 1H, CHO); 13C NMR (CDCl3 100 MHz, 25 �C): ��
89.6, 91.4, 93.7, 124.4, 128.8, 129.4, 129.80, 130.7, 132.0, 135.4, 137.7, 140.1,
191.1 ppm; GC-EIMS: m/z : 332.1 [M .]� ; �max� 310, 328 nm.


4-[3-(Phenylacetylenyl)phenylacetylenyl]benzaldehyde (10): The same
procedure was used as in the synthesis of 1, starting from 9 (0.400 g,
1.20 mmol) and phenylacetylenylene (0.369 g, 3.60 mmol). After three
days, the reaction mixture was diluted with CH2Cl2 (50 mL), washed with
0.1� EDTA (50 mL) and brine (50 mL), and was then dried over Mg2SO4.
The Mg2SO4 was removed by vacuum filtration and the filtrate was
evaporated to dryness. The remaining residue was purified by column
chromatography (SiO2; CH2Cl2) to afford a yellow solid. Yield: 90%
(0.332 g). 1H NMR (CDCl3 400 MHz, 25 �C): �� 7.33 ± 7.37 (m, 4H), 7.49 ±
7.56 (m, 4H), 7.68 (d, 2H, J� 7.6 Hz), 7.74 (s, 1H), 7.87 (d, 2H, J� 8.0 Hz),
10.01 ppm (s, 1H, CHO); 13C NMR (CDCl3 100 MHz, 25 �C): �� 88.2, 89.0,
90.2, 92.4, 122.6, 122.7, 123.6, 128.2, 128.3, 128.4, 129.0, 129.4, 131.2, 131.4,
131.7, 131.9, 134.5, 135.3, 191.0 ppm; GC-EIMS: m/z : 306.3 [M .]� ; �max�
286, 304 nm.


5-[3-((Phenylacetylenyl)phenylacetylenyl)phenyl]dipyrromethane (11):
The same procedure was used as in the synthesis of 2, starting from 10
(0.330 g, 1.08 mmol). Yield: 90% (0.410 g). 1H NMR (CDCl3 400 MHz,
25 �C): �� 5.49 (s, 1H), 5.93 (m, 2H), 6.18 (q, 2H, J� 3.2 Hz, J� 2.8 Hz),
6.72 (m, 2H), 7.22 (d, 2H, J� 8.0 Hz), 7.32 ± 7.38 (m, 4H), 7.48 ± 7.51 (m,
4H), 7.55 ± 7.56 (m, 2H), 7.72 (t, 1H, J� 1.6 Hz), 7.94 ppm (bs, 2H, NH);
13C NMR (CDCl3 100 MHz, 25 �C): �� 43.9, 88.4, 88.5, 89.6, 89.9, 107.3,
108.4, 117.3, 121.5, 122.8, 123.4, 123.5, 128.2, 128.3, 131.1, 131.5, 131.7, 134.4,
142.3 ppm; MALDI-TOF-MS: m/z : 421.23 [M�H]� ; �max� 286, 302 nm.


5-[3-((Phenylacetylenyl)phenylacetylenyl)phenyl]-4,6-dipyrromethene
(L4): The same procedure was used as in the synthesis of L1 (Method 2),
starting from 11 (0.250 g, 0.59 mmol). Yield: 36% (0.090 g); 1H NMR
(CDCl3 400 MHz, 25 �C): �� 6.43 (d, 2H, J� 2.8 Hz), 6.64 (d, 2H, J�
3.2 Hz), 7.37 ± 7.39 (m, 4H), 7.51 ± 7.58 (m, 6H), 7.63 (d, 2H, J� 8.8 Hz), 7.67
(s, 2H), 7.79 ppm (s, 1H); 13C NMR (CDCl3 100 MHz, 25 �C): �� 88.4, 89.4,
89.9, 90.1, 117.7, 122.8, 123.2, 123.5, 123.6, 128.2, 128.3, 128.4, 128.5, 130.7,
131.1, 131.3, 131.5, 134.5, 137.2, 140.5, 140.8, 143.6 ppm; ESI-MS:m/z : 421.3
[M�H]� ; �max� 286, 302, 332, 432 nm.


[Cu(L4)2]: The same procedure was used as in the synthesis of [Cu(L1)2],
starting from 11 (0.250 g, 0.59 mmol). Yield: 47% (0.125 g); m.p. 100 �C;
MALDI-TOF-MS: m/z : 901.20 [M�H]� ; elemental analysis calcd (%) for
C62H38N4Cu: C 82.51, H 4.24, N 6.21; found: C 82.25, H 4.36, N 6.23; �max�
284, 354, 470, 502 nm.


[Fe(L4)3]: The same procedure was used as in the synthesis of [Fe(L1)3],
starting from 11 (0.150 g, 0.36 mmol). Yield: 57% (0.088 g); m.p. 157 �C.
MALDI-TOF-MS: m/z : 1313.38 [M�H]� ; analysis calcd for C93H57N6Fe:
C 84.99, H 4.37, N 6.39; found: C 84.77, H 4.55, N 6.45; �max� 284, 344, 444,
494 nm.


X-ray crystallographic analysis : Data was collected on a Bruker AXS area
detector diffractometer. Crystals were mounted on quartz capillaries by
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using Paratone oil and were cooled in a nitrogen stream (Kryo-flex
controlled) on the diffractometer (�173 �C). Peak integrations were
performed with the Siemens SAINT software package with absorption
corrections applied using the program SADABS. Space group determi-
nations were performed by the program XPREP and the structures were
solved (by direct or Patterson methods) and refined with the SHELXTL
software package.[35] Unless noted otherwise, all hydrogen atoms were fixed
at calculated positions with isotropic thermal parameters; all non-hydrogen
atoms were refined anisotropically.


CCDC-208199, CCDC-208200, and CCDC-208201 contain the supplemen-
tary 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 Cam-
bridge Crystallographic Center, 12 Union Road, Cambridge CB21EZ,
UK; Fax: (�44)1223-336033; or deposit@ccdc.cam.ac.uk).


[Cu(L1)2]: Dark green blocks were grown out of a solution of the complex
in a mixture of CH2Cl2 containing a small amount of benzene diffused with
hexanes. The complex crystallized in the triclinic space group P1≈ (Z� 2,
a� 9.378, b� 13.821, c� 16.635 ä, �� 104.721, �� 99.250, �� 104.753�).
The complex co-crystallized with one molecule of benzene in the
asymmetric unit.


[Fe(L1)3]: Dark green hexagons were grown out of a solution of the
complex in benzene diffused with hexanes. The complex crystallized in the
rhombohedral space group R3≈c (Z� 2, a� 14.455 ä, �� 84.738�). The
asymmetric unit contains a molecule of highly disordered benzene. It was
treated as a diffuse contribution using the program SQUEEZE (A. Spek,
Platon Library). Electron count/unit cell : 92 (found), 84 (expected). The
determined and calculated intensive properties include the solvent
molecule, but individual atoms do not appear in the atom lists.


[Fe(L3)3]: Dark green thin plates were grown out of a solution of the
complex in benzene diffused with cyclohexane. The complex crystallized in
the monoclinic space group P21/c (Z� 4, a� 28.896, b� 15.122, c�
17.094 ä, �� 91.484�). The complex co-crystallized with one molecule of
cyclohexane in the asymmetric unit.


Electrochemistry : Cyclic voltammetry experiments were performed by
using a Bioanalytical Systems (BAS) CV-50W voltametric analyzer under
PC control.[16] Solutions were prepared by dissolving 5 ± 15 mg of metal
complex in dried, degassed CH2Cl2 containing 0.1� nBu4N(PF6). The
auxiliary and reference electrodes were a platinum wire and a silver
electrode (Ag/AgCl(aq)), respectively. A platinum electrode (BAS) was
used for the working electrode. Samples were purged with N2(g) for
�2 minutes before experiments were performed. Sweep rates were varied
from 0.050 to 1.500 Vs�1 to check the reversibility of the couple. All data
are reported at ambient temperature (25 �C) with a sweep rate of
0.500 Vs�1. The ferrocenium/ferrocene couple (Fc�/Fc�) was measured
under identical conditions for use as a reference measurement (E1/2�
�0.471 V, �Ep� 0.127 V, 0.500 Vs�1). All potentials are reported relative
to Fc�/Fc�, unless otherwise stated. Potentials reported relative to the
aqueous standard calomel electrode (SCE), were adjusted using the
equation E1/2


SCE�E1/2
Fc� 0.46 V, based on the data obtained here and


reports in the literature[36±38] indicating that the ferrocene couple in CH2Cl2
with nBu4N(PF6) electrolyte is approximately �0.46 V relative to SCE.


Fluorescence measurements : Measurements were performed on a Photon
Technologies International QuantaMaster 2000 spectrophotometer. Sol-
utions of each compound were prepared in CH2Cl2 to a concentration of
�10�5 � ; no efforts were made to exclude air or water. All reported
measurements were taken in a 1.0 cm quartz cuvette at a slit width of 3 nm
with an excitation wavelength of 320 nm.
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Pyrrole-Appended Derivatives of O-Confused Oxaporphyrins and Their
Complexes with Nickel(��), Palladium(��), and Silver(���)


Mi¯osz Pawlicki and Lechos¯aw Latos-Graz«yn¬ ski*[a]


Abstract: Condensation of 2,4-bis(phe-
nylhydroxymethyl)furan with pyrrole
and p-toluylaldehyde formed, instead
of the expected 5,20-diphenyl-10,15-
di(p-tolyl)-2-oxa-21-carbaporphyrin, a
pyrrole addition product [(H,pyr)-
OCPH]H2; this product can formally
be considered as an effect of hydro-
genation of 3-(2�-pyrrolyl)-5,20-diphen-
yl-10,15-di(p-tolyl)-2-oxa-21-carbapor-
phyrin ([(pyr)OCPH]H). The new oxa-
carbaporphyrinoid presents the 1HNMR
spectroscopy features of an aromatic
molecule, including the upfield shift of
the inner H21 atom. Insertion of NiCl2
or PdCl2 into [(H,pyr)OCPH]H2 gave
two structurally related organometallic
complexes, [(pyr)OCP]NiII] and [(pyr)-
OCP]PdII], in which the metal ions are
bound by three pyrrolic nitrogens and
the trigonally hybridized C21 atom of
the inverted furan. The reaction of
[(H,pyr)OCPH]H2 with silver(�) acetate


yields a stable AgIII complex [(C2H5O,-
pyr)OCP]AgIII] substituted at the C3
position by the ethoxy and pyrrole
moieties. The macrocyclic frame of
[(H,pyr)OCPH]H2 is conserved. Addi-
tion of trifluoroacetic acid to [(C2H5O,-
pyr)OCP]AgIII] yielded a new aromatic
complex [(pyr)OCP]AgIII]� . The struc-
tures of [(pyr)OCP]NiII] and [(C2H5O,-
pyr)OCP]AgIII] have been determined
by X-ray crystallography. In both mole-
cules the macrocycles are only slightly
distorted from planarity and the nickel-
(��) and silver(���) are located in the
NNNC plane. The dihedral angle be-
tween the macrocyclic and appended-
pyrrole planes of [(pyr)OCP]NiII] re-
flects the biphenyl-like arrangement


with the NH group pointing out toward
the adjacent phenyl ring on the C5
position. Tetrahedral geometry around
the C3 atom was detected for [(C2H5O,-
pyr)OCP]AgIII] . The Ni�C and Ag�C
bond lengths are similar to other nick-
el(��) or silver(���) carbaporphyrinoids
where the trigonal carbon atom coordi-
nates the metal ion. The trend detected
in the 13C chemical shifts for the ap-
pended-pyrrole resonances has been
rationalized by the extent of effective
conjugation between the macrocycle
and the appended pyrrole moiety con-
trolled by the hybridization of the C3
atom and the metal ion oxidation state.
The dianionic or trianionic macrocyclic
core of the pyrrole-appended deriva-
tives is favored to match the oxidation
state of nickel(��), palladium(��), or sil-
ver(���), respectively.


Keywords: macrocyclic ligands ¥
nickel ¥ palladium ¥ porphyrinoids
¥ silver


Introduction


The inverted porphyrin 5,10,15,20-tetraaryl-2-aza-21-carba-
porphyrin ((CTPPH)H2)[1, 2] and its derivatives have revealed
a remarkable tendency to stabilize peculiar organometallic
compounds containing diamagnetic nickel(��),[1, 3±6] paramag-
netic nickel(��) with one or two Ni�C bonds,[7, 8] nickel(���),[9]
copper(��),[10] palladium(��),[11] antimony(�),[12] silver(���),[13]


manganese(��) and manganese(���),[14, 15] zinc(��),[10, 16] iron-
(��),[17, 18] and rhodium(�).[19]


The ability of carbaporphyrinoids to coordinate metal ions
and form metal ± carbon bonds[20] extends beyond the family
of inverted porphyrins.[21±25] In this respect, studies on the


coordination properties of derivatives of meta-benziporphyr-
in, the first synthesized carbaporphyrinoid containing a
carbocyclic ring, are of particular significance. Originally the
benzene ring was embedded in an octaalkylporphyrin-like
environment to give 8,19-dimethyl-9,13,14,18-tetraethyl-m-
benziporphyrin.[26] The related macrocycle 6,11,16,21-tetra-
phenylbenziporphyrin ((TPmBPH)H) can give organometal-
lic complexes with palladium(��) and platinum(���,
[(TPmBP)PdII] and [(TPmBP)PtII].[22] The metal ion is
bound in the macrocyclic cavity by three pyrrolic nitrogen
atoms and a trigonal carbon atom of the benzene ring. A
hydroxy derivative of 8,9,13,14,18,19-hexaalkylbenziporphyr-
in, that is, 8,19-dimethyl-9,13,14,18-tetraethyloxybenzipor-
phyrin ((OBPH)H2),[27] coordinates palladium(��) to form the
four-coordinate anionic complex [(OBP)PdII]� with retention
of macrocyclic aromaticity and coordination through a carbon
� donor.[23] Subsequently the palladium(��) complexes of core-
modified oxybenziporphyrin,[25] nickel(��) and palladium(��)
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azuliporphyrins,[28] and silver(���) benzocarbaporphyrin have
been investigated.[29]


Pursuing our interest in benziporphyrin coordination
chemistry, we have recently reported on 5,10,15,20-tetraphen-
yl-p-benziporphyrin ((TPpBPH)H)–isomeric to 6,11,16,21-
tetraphenyl-m-benziporphyrin–with the benzene ring linked
at the para positions.[24] Significantly this p-benziporphyrin
forms a complex with cadmium(��) and reveals an unprece-
dented �2 CdII ± arene interaction.
In the present work we describe the synthesis and reactivity


of a new carbaporphyrinoid. The molecule has been con-
structed by applying the heteroatom confusion concept
(Scheme 1). Thus, by interchanging a heteroatom with a �-
methine group of the same five-membered ring one
can transform 5,10,15,20-tetraphenyl-21-heteroporphyrin (1)
into 5,10,15,20-tetraphenyl-2-hetero-21-carbaporphyrin (2),
which, while porphyrin-like in character, is expected to have
fundamentally different electronic and coordination proper-
ties. Previously we probed such an approach to obtain
5,10,15,20-tetraphenyl-2-thia-21-carbaporphyrin.[30, 31] Here
the synthesis of O-confused 5,10,15,20-tetraphenyl-21-oxa-
porphyrin derivatives and their ability to coordinate nickel(��),
palladium(��), and silver(���) are explored.


Scheme 1. The heteroatom confusion concept.


Results and Discussion


Synthesis of the oxacarbaporphyrins : The key step in the
synthesis of 5,10,15,20-tetraaryl-2-oxa-21-carbaporphyrins is
the construction of the condensation precursor, that is, 2,4-
bis(phenylhydroxymethyl)furan (3 ; Scheme 2), which is a


Scheme 2. Synthesis of the condensation precursor 2,4-bis(phenylhydrox-
ymethyl)furan (3).


suitable synthon for introducing the inverted furan ring into a
porphyrin-like skeleton. The lithiation of an �-amino alk-
oxide, derived from 3-furancarboxaldehyde a was predom-
inantly directed to a remote � site of the furan ring by using
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Abstract in Polish: W wyniku kondensacji 2,4-bis(fenylohyd-
roksymetylo)furanu z pirolem i aldehydem p-toluilowym
otrzymano produkt addycji pirolu do 5,20-difenylo-10,15-
di(p-toluilo)-2-oksa-21-karbaporfiryny [(H)OCPH]H z wy-
dajnos¬ciaÀ 10%. Uzyskany makrocykl jest formalnie efektem
uwodornienia 3-(2�-pirolilo)-5,20-difenylo-10,15-di-p-toluilo-
2-oksa-21-karbaporfiryny [(pyr)OCPH]H. Nowy ligand, na-
lez«aÀcy do klasy karbaporfirynoido¬w, wykazuje w¯as¬ciwos¬ci
typowe dla zwiaÀzko¬w aromatycznych, w tym go¬rnopolowe
przesunieÀcie wewneÀtrznego atomu wodoru H21 w widmie
1H NMR (-5.11 ppm). Insercja niklu baÀdz¬ palladu do [(H,pyr)-
OCPH]H2 daje strukturalnie podobne zwiaÀzki metaloorga-
niczne: [(pyr)OCP]NiII] i [(pyr)OCP]PdII], w kto¬rych jon
metalu jest zwiaÀzany przez trzy pirolowe atomy azotu i
trygonalny atom weÀgla C21, pochodzaÀcy z odwro¬conego
furanu. Koordynacja wymaga odwodornienia po¯aÀczonego
ze zmianaÀ hybrydyzacji atomu C3 z tetraedrycznej na
trygonalnaÀ. Struktura tak otrzymanego liganda odpowiada
budowaÀ ™prawdziwej∫ oksakarbaporfirynie z zachowanym
piers¬cieniem furanowym, podstawionym w pozycji C3 piro-
lem, [(pyr)OCPH]H. Reakcja [(H,pyr)OCPH]H2 z octanem
srebra daje stabilny kompleks srebra(���) [(C2H5O,pyr)-
OCP]AgIII] podstawiony w pozycji C3 grupaÀ etoksylowaÀ i
pirolem. W tym przypadku zachowany jest szkielet wyjs¬cio-
wego makrocyklu, [(H,pyr)OCPH]H2. Dowodem na koordy-
nacjeÀ srebra przez atomy azotu jest, widoczne na czeÀs¬ci
sygna¯o¬w �-pirolowych rozszczepienie, s¬wiadczaÀce o skalar-
nym sprzeÀz«eniu ze srebrem (107/109Ag). Dodanie TFA do
[(C2H5O,pyr)OCP]AgIII] daje nowy, aromatyczny kompleks,
[(pyr)OCP]AgIII]� powsta¯y w wyniku eliminacji grupy eto-
ksylowej. Reakcja ta jest odwracalna. W jej trakcie zachodzi
zmiana geometrii woko¬¯ weÀgla C3 z tetraedrycznej na trygo-
nalnaÀ, a zmiany struktury elektronowej majaÀ wp¯yw na ca¯y
makrocykl. Dla [(pyr)OCP]NiII] i [(C2H5O,pyr)OCP]AgIII]
otrzymano struktury krystaliczne. W obu przypadkach planar-
nos¬c¬makrocyklu jest tylko nieznacznie zaburzona, a nikiel(��) i
srebro(���) znajdujaÀ sieÀ w p¯aszczyz¬nie NNNC. KaÀt dwus¬cienny
pomieÀdzy p¯aszczyznaÀ makrocyklu a do¯aÀczonym pirolem w
[(pyr)OCP]NiII] zbliz«ony jest do wartos¬ci charakterystycznej
dla bifenyli i wynosi 26.4� z grupaÀ NH skierowanaÀ w stroneÀ
pobliskiego piers¬cienia 5-fenylowego. Stwierdzono tetraed-
rycznaÀ geometrieÀ woko¬¯ atomu C3 w [(C2H5O,pyr)OCP]-
AgIII]. Otrzymane d¯ugos¬ci wiaÀzan¬, odpowiednio Ni�C
(1.892(4) ä) i Ag�C (2.020(7) ä) saÀ zgodne z innymi przy-
k¯adami niklu(��) baÀdz¬ srebra(���), zwiaÀzanego przez karba-
porpfirynoid, kto¬ry koordynuje przez trygonalny atom weÀgla.
Zmiany przesunieÀc¬ chemicznych 13C NMR, zaobserwowane
dla linii rezonansowych do¯aÀczonego pirolu, wynikajaÀ z
rozszerzenia delokalizacji makrocyklicznej na dodatkowy
piers¬cien¬ heterocykliczny, a kontrolowanej zmianaÀ hybrydy-
zacji atomu C3 i stopniem utlenienia jonu metalu. Dwu- baÀdz¬
tro¬jujemny charakter centrum koordynacji badanego liganda
odpowiada za preferencje w wiaÀzaniu jono¬w metali na ro¬z«nych
stopniach utlenienia, odpowiednio niklu(��), palladu(��) i sre-
bra(���).
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™blocking∫ amine components–morpholine and sec-buthyl-
lithium.[32] The formed 2-furyllithium derivative b, when
treated with benzaldehyde, yielded 2-(phenylhydroxymeth-
yl)-4-furancarboxaldehyde c. The reaction with a phenyl
Grignard reagent was applied to convert this aldehyde into
the targeted compound 3.
The procedure applied to synthesize the 5,10,15,20-tetraar-


yl-2-oxa-21-carbaporphyrin followed the methodology previ-
ously utilized for the synthesis of heteroporphyrins[33] includ-
ing 5,10,15,20-tetraphenyl-2-thia-21-carbaporphyrin.[30] Thus,
condensation of 3 with pyrrole and p-toluylaldehyde
(1:3:2 molar ratio) in a one-pot, two-step synthesis at room
temperature was expected to yield 5,20-diphenyl-10,15-di-
(p-tolyl)-2-oxa-21-carbaporphyrin (4 ; Scheme 3). However,
contrary to expectations, the condensation did not stop at the


Scheme 3. Condensation of 3 with pyrrole and p-toluylaldehyde. The
condensation does not stop at the expected oxacarbaporphyrin 4 and the
pyrrole addition product 5 is formed. DDQ� 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone.


putative 4 and the pyrrole addition product 5 was obtained in
a relatively high yield of approximately 10%. An attempt was
made to direct the process of formation of the 2-oxa-21-
carbaporphyrin, based on the presumption that a substoichio-
metric concentration of pyrrole would favor the formation of
4. However, several attempted condensations with various
pyrrole concentrations led to the isolation of 5 as the single
2-oxa-21-carbaporphyrin related product. It is worth men-
tioning that an aza analogue of 5, 2-aza-3-(2�-pyrrolyl)-
5,10,15,20-tetraphenyl-21-carbaporphyrin, which is consid-
ered as the isomer of tetraphenylsapphyrin, was reported as
a product in the Rothemund condensation.[34] The identity of 5
has been confirmed by a combination of NMR spectroscopy,
including NOESY, HMQC, and HMBC experiments, and
high-resolution mass spectrometry.


Two different pathways may lead to formation of 5. The
first involves an addition of pyrrole to preformed O-confused
2-oxa-21-carbaporphyrin 4. Alternatively, attack of pyrrole
could take place on the furan either at the precursor or at the
porphyrinogen stage.
The isolated carbaporphyrinoid 5 is structurally related to


the hypothetical 3,3-dihydro-5,20-diphenyl-10,15-di(p-tolyl)-
2-oxa-21-carbaporphyrin (6 ; Scheme 4) as both contain an
identical macrocyclic frame. In the same line of consideration,
macrocycles 4 and 6 are mutually interconvertible by a
hydrogenation/dehydrogenation step if the addition of the
two hydrogen atoms is localized on the C3 position and one of
the internal nitrogen atoms.


Scheme 4. Hypothetical 3,3-dihydro-5,20-diphenyl-10,15-di(p-tolyl)-2-
oxa-21-carbaporphyrin (6) which is structurally related to the isolated
carbaporphyrinoid 5.


Studies on the coordination chemistry of 5 (see below)
revealed that the coordination implies transformation into the
novel structural form 7 (Scheme 5). The macrocycle 7 has not
been detected directly, but the related structure has been
trapped after the insertion of the metal ions. It is important to


Scheme 5. Structurally related macrocycles 7 and 8.


note that, formally, 7 can be created from the tetraarylpor-
phyrin by replacement of the pyrrolic fragment with 2-(2�-
furyl)pyrrole, that is, by a moiety, which may provide an
external conjugation route. The structures 5 and 7 are
mutually interconvertible by hydrogenation/dehydrogenation
in the same way as already described for the 4 and 6 couple.
From now on we will use the symbol OCP to denote the


hypothetical dianion obtained from the O-confused oxapor-
phyrin by abstraction of a pyrrolic NH proton and the proton
attached at C21. The atoms or groups attached to the C3 atom
will be indicated by a prefix enclosed in parentheses. The
group attached at C21 will appear as a suffix. A similar
description will be used for the hypothetical trianion 6,
formally a dihydrogenation product of 4. Consequently the
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following acronyms correspond to the neutral structures
already discussed: 4 : [(H)OCPH]H; 5 : [(H,pyr)OCPH]H2;
6 : [(H,H)OCPH]H2; 7: [(pyr)OCPH]H.


Spectroscopic characterization of 5 : The electronic absorption
spectra of 5 demonstrate the Soret band (437 nm) accompa-
nied by a set of four Q bands (Figure 1). The spectroscopic
pattern is typical for aromatic carbaporphyrinoids. The


Figure 1. The electronic absorption spectra of 5 (solid line) and (5-H)� in
dichloromethane.


isosbestic points, corresponding to a single protonation step,
were detected in the course of titration of a dichloromethane
solution of 5 with trifluoroacetic acid (TFA) to produce the
monocationic form (5-H)�. A strong bathochromic shift of the
Soret band to 463 nm was observed for (5-H)�. Acid titration
is accompanied by a distinct color change from brown to
green.
The complete assignment of all resonances in the 1H NMR


spectrum for 5 (Figure 2) was obtained by means of 2D
1H NMR COSY and NOESY experiments, with the unique
NOE correlation between H3 and the ortho protons of the
phenyl group attached to C5 as a starting point. All pyrrole
resonances (�� 8.49 (H17), 8.44 (H18; AB, 3J� 4.9 Hz), 8.47
(H12), 8.45 (H13; AB, 3J� 4.6 Hz), 8.47 (H8), 8.29 (H7; AB,
3J� 4.9 Hz) ppm) are shifted downfield due to the ring-
current effect. The peculiar position of the methine H3
resonance at 8.09 ppm was noted. The hydrogen atom is
bound to a tetrahedral carbon atom, but the strong downfield
shift of its signal is caused by a combination of two effects: the
substitution by the oxygen atom at the 2-position and the
deshielding contribution of the ring-current effect. At the
same time the 13C NMR chemical shift for C3 (�� 85.3 ppm)
is consistent with tetrahedral hybridization. Essentially,
molecule 5 demonstrates the aromaticity due for the typical
18 � electron delocalization pathway (Scheme 3). The strong-
ly upfield positions of the H21 (���5.11 ppm) and inner
proton (���2.47, �2.79 ppm at 188 K) resonances and the
significant chemical shift difference (��� 9.52 ppm) between
the inner NH and the appended-pyrrole NH are readily
accounted for by the ring-current effect.
A 1H NMR spectroscopic titration with TFA carried out in


CD2Cl2 at 228 K demonstrated that addition of a proton
resulted in a separate set of resonances that could be assigned
directly to (5-H)�. Protonation takes place at the nitrogen


Figure 2. 1H NMR spectra of: A) 5 (CD2Cl2, 298 K), B) 5 (CD2Cl2, 253 K),
and C) (5-H)� (TFA/CD2Cl2 (1:5 v/v), 298 K). The insets (not to scale)
show the NH and H21 resonances. Peak labels follow systematic position
numbering of the macrocycle or denote proton groups. o, m, and p� the
ortho, meta, and para positions of meso-phenyl (Ph) or meso-p-tolyl (Tol)
rings, respectively.


atoms, as documented by the rise of three NH resonances at
�0.49, �0.82, and �3.69 ppm (inset of Figure 2C). The
protonation is accompanied by the upfield relocation of �-H
pyrrole resonances.
The resonances of the appended pyrrole ring of 5 were


unambiguously assigned at 5.54 (H3�), 5.82 (H4�), 6.33 (H5�),
and 7.26 (NH) ppm (Figure 2A). Due to the tetrahedral
geometry around the C3 atom, the two sides of the macro-
cyclic plane are differentiated by the position of the appended
pyrrole moiety. Consequently two ortho and meta protons on
each meso-aryl ring are unequivalent and should present two
separate resonances in the 1H NMR spectra while the rotation
about the Cmeso ±Cipso bond is restricted. Even at 298 K the five
well-separated, although slightly broadened, resonances were
detected for the phenyl ring at the 5-position, which is
adjacent to the appended pyrrole (Figure 2A). The steric
hindrance increases the rotation barrier in comparison to the
other meso positions, where single ortho and single meta
multiplets were detected at 298 K. Once the temperature was
lowered the dynamic processes could be detected for the
other three meso-aryl groups. The sets of five resonances for
each phenyl moiety and four for each p-tolyl ring were
detected once the rotations were completely frozen (Fig-
ure 2B).
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Formation and characterization of [(pyr)OCP]NiII] and
[(pyr)OCP]PdII]: The reaction between nickel(��) chloride
and 5 in acetonitrile in the presence of anhydrous K2CO3
resulted in formation of the green, diamagnetic, four-coor-
dinate complex [(pyr)OCP]NiII] (9 a). A similar procedure
with palladium(��) chloride as the source of the metal ion
produced the analogous green complex [(pyr)OCP]PdII] (9 b ;
Scheme 6). Thus, the metal-insertion process is accompanied
by a dehydrogenation step and the macrocyclic ring corre-
sponds to the ™true∫ oxaporphyrin 4, although embedded into
the substituted form 7.


Scheme 6. Structures of metal complexes [(pyr)OCP]NiII] (9a), [(pyr)-
OCP]PdII] (9b), and [(pyr)OCP]AgIII]� (9c).


The electronic absorption spectra of 9 a and 9 b are shown in
Figure 3. The spectrum of 9 a shows a set of bands of
comparable intensity at 370, 473, and 490 nm accompanied
by a set of less intense bands at 578, 664, 763, and 843 nm. The


Figure 3. The electronic absorption spectra of 9a (solid line) and 9b
(dashed line) in dichloromethane.


spectrum is completely different from that of the macrocyclic
substrate 5. Although one can detect several bands in the
region typically assigned to the Soret-like band of aromatic
carbaporphyrinoids, their low extinction coefficients (�� 8�
103 ��1 cm�1) imply a lowering of the aromatic character of the
ligand in 9 a or 9 b in comparison to that in 5. The spectro-
scopic pattern for 9 b resembles that of 9 a although all bands
are bathochromically shifted.
The 1H NMR spectra of 9 a and 9 b differ essentially from


the spectrum of 5 (Figure 4). The most notable feature in 9 a


Figure 4. 1H NMR spectra of 9 a (CD2Cl2, 298 K). The inset shows the
resonances of the appended pyrrole.


and 9 b is the coordination through the unprotonated C21
atom of the furan ring, as inferred from the disappearance of
the resonance assigned to H21. Significantly the H3 reso-
nance, identified for 5, is also absent in the spectra of 9 a and
9 b. Thus, the 1H NMR spectra of 9 a and 9 b present three AB
systems of �-H pyrrole protons. All pyrrole protons and all
meso-aryl protons of 9 a and 9 b demonstrate chemical shifts
that contain some downfield contribution due to the aromatic
ring-current effect. The effect is significantly less pronounced
than that detected for the starting macrocycle 5. The chemical
shift pattern of the pyrrole resonances closely resembles that
found for nickel(��) complexes of the inverted porphyrin
methylated on the outer nitrogen atom, a fact which suggests
that the identical role of C21-bearing rings originated fromN-
methylated pyrrole and furan in the overall � delocalization
route.[3]


Crystal structure of [(pyr)OCP]NiII]: The structure of [(pyr)-
OCP]NiII] has been determined by X-ray crystallography.
Perspective views of the molecule are shown in Figure 5.
Table 1 contains selected bond lengths and angles. The
macrocycle is only slightly distorted from planarity, as can
be seen in Figure 5. The dihedral angle between the macro-
cyclic and the appended-pyrrole plane reflects the biphenyl-
like arrangement and equals 26.4�, with the NH group
pointing towards the adjacent phenyl ring on the 5-position.
This value is significantly smaller than the dihedral angles
between themeso-aryl rings and the oxacarbaporphyrin plane
(phenyl(5) 60.9�, phenyl(20) 58.6�, p-tolyl(10) 61.5�, p-tol-
yl(15) 54.4�). For comparison, a coplanar arrangement of
pyrrole and furan rings was reported for unsubstituted simple
2-(2�-furyl)pyrrole in solution.[35, 36]


The Ni�N distances in 9 a (Table 1) are comparable to those
in the nearly planar diamagnetic nickel(��) porphyrins or
porphyrinoids.[1, 5±7, 28, 37] The Ni�C bond length of 9 a
(1.892(4) ä) is in the middle range of NiII�C bond lengths
(1.81 ± 2.02 ä).[38, 39] This bond length is similar to other
nickel(��) carbaporphyrinoids where the trigonal carbon
atom coordinates, for example, the nickel(��) carbaporphyrin
containing the benzoindolizine-like moiety (Ni�C21
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Figure 5. The X-ray crystal structure of 9 a. Top: perspective view, bottom:
side view (phenyl groups omitted for clarity). The thermal ellipsoids
represent 50% probability.


1.904(2) ä),[5] nickel(��) azuliporphyrin (Ni1�C21
1.897(3) ä),[28] and [(2-BrCH2CH2-CTPP)Ni] (Ni�C21
1.906(4) ä).[6] The single case where nickel(��) carbaporphyr-
inoids contain a coordinating tetrahedral carbon atom, [(21-
CH3CTPP)NiII] , demonstrates a longer Ni�C bond length of
2.005(6) ä.[7] Analysis of the structural data, although limited
to the five available examples of nickel(��) (NNNC) carba-
porphyrinoids, shows that nickel(��) ± carbon(sp2) bond lengths
are very similar, in spite of the different nature of the carbon-
donor-bearing ring (N-confused pyrrole, O-confused furan,
azulene, fused heterocycle related to benzoindolizine).
Examination of the crystallographic data demonstrated that


there is some appreciable effect of the macrocyclic conjuga-
tion on the furan moiety. The C� ±C� bond lengths are larger
than those for C� ±C�. However, the C� ±C� distances are
longer and the C� ±C� distances are shorter than in unper-
turbed furan.[40±43] These bond changes indicate that the �


delocalization through the furan ring is altered. Thus, this is an
intermediary situation between those where the furan ring has
been built into nonaromatic and aromatic macrocycles.


Formation and characterization of [(C2H5O,pyr)OCP]AgIII]:
The reaction between silver acetate and 5 in acetonitrile
resulted in the formation of [(H,pyr)OCP]AgIII] (10 a ;
Scheme 7). In the course of metal insertion, other species,
which presumably preserve the overall macrocyclic skeleton
of 10 a but contain unidentified substituents on the C3
position, were detected in the 1H NMR spectra as well.
Attempts to separate 10 a by column chromatography con-
tinually led to a variety of derivatives due to the intrinsic
reactivity at the C3 position. Once ethanol was introduced on
purpose, [(C2H5O,pyr)OCP]AgIII] (10 b), which is structurally


Scheme 7. Structures of metal complexes [(H,pyr)OCP]AgIII] (10 a) and
[(C2H5O,pyr)OCP]AgIII] (10b).


related to 10 a, was exclusively obtained. The compound
sustained the chromatographic purification to give an overall
78% yield of insertion.
The electronic absorption spectrum of 10 b (Figure 6) with


its intense Soret-like band (443 nm in CH2Cl2) and a set of
bands in the Q region is similar to the spectrum of the free
ligand, which implies that 10 b conserves the basic chromo-
phore of 5 (Figure 1).


Figure 6. The electronic absorption spectra of 10 b (solid line) and 9 c
(dashed line) in dichloromethane. The figure presents the starting and final
points of titration of 10b with TFA.


The 1H NMR spectra of 10 a and 10 b bear a strong
resemblance to the spectrum of the free ligand 5 ; thereby
proving that the macrocyclic frame of 5 is conserved in 10 a
and 10 b. Due to the coordination, the H21 and two inner NH
resonances seen for 5 are absent. The H3 atom has been
replaced by an ethoxy substituent. Consequently, the diag-
nostic set of two complex multiplets at 3.84 and 3.19 ppm was
assigned to the ethoxy methylene group (inset A2 in Fig-
ure 7A). The strong difference of the chemical shifts detected
for the two methylene multiplets is due to the diastereotopic
effect as the chirality center is created on the tetrahedral
hybridized C3 atom. The structurally informative H3 reso-
nance for 10 a was identified at 8.08 ppm.
Coordination through the nitrogen donors in 10 b is


reflected by the presence of 107/109Ag scalar splitting, seen for
the H7, H8, H17, and H18 �-H pyrrolic signals. In each case
the coupling constant 4JAgH equals 1.5 Hz (inset A1 in Fig-
ure 7A). Such a coupling was not detected for the H12 and
H13 resonances of the central pyrrole ring.
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Figure 7. 1H NMR spectra of: A) 10b (CD2Cl2, 298 K) and B) 9c (CD2Cl2,
298 K). Insets A1 and B1 (not to scale) present the �-H resonances showing
couplings to 107/109Ag. The diasterotopic splitting of the CH2 resonances of
the ethoxy group on the 3-position is shown in inset A2.


The ethoxy substituent on the 3-position of 10 b could be
replaced by a methoxy group by addition of TFA followed by
treatment with sodium methoxide to yield [(CH3O,pyr)-
OCP]AgIII] ; this was reflected by an OCH3 resonance at
3.30 ppm. The unique, diasterotopically split ethoxy multip-
lets were replaced by the typical quartet of the methylene
group of free ethanol. A related exchange was previously
detected in the case of cobalt(��) methoxybiliverdin com-
plexes.[44]


Crystal structure of [(C2H5O,pyr)OCP]AgIII] (10 b): The
structure of 10 b has been determined by X-ray crystallog-
raphy. The perspective views of the molecule are shown in
Figure 8. The macrocycle is only slightly distorted from
planarity, as can be seen in Figure 8. The tetrahedral geometry
around the C3 atom is demonstrated by the respective bond
angle values. Table 1 contains selected bond lengths and
angles.
The Ag�N andAg�C distances (Table 1) are comparable to


those in other silver(���) carbaporphyrinoids, for example,
silver(���) inverted porphyrin (Ag�N22 2.06(2), Ag�N23
2.08(2), Ag�N24 2.03(2), and Ag�C21 2.04(2) ä),[13] silver(���)
benzocarbaporphyrin (Ag�N22 2.038(4), Ag�N23 2.084(4),
Ag�N24 2.046(4), and Ag1�C21 2.015(4) ä),[29] and silver(���)
double N-confused porphyrin (Ag�C21 2.011(7), Ag�C22
1.987(2), Ag�N23 2.064(5), and Ag�N24 2.047(7) ä).[45]


Figure 8. The crystal structure of 10b. Top: perspective view, bottom: side
view (phenyl groups omitted for clarity). The thermal ellipsoids represent
50% probability.


The comparison of the structural data, although limited to
the three available examples of silver(���) (NNNC) carbapor-
phyrinoids, shows that silver(���) ± carbon(sp2) bond lengths
are very similar in spite of the different nature of the carbon-
donor-bearing ring (related toN-confused pyrrole, substituted
O-confused furan, or indene).


Formation and characterization of [(pyr)OCP]AgIII] (9 c):
The 1H NMR titration of [(C2H5O,pyr)OCP]AgIII 10 b with
TFA in CD2Cl2 was carried out. Under these conditions 10 b is
readily transformed into the new aromatic complex[(pyr)-
OCP]AgIII]� (9 c ; Scheme 6), through an exocyclic C3�O
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Table 1. Selected bond lengths and angles.


Compound Bond lengths [ä] Angles [�]


[(pyr)OCP]NiII] Ni1�N22 1.945(4) C21�Ni1�N22 88.5(2)
(9a) Ni1�N23 1.952(4) C21�Ni1�N23 178.1(2)


Ni1�N24 1.975(4) N22�Ni1�N23 91.2(2)
Ni1�C21 1.892(4) C21�Ni1�N24 90.1(2)


N22�Ni1�N24 177.9(2)
N23�Ni1�N24 90.2(2)


[(C2H5O,pyr)OCP]AgIII] Ag1�N22 2.031(5) C21�Ag1�N22 89.4(2)
(10b) Ag1�N23 2.069(5) C21�Ag1�N24 89.3(2)


Ag1�N24 2.042(5) N22�Ag1�N24 178.5(2)
Ag1�C21 2.020(7) C21�Ag1�N23 179.5(3)


N22�Ag1�N23 90.2(2)
N24�Ag1�N23 91.1(2)
O1��C3�O2 106.3(6)
O1��C3�C1� 104.9(7)
O2�C3�C1� 107.1(6)
O1��C3�C4 116.7(6)
O2�C3�C4 105.0(5)
C1��C3�C4 116.1(6)
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bond cleavage followed by an elimination of the ethoxy group.
Formally, the complex 9 c can be produced by the insertion of
a silver(���) cation into hypothetical compound 8 (Scheme 5),
with the replacement of H21 and an inner NH proton.
Addition of sodium ethoxide in ethanol to the solution of 9 c
reverses the course of the titration to recover starting material
10 b.
The observed changes in the electronic absorption spectra


are consistent with an equilibrium between two species, as the
well-defined sets of isosbestic points have been detected. The
electronic absorption spectrum of 9 c is completely different
from that of starting material 10 b ; it does, however, resemble
that of 9 a or 9 b (Figure 6). The spectrum shows the intense,
Soret-like band at 498 nm accompanied by the comparable
ones at 660, 684, and 747 nm; this indicates coupling between
two conjugated moieties. The chromophore undergoes fun-
damental structural changes, in relation to 10 b, that approach
the structure seen for 9 a.
In contrast to the marked changes seen in the electronic


absorption spectra, relatively small changes of the 1H NMR
chemical shifts were observed in comparison to 10 b, a fact
which is clearly consistent with the macrocyclic aromaticity of
the ligand in 9 c. The fine structure of �-H resonances seen for
parental 10 b due to the coupling with 107/109Ag was conserved.
The NH1� resonance was identified at 9.81 ppm. The marked
unequivalence of the ortho and meta resonances, character-
istic for 10 b, disappeared over the whole investigated temper-
ature range of 203 ± 293 K. In the course of titration with TFA,
the diasteropically split, ethoxy methylene multiplet was
gradually replaced by the quartet signal of free ethanol.
Importantly, one equivalent of ethyl alcohol was released, as
confirmed by careful integration of the alcohol resonances
with respect to those of 9 c.
The spectroscopic data can be accounted for by the


structure presented in the Scheme 6. The elimination of the
ethoxy group allows a similar arrangement of whole macro-
cycle and the appended pyrrole ring as is seen in 9 a, with the
relatively small dihedral angle between the macrocyclic plane
and the appended pyrrole plane but with the NH group
oriented toward the O2 atom. The unequivalency of the two
2-oxa-21-carbaporphyrin sides, seen for 10 b, has been re-
moved in 9 c, thereby rendering the ortho andmeta protons of
the meso-phenyl groups equivalents. The critical insight into
the molecular structure of 9 c was given by COSY and
NOESY studies. Considering in detail the spatial proximity of
H3� and H4� to the ortho proton of the phenyl on C5 and the
larger distance between H5� and the ortho proton of the same
phenyl group, one would expect strong NOE cross-peaks to
occur exclusively between the first two couples, as was
detected.
Remarkable changes of the appended-pyrrole 1H NMR


pattern have been observed in 9 a ± c (Table 2). The marked
downfield relocation of the resonances of 9 a ± c with respect
to those of 10 b is the most analytically important. The reasons
for the changes are complex. The simultaneous modification
of the macrocyclic ring current and/or electronic structure of
the appended fragment are of importance. Definitely a
different ring-current effect is sensed by the appended pyrrole


of the two silver(���) complexes, due its different orientation
with respect to the macrocyclic plane.
The analysis of the 13C chemical shifts (Table 2) provides an


essential insight into the different role of the pyrrole fragment
and underscores the direct electronic effects. The ring-current
contributions to overall changes in 13C NMR chemical shifts
are negligible. For the sake of comparison, the respective
chemical shift values of free pyrrole[46] and the conjugated
pyrrole ring of 5-anisol-dipyrromethene[47] have been includ-
ed in Table 2. These values set the spectroscopic standards for
two extreme structures of the appended pyrrole. Actually,
representative 13C chemical shifts for a conjugated pyrrole
have also been reported for other molecules, that is, ruthe-
nium complexes containing butatrienylidene (C3� 125.2, C4�
112.8, and C5� 140.5 ppm)[48] and bis-dipyrromethenes (C5�
141.1 ppm).[49]


The 13C NMR chemical shifts found for the appended-
pyrrole resonances of 5, 10 a, and 10 b are fairly typical of
unperturbed pyrrole. These values are similar to relevant
shifts seen for 2-aza-3-(2�-pyrrolyl)-5,10,15,20-tetraphenyl-21-
carbaporphyrin.[34] The 13C chemical shifts seen for 9 increase
systematically in the series 9 a, 9 b, 9 c to approach the limits of
5-phenyl-dipyrromethene. The trend can be rationalized by an
effective conjugation between the macrocycle and the ap-
pended pyrrole moiety. In terms of 13C chemical shifts, it is
clear that the extent of the conjugation is dependent on the
charge of the coordinated metal ions, with the largest effect
being seen for 9 c.
To account for the structural and spectroscopic character-


istics of 9 a ± c, one can formally include a set of canonical
structures 11 a ± c (Scheme 8). The Kekule¬ structure of 11 a
defines the metallocarbaporphyrinoid molecule where, for
topological reasons, the macrocyclic aromaticity typical of
porphyrin can not be retained. On the other hand, for 11 b and
11 c the 18 electron �-delocalization pathway allows macro-
cyclic aromaticity. Direct � conjugation between the append-


Scheme 8. The set of formal canonical structures 11 a ± c.
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Table 2. Appended-pyrrole 1H (13C) NMR chemical shift values [ppm].


Compound Position
3� 4� 5� NH


pyrrole[46] 6.22 (108.2) 6.22 (108.2) 6.68 (118.5)
[(H,pyr)OCPH]H2 (5) 5.54 (109.8) 5.82 (108.5) 6.33 (118.5) 7.26
[(H,pyr)OCPH]H3� (5-H�) 5.91 (111.5) 5.69 (107.6) 5.99 (120.1) 7.69
[(C2H5O,pyr)OCP]AgIII] (10b) 5.66 (107.4) 5.98 (108.9) 6.53 (116.6) 8.20
[(pyr)OCP]NiII] (9 a) 6.34 (119.2) 6.17 (111.9) 6.76 (126.4) 8.10
[(pyr)OCP]PdII] (9b) 6.36 (120.4) 6.20 (112.1) 6.79 (127.2) 8.16
[(pyr)OCP]AgIII] (9 c) 6.60 (125.9) 6.40 (115.4) 7.27 (133.9) 9.81
dipyrromethene[47] 6.64 (128.8) 6.39 (117.2) 7.63 (143.1)
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ed pyrrole fragment and the carbaporphyrinoid � system is
expected in 11 b and 11 c. The exocyclic double bond connects
the C3 and C2� atoms, with the presumption that the
appended pyrrole ring is in the plane of the 2-oxa-21-
carbaporphyrin. Consequently, the appended moiety can
participate in the overall � delocalization. In reality, the
evolution of the conjugative effect when going from planar to
perpendicular conformations is expected, with the largest
effect for the coplanar arrangement. It is worth noting that the
relatively small dihedral angle between the pyrrole and furan
plane in 9 b suggests the contribution of conjugation in the
determination of the macrocyclic structure. In this consider-
ation, we have taken into account the extensive interannular
conjugation in the description of the electronic and molecular
structure of 2-(2�-furyl)pyrrole alone, which adopts a cis-
planar conformation in solution.[35, 36] The conjugation be-
tween the pyrrole group and the aromatic macrocycle can be
related to that described for 2-(2�-furyl)pyrrole by presuming
that the furan ring, built into the 2-oxa-21-carbaporphyrin
structure, acts as an efficient bridge between the macrocycle
and the appended pyrrole.
Consequently, the electronic structures of 9 a ± c can be


described by a combination of aromatic and nonaromatic
canonical structures, which participate in the overall picture in
proportions imposed by the charge of the central metal ion.
Clearly, the definitely aromatic character of the 2-oxa-21-
carbaporphyrin macrocycle in 9 c is consistent with a domi-
nating contribution of 11 b and 11 c. On the other hand, the
participation of 11 a is strongly marked for 9 a and 9 b.


Conclusion


In the present work we have described the synthesis and
reactivity of a new carbaporphyrinoid. The molecule has been
constructed by applying the heteroatom confusion concept.
An interchange of an oxygen atom with a �-methine group of
furan transforms 5,10,15,20-tetraaryl-21-oxaporphyrin into
5,10,15,20-tetraaryl-2-oxa-21-carbaporphyrin. Inherent reac-
tivity of the furan ring in the presence of pyrrole required
during the course of the synthesis prevented formation of the
™pure∫ O-confused oxaporphyrin. Instead, the procedure
resulted in a modified macrocycle, which was, however,
directly related to the O-confused oxaporphyrin.
The new molecule, applied as a ligand toward selected


metal ions, reveals the peculiar plasticity of its molecular and
electronic structure. The structural changes are easily trig-
gered by addition/elimination of a nucleophile at the C3
position (Scheme 9). The tetrahedral ± trigonal rearrange-
ments originate at the C3 atom but the consequences extend


Scheme 9. Addition/elimination of a nucleophile at C3 triggers the
structural changes.


over the whole structure. This important feature of O-
confused porphyrin derivatives has enabled us to investigate
and eventually to control the subtle interplay between their
structural flexibility, perimeter substitution, coordination, and
aromaticity. Essentially the oxidation of the central metal ion
can be considered as a factor that determines the molecular
structure of the ligand. The dianionic or trianionic macro-
cyclic core of the pyrrole-appended derivatives is favored to
match the oxidation state of nickel(��), palladium(��), or
silver(���), respectively.
In general the coordinating environment provided by


carbaporphyrinoids offers a unique opportunity to create
novel organometallic compounds and to control their reac-
tivity. Thus, an original route to tune carbaporphyrinoids to
the coordination requirements of metal ions through a 2-(2�-
furyl)pyrrole moiety has been introduced.


Experimental Section


Materials : 3-Furaldehyde, phenyl Grignard reagent, sBuLi, and nBuLi (all
from Aldrich) were used as received.


2-(Phenylhydroxymethyl)-4-furaldehyde : nBuLi (23.91 mL, 38.25 mmol,
1.6� solution in hexanes) was added to morpholine (3.33 mL, 38.25 mmol)
in THF (150 mL) at �78 �C.[32] 3-Furaldehyde (3 mL, 36.4 mmol) was
added after 20 min, to be followed after a further 20 min by sBuLi
(29.4 mL, 38.25 mmol, 1� solution in hexanes). The resulting mixture was
stirred for 4 h at �78 �C. After that time benzaldehyde (4.08 mL,
40.05 mmol) was added and the reaction was left for 16 h while the cooling
bath reached room temperature. The mixture was poured into hydrochloric
acid/ice (1:10 v/v). The organic products were extracted with diethyl ether
(three times). All organic layers were collected, dried with MgSO4, and
filtered. The solvents were evaporatd under reduced pressure. The residue
was dissolved in benzene and purified by chromatography through a basic
alumina column. The first orange fraction to be eluted with benzene was
collected, and the solvent was removed with a vacuum rotary evaporator to
give 2-(phenylhydroxymethyl)-4-furaldehyde as an orange oil (3.6 g, 50%).
1H NMR (500.13 MHz, CDCl3): �� 9.81 (s, 1H), 7.97 (s, 1H), 7.41 ± 7.31 (m,
5H), 6.49 (s, 1H), 5.78 (s, 1H), 2.82 (s, 1H) ppm; 13C NMR (125.77 MHz,
CDCl3): �� 184.5, 158.8, 151.2, 139.8, 128.6, 128.5, 126.5, 104.4, 69.8 ppm;
MS: m/z : calcd for C12H9O2� [M�OH]�: 185.06; found: 185.1.
2,4-Bis(phenylhydroxymethyl)furan (3): 2-(Phenylhydroxymethyl)-4-fural-
dehyde (500 mg, 2.5 mmol) was dissolved in freshly distilled THF
(100 mL). PhMgBr (1.5 mL, 3� solution in diethyl ether) was added
through a syringe. The resulting mixture was stirred for 30 min, and 1%
H2SO4 (40 mL) was added. The solution was neutralized by addition of
Na2CO3 until the liberation of CO2 ceased. The product was extracted with
diethyl ether (three times). All organic layers were collected, dried with
MgSO4, filtered, and evaporated with a vacuum rotary evaporator. Product
3 was obtained almost quantitatively as an orange oil. 1H NMR
(500.13 MHz, CDCl3): �� 7.71 ± 7.31 (m, 10H), 7.22 (d, 1H), 6.07 (d, 1H),
5.74 (s, 1H), 5.68 (s, 1H), 2.37 (s, 1H), 2.11 (s, 1H) ppm; 13C NMR
(125.77 MHz, CDCl3): �� 156.8, 142.8, 140.5, 139.7, 128.7, 128.5, 128.4,
128.1, 127.9, 127.2, 127.1, 126.6, 126.3, 106.98, 70.1, 69.8 ppm; MS:m/z : calcd
for C18H15O2� [M�OH]�: 263.1; found: 263.3.
[(H,pyr)OCPH]H2 (5): Compound 3 (280 mg, 1 mmol), pyrrole (208 �L,
3 mmol), and p-toluylaldehyde (236 mL, 2 mmol) were dissolved in freshly
distilled dichloromethane (100 mL). N2 gas was bubbled through the
solution for 20 min to remove oxygen before BF3 ¥Et2O (37 �L) was added.
The solution was stirred for 1 h in the absence of light, DDQ (681 mg,
3 mmol) was added, and the solution was stirred for an additional 20 min.
The solvent was removed with a vacuum rotary evaporator. The dark
residue was separated by chromatography on a basic alumina (grade II)
column. The fast-moving fraction was collected and immediately separated
again by chromatography on a silica gel (mesh 35 ± 70) column. The
product was eluted with dichloromethane as a slow-moving, brown band.
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Recrystallization from dichloromethane/methanol (50:50 v/v) gave 5
(70 mg, 10%). 1H NMR (500.13 MHz, CD2Cl2): �� 8.49 (d, 1H, 3J�
4.9 Hz), 8.47 (d, 1H, 3J� 4.9 Hz), 8.47 (d, 1H, 3J� 4.6 Hz), 8.45 (d, 1H,
3J� 4.6 Hz), 8.44 (d, 1H, 3J� 4.9 Hz), 8.29 (d, 1H, 3J� 4.9 Hz), 8.10 (d, 2H,
3J� 7.6 Hz), 8.08 (s, 1H), 8.04 (m, 3H), 7.96 (m, 3H), 7.69 (t, 2H), 7.53 (m,
6H), 7.38 (br s), 7.26 (s, 1H), 7.21 (br s), 6.33 (m, 1H), 5.82 (m, 1H), 5.54 (m,
1H), 2.67 (s, 3H), 2.66 (s, 3H), �5.11 (s, 1H) ppm; 13C NMR (125.77 MHz,
CDCl3): �� 160.3, 152.9, 152.4, 143.3, 140.4, 139.9, 139.4, 139.3, 139.3, 139.2,
138.4, 137.3, 137.3, 137.2, 135.1, 134.5, 134.3, 134.3, 134.2, 134.1, 134.0, 133.8,
133.6, 132.1, 131.8, 130.8, 130.1, 127.9, 127.6, 127.5, 127.4, 127.3, 127.2, 126.4,
126.3, 123.1, 123.0, 121.2, 120.4, 120.1, 117.9, 112.5, 109.3, 108.2, 106.4, 105.2,
85.3, 21.5, 21.5 ppm; UV/Vis: �max (log �)� 437 (5.01), 533 (3.96), 567 (3.81),
622 (3.58), 679 (3.84) nm; HRMS: m/z : calcd for C50H39N4O1 [M�H]�:
711.3124; found: 711.3118; elemental analysis calcd (%) for C50H38N4O1 ¥
(with 0.33 CH2Cl2): C 81.95, H 5.24, N 7.59; found: C 81.65, H 5.36, N 7.65.


[(C2H5O,pyr)OCP]AgIII] (10 b): Compound 5 (15 mg, 0.021 mmol) was
dissolved in chloroform (20 mL), and silver acetate (146 mg) in acetonitrile
(20 mL) was added. The mixture was heated to reflux for 30 min, then the
solvent was removed with a vacuum rotary evaporator. The solid residue
was immediately separated on a silica gel (mesh 35 ± 70) column. The red
fraction was eluted with toluene. The solvent was removed in a stream of
nitrogen. Recrystallization from chloroform/methanol (50:50 v/v) gave 10b
(13.4 mg, 78%). 1H NMR (500.13 MHz, CD2Cl2): �� 8.72 (dd, 1H, 3J� 4.9,
4JAg� 1.1 Hz), 8.65 (d, 1H, 3J� 4.6), 8.64 (dd, 1H, 3J� 4.9, 4JAg� 1.5 Hz),
8.62 (dd, 1H, 3J� 4.9, 4JAg� 1.1 Hz), 8.60 (d, 1H, 3J� 4.6 Hz), 8.34 (dd, 1H,
3J� 4.9, 4JAg� 1.5 Hz), 8.20 (s, 1H), 8.05 (m, 3H), 7.97 (m, 3H), 7.84 (m,
1H), 7.71 (t, 2H), 7.64 (m, 1H), 7.59 ± 7.49 (m, 6H), 7.25 (td, 1H, J� 7.6,
1.5 Hz), 6.89 (m, 1H), 6.53 (m, 1H), 5.98 (m, 1H), 5.66 (m, 1H), 3.84 (m,
1H), 3.19 (m, 1H), 2.68 (s, 3H), 2.67 (s, 3H), 1.20 (t, 3H) ppm; 13C NMR
(125.77 MHz, CD2Cl2): �� 148.1, 142.1, 142.1, 140.3, 140.3, 139.4, 139.3,
139.0, 138.5, 138.1, 138.1, 137.0, 136.8, 135.6, 134.7, 133.9, 133.9, 133.9, 133.8,
133.6, 133.3, 132.4, 129.8, 129.3, 129.3, 128.9, 128.9, 128.5, 128.1, 128.1, 128.1,
128.0, 127.8, 127.3, 127.2, 126.4, 126.1, 125.5, 125.5, 121.9, 121.8, 118.4, 118.3,
116.6, 111.9, 109.7, 109.7, 108.0, 107.4, 59.2, 21.6, 21.6, 15.1 ppm; UV/Vis:
�max (log �)� 432 (5.19), 508 (4.02), 524 (3.97), 560 (3.77), 607 (4.21) nm;
HRMS: m/z : calcd for C52H39N4O2Ag [M]�: 858.2123; found: 858.2118.


[(pyr)OCP]NiII] (9 a): Comound 5 (20 mg, 0.028 mmol), NiCl2 (36.6 mg,
0.28 mmol), and K2CO3 (excess) were added to acetonitrile (25 mL). The
mixture was heated to reflux for 1.5 h. The solvent was removed under
reduced pressure. The remaining solid was dissolved in freshly distilled
dichloromethane and separated by chromatography on a silica gel
(Mesh 35 ± 70) column. The fast-moving, green band was collected.
Recrystallization from CHCl3/MeOH gave 9 (8.6 mg, 40%). 1H NMR
(500.13 MHz, CD2Cl2): �� 8.12 (d, 1H, 3J� 4.9 Hz), 8.10 (s, 1H), 7.98 (m,
2H), 7.93 (d, 1H, 3J� 4.9 Hz), 7.90 (m, 2H), 7.89 (d, 1H, 3J� 3.8 Hz), 7.86
(d, 1H, 3J� 4.9 Hz), 7.85 (d, 1H, 3J� 4.9 Hz), 7.72 (d, 1H, 3J� 3.8 Hz), 7.71
(m, 2H), 7.68 ± 7.63 (m), 7.41 (m, 4H), 6.76(m, 1H), 6.34 (m, 1H), 6,17 (m,
1H), 2.58 (s, 3H), 2.56 (s, 3H) ppm; 13C NMR (125.77 MHz, CD2Cl2): ��
164.5, 154.3, 151.3, 150.9, 149.4, 149.1, 147.9, 146.1, 141.8, 138.5, 138.3, 137.6,
137.6, 137.6, 134.8, 134.3, 133.8, 133.7, 133.3, 131.6, 131.5, 130.9, 129.3, 129.2,
128.3, 128.1, 128.1, 127.8, 127.7, 127.5, 126.5, 124.4, 123.0, 122.9, 121.9, 119.7,
119.2, 117.3, 111.9, 21.6, 21.5 ppm; UV/Vis: �max (log �)� 370 (3.75), 473
(3.87), 490 (3.90), 578 (3.29), 664 (3.52), 763 (2.96), 843 (2.93) nm; HRMS:
m/z : calcd for C50H34N4O1Ni [M]�: 764.2086; found: 764.2081.


[(pyr)OCP]PdII] (9 b): Compound 5 (15.5 mg, 0.022 mmol), PdCl2 (5.5 mg,
0.032 mmol), and K2CO3 (excess) were added to acetonitrile (25 mL). The
mixture was heated to reflux for 1.5 h. The solvent was removed under
reduced pressure. The remaining solid was dissolved in freshly distilled
dichloromethane and separated by chromatography on a silica gel
(mesh 35 ± 70) column. The fast-moving, green band was collected.
Recrystallization from CHCl3/MeOH (50:50 v/v) gave 9b (12 mg, 68%).
1H NMR (500.13 MHz, CD2Cl2): �� 8.16 (s, 1H), 8.12 (d, 1H, 3J� 4.9 Hz),
8.05 (m, 2H), 7.96 (m, 2H), 7.92 (d, 1H, 3J� 4.9 Hz), 7.90 (d, 1H, 3J�
4.9 Hz), 7.87 (d, 1H, 3J� 4.9 Hz), 7.82 (d, 1H, 3J� 4.9 Hz), 7.80 (d, 1H, 3J�
4.9 Hz), 7.77 (m, 2H), 7.75 ± 7.67 (m), 7.43 (m, 4H), 6.79 (m, 1H), 6.36 (m,
1H), 6.20 (m, 1H), 2.60 (s, 3H), 2.58 (s, 3H) ppm; 13C NMR (125.77 MHz,
CD2Cl2): �� 167.6, 153.5, 151.6, 150.1, 149.2, 148.5, 147.7, 145.3, 141.5, 139.7,
139.5, 136.8, 135.9, 135.8, 135.4, 135.4, 135.2, 134.6, 132.8, 132.7, 132.5, 132.4,
131.3, 131.2, 130.4, 130.1, 130.1, 129.9, 129.7, 129.6, 129.2, 126.6, 126.5, 123.1,
122.5, 122.4, 122.3, 120.6, 114.1, 23.4, 23.4 ppm; UV/Vis: �max (log �)� 365
(4.28), 454 (4.36), 483 (4.51), 605 (3.75), 648 (4.31), 751 (3.61), 827


(3.58) nm; HRMS: m/z : calcd for C50H34N4O1Pd [M]�: 812.1785; found:
812.1765.


[(pyr)OCP]AgIII]� (9 c): Compound 10b (20 mg) was dissolved in freshly
distilled dichloromethane (15 mL). A solution of TFA in dichloromethane
(60%) was added through a syringe until the color changed from red to
green. The product was precipitated from the reaction mixture with hexane
(17.5 mg, 82%). 1H NMR (500.13 MHz, CD2Cl2): �� 9.54 (br s), 8.73 (dd,
1H, 3J� 5.4, 4JAg� 1.5 Hz), 8.59 (dd, 1H, 3J� 4.9, 4JAg� 1.5 Hz), 8.55 (d,
1H, 3J� 4.9 Hz), 8.52 (d, 1H, 3J� 4.9 Hz), 8.51 (dd, 1H, 3J� 5.3, 4JAg�
1.5 Hz), 8.44 (d, 1H, 3J� 4.9 Hz), 8.19 (m, 2H), 8.12 (m, 2H), 7.89 (m,
10H), 7.58 (m, 4H), 7.27 (s, 1H), 6.60 (d, 1H), 7.68 ± 7.63 (m), 6.40 (m, 1H),
2.68 (s, 3H), 2.67 (s, 3H) ppm; 13C NMR (125.77 MHz, CD2Cl2, partial
data): �� 131.9 (18-C), 133.5 (7-C), 130.8 (17-C), 134.4 (13-C), 132.4 (8-C),
132.2 (12-C), 134.6 (20-o-C), 133.5 (5-o-C), 133.9 (10,15-o-C), 130.6 (5,20-
m-C), 129.8 and 128.6 (5,20-p-C), 128.8 (10,15-m-C), 133.9 (5�-C), 125.9 (3�-
C), 115.3 (4�-C), 21.5 (10,15-p-CH3) ppm; UV/Vis: �max (log �)� 335 (4.29),
384 (4.23), 499 (4.92), 660 (4.55), 683 (4.43), 749 (4.00) nm; HRMS: m/z :
calcd for C50H34N4O1Ag [M]�: 813.1783; found: 813.1778; elemental
analysis calcd (%) for C52H34N4O3F3Ag1 ¥ (with 1.33 CH2Cl2): C 61.61, H
3.53, N 5.39; found: C 61.72, H 3.32, N 5.49.


Instrumentation : NMR spectra were recorded on a Bruker Avance 500
spectrometer. Absorption spectra were recorded on a diode array Hewlett
Packard 8453 spectrometer. Mass spectra were recorded on an AD-604
spectrometer by using the electrospray and liquid-matrix secondary-ion
mass spectrometry techniques.


X-ray data collection and refinement : Crystals of 9 a and 10b were
prepared by diffusion of methanol into dichloromethane (9a) and toluene
(10b) solutions, respectively, contained in a thin tube. Data were collected
at 100 K on a Kuma KM-4 CCD diffractometer. The data were corrected
for Lorentz and polarization effects. No absorption correction was applied.
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Table 3. Crystal data for [(pyr)OCP]NiII] (9a) and [(C2H5O,pyr)OCP]-
AgIII] (10 b).


Compound
[(pyr)OCP]NiII] [(C2H5O,pyr)OCP]AgIII] ¥


0.5C7H8


crystals grown by MeOH into CH2Cl2 MeOH into toluene
slow diffusion of
crystal habit deep green block dark red plate
formula C50H34N4O1Ni C52H39N4O2Ag
Mw 765.52 859.74
a [ä] 10.2928(7) 11.1748(13)
b [ä] 23.7004(17) 14.5887(18)
c [ä] 14.7332(10) 14.8542(17)
� [�] 63.094(12)
� [�] 97.953(6) 79.353(10)
� [�] 88.349(10)
V [ä3] 3559.5(4) 2118.1(4)
Z 4 2
�calcd [g cm�3] 1.348 1.428
crystal system monoclinic triclinic
space group P21/c P1≈


	 [mm�1] 0.593 0.522
absorption
correction


not applied not applied


T [K] 100(2) 100(2)

 range 3.31� 
� 28.55 3.27� 
� 28.52
hkl range � 8�h� 13 � 14� h� 14


� 31�k� 31 � 18� k� 18
� 19� l� 19 � 17� l� 19


reflections:
measured 8320 9296
unique, I� 2�(I) 4638 4637
parameters/restraints 606/0 597/0
S 1.115 0.950
R1[a] 0.0909 0.0814
wR2[b] 0.1844 0.1767


[a] R1�� � �Fo�Fc � � /� �Fo � . [b] wR2� [�[w(F 2
o �F 2


c �2]/�[w(F 2
o �2]]1/2.
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Crystal data are compiled in Table 3. The structures were solved by the
heavy atom method (9a) and direct methods (10b) with SHELXS-97 and
refined by the full-matrix least-squares method by using SHELXL-97 with
anisotropic thermal parameters for the non-hydrogen atoms. Scattering
factors were those incorporated in SHELXS-97.[50, 51] In the structure of 10b
the high-temperature factors of some appended pyrrole and ethoxy group
atoms suggest disorder, which could not be resolved.[50] Crystallographic
data (excluding structure factors) have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos. CCDC-
205271 and -205272. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(�44) 1223-336-033; email: deposit@ccdc.cam.ac.uk).


Acknowledgement


Financial support from the State Committee for Scientific Research KBN
of Poland (Grant: 4T09A14722) is gratefully acknowledged.


[1] P. J. Chmielewski, L. Latos-Graz«yn¬ ski, K. Rachlewicz, T. G¯owiak,
Angew. Chem. 1994, 106, 805; Angew. Chem. Int. Ed. Engl. 1994, 33,
779.


[2] H. Furuta, T. Asano, T. Ogawa, J. Am. Chem. Soc. 1994, 116, 767.
[3] P. J. Chmielewski, L. Latos-Graz«yn¬ ski, J. Chem. Soc. Perkin Trans. 2


1995, 503.
[4] T. D. Lash, D. T. Richter, C. M. Shiner, J. Org. Chem. 1999, 64, 7973.
[5] Z. Xiao, B. O. Patrick, D. Dolphin, Chem. Commun. 2002, 1816.
[6] I. Schmidt, P. J. Chmielewski, Z. Ciunik, J. Org. Chem. 2002, 67, 8917.
[7] P. J. Chmielewski, L. Latos-Graz«yn¬ ski, T. G¯owiak, J. Am. Chem. Soc.


1996, 118, 5690.
[8] P. J. Chmielewski, L. Latos-Graz«yn¬ ski, Inorg. Chem. 2000, 39, 5639.
[9] P. J. Chmielewski, L. Latos-Graz«yn¬ ski, Inorg. Chem. 1997, 36, 840.
[10] P. J. Chmielewski, L. Latos-Graz«yn¬ ski, I. Schmidt, Inorg. Chem. 2000,


39, 5475.
[11] H. Furuta, N. Kubo, H. Maeda, T. Ishizuka, A. Osuka, H. Nanami, T.


Ogawa, Inorg. Chem. 2000, 39, 5424.
[12] T. Ogawa, H. Furuta, M. Takahashi, A. Morino, H. Uno, J. Organomet.


Chem. 2000, 611, 551 ± 557.
[13] H. Furuta, T. Ogawa, Y. Uwatoko, K. Araki, Inorg. Chem. 1999, 38,


2676.
[14] J. D. Harvey, C. J. Ziegler, Chem. Commun. 2002, 1942.
[15] D. S. Bohle, W.-C. Chen, C.-H. Hung, Inorg. Chem. 2002, 41, 3334.
[16] H. Furuta, T. Ishizuka, A. Osuka, J. Am. Chem. Soc. 2002, 124, 5622.
[17] W.-C. Chen, C.-H. Hung, Inorg. Chem. 2001, 40, 5070.
[18] C.-H. Hung, W.-C. Chen, G.-H. Lee, S.-M. Peng, Chem. Commun.


2002, 1516.
[19] A. Srinivasan, H. Furuta, A. Osuka, Chem. Commun. 2001, 1666.
[20] H. Furuta, H. Maeda, A. Osuka, Chem. Commun. 2002, 1795.
[21] L. Latos-Graz«yn¬ ski, in The Porphyrin Handbook, Vol. 2 (Eds.: K. M.


Kadish, K. M. Smith, R. Guilard), Academic Press, New York, 2000,
pp. 361 ± 416.


[22] M. SteÀpien¬ , L. Latos-Graz«yn¬ ski, Chem. Eur. J. 2001, 7, 5113.
[23] M. SteÀpien¬ , L. Latos-Graz«yn¬ ski, T. D. Lash, L. Szterenberg, Inorg.


Chem. 2001, 40, 6892.
[24] M. SteÀpien¬ , L. Latos-Graz«yn¬ ski, J. Am. Chem. Soc. 2002, 124, 3838.


[25] S. Venkatraman, V. G. Anand, S. K. Pushpan, J. Sankar, T. K.
Chandrashekar, Chem. Commun. 2002, 462.


[26] K. Berlin, E. Breitmaier, Angew. Chem. 1994, 106, 1356; Angew.
Chem. Int. Ed. Engl. 1994, 33, 1246.


[27] T. D. Lash, Angew. Chem. 1995, 107, 2703; Angew. Chem. Int. Ed.
Engl. 1995, 34, 2533.


[28] S. R. Graham, G. M. Ferrence, T. D. Lash, Chem. Commun. 2002, 894.
[29] M. A. Muckey, L. F. Szczepura, G. M. Ferrence, T. D. Lash, Inorg.


Chem. 2002, 41, 4840.
[30] N. Sprutta, L. Latos-Graz«yn¬ ski, Tetrahedron Lett. 1999, 40, 8457.
[31] L. Szterenberg, N. Sprutta, L. Latos-Graz«yn¬ ski, J. Inclusion Phenom.


2001, 41, 209.
[32] G. C. M. Lee, J. M. Holmes, D. A. Harcourt, M. E. Garst, J. Org.


Chem. 1992, 57, 3126.
[33] A. Ulman, J. Manassen, J. Am. Chem. Soc. 1975, 97, 6540.
[34] I. Schmidt, P. J. Chmielewski, Tetrahedron Lett. 2001, 42, 1151.
[35] V. Galasso, L. Klasinic, A. Sablijc, N. Trinajstic, G. C. Pappalardo,


W. J. Steglich, J. Chem. Soc. Perkin Trans. 2 1981, 127.
[36] E. Orti, J. Sanchez-Marin, M. Merchan, F. Tomas, J. Phys. Chem. 1987,


91, 545.
[37] D. R. Cullen, E. F. Meyer, Jr., J. Am. Chem. Soc. 1974, 96, 2095.
[38] D. M. Grove, G. van Koten, H. J. C. Ubbels, R. Zoet, A. L. Spek,


Organometallics 1984, 3, 1003.
[39] P. W. Jolly, in Comprehensive Organometallic Chemistry, Vol. 6 (Eds.:


G. Wilkinson, F. G. A. Stone, E. W. Abel), Oxford, 1984, p. 37.
[40] R. Forume, Acta Crystallogr. Sect. B: Struct. Sci. 1972, 28, 2984.
[41] E. Vogel, J. Dˆrr, A. Herrmann, J. Lex, H. Schmickler, P. Walgenbach,


J.-P. Gisselbrecht, M. Gross, Angew. Chem. 1993, 105, 1670; Angew.
Chem. Int. Ed. Engl. 1993, 32, 1600.


[42] E. Vogel, M. Sicken, P. Rˆhrig, H. Schmickler, J. Lex, O. Ermer,
Angew. Chem. 1988, 100, 450; Angew. Chem. Int. Ed. Engl. 1988, 27,
411.


[43] M. Pawlicki, L. Latos-Graz«yn¬ ski, L. Szterenberg, J. Org. Chem. 2002,
67, 5644.


[44] L. Latos-Graz«yn¬ ski, J. J. Johnson, S. Attar, M. M. Olmstead, A. L.
Balch, Inorg. Chem. 1998, 37, 4493.


[45] H. Furuta, H. Maeda, A. Osuka, J. Am. Chem. Soc. 2000, 122, 803.
[46] A. R. Karitzky, A. F. Pozharski,Handbook of Heterocyclic Chemistry,


Pergamon, Amsterdam, 2000.
[47] 5-Anisol-dipyrromethene has been isolated in the course of the


preparation of an oxacarbaporphyrin in less than 1% yield. Once
identified it could be readily detected in other syntheses leading to
heteroporphyrins. 1H NMR (CDCl3): �� 7.63 (s, 2H), 7.43 (d, 2H,
3J� 8.4 Hz), 6.96 (d, 2H, 3J� 8.4 Hz), 6.64 (d, 2H, 3J� 3.8 Hz), 6.39
(dd, 2H, 3J� 4.2, 4J� 1.5 Hz), 3.87(s, 3H) ppm; 13C NMR (CDCl3):
�� 160.4, 143.2 (5�), 142.2, 140.7 (2�), 132.4, 129.7, 128.7 (3�), 117.3 (4�),
113.0, 55.2 ppm; HRMS: m/z : calcd for C16H15N2O1 [M�H]�:
250.1184; found: 251.1179.


[48] M. I. Bruce, P. Hinterding, P. J. Low, B. W. Skelton, A. H. White, J.
Chem. Soc. Dalton Trans. 1998, 467.


[49] A. Thompson, D. Dolphin, J. Org. Chem. 2000, 65, 7870.
[50] G. M. Sheldrick, SHELXL97, program for crystal structure refinement,


University of Gˆttingen, 1997.
[51] G. M. Sheldrick, SHELXS97, program for solution of crystal struc-


tures, University of Gˆttingen, 1997.


Received: March 4, 2003 [F4995]


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4650 ± 46604660








Theoretical Investigation of the Photochemical C2 ±C6 Cyclisation of
Enyne ±Heteroallenes


Carsten Spˆler[b] and Bernd Engels*[a]


Abstract: Herein we discuss computa-
tions that explain experimental results
regarding a highly efficient triplet ana-
logue of the C2 ±C6 cyclisation of
enyne ± heteroallenes recently discov-
ered by Schmittel and co-workers.[1] To
shed some light on the reasons for the
differences found between enyne ± car-
bodiimides, enyne ± ketenimines and
enyne ± allenes, we have computed the
reaction profiles of the C2 ± C6 and of the
C2 ± C7 cyclisations for various model
compounds, assuming that the reactions
take place on the lowest-lying triplet
surfaces. Our results nicely explain the
differences and the unexpected high


efficiency found for the enyne ± carbo-
diimides. The differences between
enyne ± carbodiimides and enyne ± kete-
nimines prove to be due to differences in
the shapes of the corresponding triplet
surfaces. In contrast to the enyne ± car-
bodiimides, for which our calculations
predict that a direct cyclisation to the
biradical intermediates should occur
after the vertical excitation, the
enyne ± ketenimines relax into a local
minimum on the triplet surface. As a


consequence, further reaction channels
are opened. Our computations indicate
that enyne ± allene compounds do not
react because the necessary excitation
energy lies outside the range of the
employed triplet photosensitizer. Final-
ly, the close agreement between our
results and the experimental findings
indicates that the underlying reasons for
the differences in the photochemical
behaviour of enyne ± carbodiimides,
enyne ± ketenimines and enyne ± allenes
are related to differences in the elec-
tronic structures of the parent systems,
while substituent effects are less impor-
tant.


Keywords: computer chemistry ¥
cyclisation ¥ photochemistry ¥
enyne ± heteroallenes


Introduction


Thermal cyclisations of enediynes,[2±4] enyne ± allenes[5±10] and
their hetero analogues[11] (Scheme 1) have aroused great
interest for theory[3, 4, 9±11] and synthesis[2, 5±8, 11, 12] over the last
two decades, since these cycloaromatisations constitute the
key steps in the synthesis of highly potent antitumour
antibiotics.[12, 13]


The thermal cyclisations of enyne ± allenes were first
investigated by Myers et al.[5] and independently by Saito
and co-workers.[6] They showed that the C2 ± C7 cyclisation of
enyne ± allenes (Myers ± Saito cyclisation) leads to �,3-dide-
hydrotoluene biradicals. Control over the regioselectivity of
cyclisation reactions of enyne ± allenes was first developed by


Scheme 1. Thermal cyclisation reactions of enyne ± allenes and their
hetero analogues.


Schmittel et al. ,[7] who showed that an appropriate choice of
substituents at the alkyne terminus allows the regioselectivity
of thermal enyne (hetero)-allene biradical cyclisations to be
steered away from the Myers ± Saito and towards a C2 ± C6


cyclisation pathway, leading to (hetero)-benzofulvene com-
pounds (Scheme 1). Theoretical investigations revealed that
the mechanism of the thermal C2 ±C6 cyclisation strongly
depends on the substituent at the alkyne terminus.[9a, 9e] For
phenyl as substituent, the reaction proceeds through biradical
intermediates. Both for �-donor substituents such as NH2 and
for strongly electron-withdrawing substituents such as NO2,
computations predict carbene-like intermediates. Although
the mechanism is the same for both types of substituent, the
reasons are different.[9d] Besides these mechanisms, computa-
tions[9d] also predicted that for the bulky substituent tBu the
free activation energy values (�G�) for the biradical and for
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the ene mechanism differ by less than 1 kcalmol�1, so the ene
reaction also has to be taken into account as a mechanistic
option for this interesting cyclisation.


As the novel C2 ± C6 cyclisation of enyne ± allenes has
become the focus of extensive research,[14] the development of
a photochemical variant, as found for the Bergman cyclisa-
tion,[15] would open a convenient route to the intermediate
biradicals of the C2 ±C6 cyclisation. Indeed, Schmittel et al.
recently presented a highly efficient photochemical cyclisa-
tion of substituted enyne ± carbodiimides, with yields higher
than 90%.[1] In contrast to the thermal cyclisation, only
products of the C2 ± C6 cyclisation are found in the photo-
chemical reactions. To establish the photocyclisation as a
general route to triplet heterobenzofulvenes, Schmittel et al.
additionally subjected some stable enyne ± ketenimines to the
same reaction conditions as employed for the enyne ± carbo-
diimides.[1] They found that the cyclisation could also be
effected, but that the yields were reduced due to formation of
polymeric material. For example, in toluene the conversions
are still around 100%, but the yields vary between 50 and
62%. Tests with enyne ± allenes showed no reaction at all.[16]


To obtain some insight into the mechanism of the photo-
chemical cyclisation, Schmittel et al. systematically varied the
energies of the triplet quenchers. The results of these
investigations indicate that the cyclisation takes place on the
triplet surface. This mechanism is supported by the fact that
allenes and heteroallenes are readily excited to triplet states
and is in line with the regioselectivity of the reaction, since the
regioselective 5-exo-dig cyclisation of triplet biradicals is well
established.[17]


While it seems clear that the reaction proceeds through the
lowest-lying triplet state, some puzzling questions remain. The
well established 5-exo-dig regioselectivity for triplet biradicals
is a general experience, but the underlying reasons for the
present case remain unclear; the reasons for the extraordinary
yields found for enyne ± carbodiimides, for example, are not
known and the differences in the yields found for enyne ±
carbodiimides and those found for enyne ± ketenimines or
enyne ± allenes are still not understood. It is unclear whether
this behaviour is a result of the influence of the substituents or
of differences in the electronic structures of the parent
systems. To address these open questions we performed a
theoretical study to investigate whether the experimental data
can be explained by the shapes of the lowest-lying triplet
surfaces. The study focuses on the different yields found for
the various compounds tested in the work of Schmittel et al.[1]


Theoretical Considerations


Our investigations were based on the mechanism indicated in
Scheme 2. In the first step the reactant is excited to its lowest-
lying triplet state (T1) by a vertical excitation that happens
either directly through energy transfer from the employed
triplet quencher or by a fast relaxation out of higher lying
singlet electronic states. After the vertical excitation process
the molecule is situated on the triplet surface but still
possesses the S0 geometry. This point on the triplet surface
is denoted below as T1(S0 geom). While the S0 geometry


Scheme 2. Assumed mechanism for the photochemical cyclisation of
enyne ± heteroallenes.


represents a minimum on the ground-state surface it is not
normally a stationary point for the triplet surface. As a result
of the non-vanishing energy gradients, and depending on the
shape of the potential energy surface (PES) of the triplet state
around the S0 geometry, the molecule may either cyclise
without a barrier or relax to a local minimum near to the S0


geometry. This local minimum of the triplet surface is denoted
T1(T1 geom). The natures of the stationary points (minima or
transition states) were analysed by computations of the
vibrational frequencies.


The cyclisation itself is assumed to take place on the lowest-
lying triplet surface. It leads either to the triplet state of the
biradical intermediate of the C2 ± C6 cyclisation, referred to
below as T1(C2 ± C6), or to that of the C2 ±C7 cyclisation, which
is called T1(C2 ±C7). After the cyclisation, the molecule may
cross to the singlet states of the biradical intermediates–
S0(C2 ± C6) and S0(C2 ± C7), respectively–from which it reacts
to give the product in one or more final steps. In this case the
final steps are identical to the final steps of the thermal
cyclisations; that is, both the photochemical and the thermal
reaction can be expected to proceed along the same reaction
course for this later stage of the reaction. If possible reactions
of the triplet biradical intermediates are faster than the
intersystem crossing (fast intermolecular radical additions or
hydrogen abstractions, for example), we may have to take
account of consecutive reactions other than those found for
the thermal cyclisation reactions.


To estimate the meaningfulness of model computations,
relationships between experimentally determined data and
single steps of the overall reaction must be discussed. The
conversion of the reactants depends on the excitation step
itself. The probability of the transition to the triplet state is
determined by the position of the triplet state with respect to
the ground state, which is in turn strongly influenced by the
substitution pattern of the reactant. Furthermore, the nature
of the triplet photosensitizer utilised in the reaction is also
important. Relative yields of possible products do not mainly
depend on the excitation process itself but on the regiose-
lectivity of the cyclisation step, on the intersystem crossing
from the T1 states of the biradical intermediates to the
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corresponding S0 states, and on the final reaction steps leading
to the products. If one of these steps takes a long time on this
timescale, due to possible hindrances, the yield of the
corresponding product will be reduced due to formation of
by-products, because all intermediates represent very reactive
systems (Scheme 3).


Scheme 3. Model compounds employed in this work.


The intersystem crossing will be very efficient, since the
lowest T1 and S0 states of the biradical intermediates are very
close in energy. If the crossing is faster than possible
subsequent reactions of the triplet intermediates, the final
steps leading to the products are identical to the final steps in
the thermal cyclisation. The subsequent steps for the C2 ± C6


cyclisation of enyne ± allene systems, which are intramolecular
in nature, were found to be so fast that interception of the
biradical intermediates failed.[7a] Consequently, for the C2 ± C6


cyclisation we can expect that the relative yield of this
photochemical cyclisation course depends only on the cycli-
sation itself, since the remaining reaction steps are very fast
and very efficient. In contrast, the biradical intermediate of
the C2 ± C7 cyclisation of enyne ± allenes must intercept, and
so, unlike in the C2 ± C6 cyclisation, we have to consider
intermolecular rather than intramolecular consecutive reac-
tions.


As discussed above, we can assume that the differences in
the yields found for enyne ± carbodiimides and enyne ± kete-
nimines are connected with alterations in the shapes of the
reaction profiles of the cyclisation modes. However, it is
unclear whether these differences result from the influence of
the substituents or whether differences in the electronic
structures of the parent systems are responsible, since the
substituents employed in the experimental study for enyne ±
carbodiimides and for enyne ± ketenimines are similar but not
identical. Nevertheless, the similarity between the employed
substituents leads to the expectation that the alterations
mainly arise due to differences in the electronic structures of
the parent systems. To shed some light on the open questions
we computed the energy profiles for the C2 ±C6 and the C2 ± C7


cyclisation modes for the model compounds 1 ± 3 depicted in
Scheme 3. Except for the annulated benzene ring, which was
present in all of the experimentally employed compounds, in
our model systems we replaced all substituents by hydrogen
centres to reduce the computational effort. Consequently,
substituent effects are not accounted for in our model but, as
discussed above, reasons exist which indicate that the differ-
ences in the photochemical behaviour arise due to alterations
in the electronic structures of the parent systems.


Both cyclisation processes are mainly determined by the
following points on the triplet PES. On the assumption of a
vertical excitation, the molecule is elevated to the triplet
surface with conservation of the geometry of the S0 ground
state (T1(S0 geom)). While this arrangement of nuclei is a


minimum on the S0 surface it does not normally represent a
stationary point on the triplet PES. Because of the non-
vanishing energy gradients, the nuclei start to relax towards
the nearest local minimum T1(T1 geom). The energy differ-
ence between T1(S0 geom) and T1(T1 geom) represents a
lower limit of the excess energy available to overcome
possible reaction barriers to the cyclisation modes. The
relative reaction rates of both competing cyclisations are
determined by the reaction barriers between this local
minimum and the biradical intermediates; that is, the top of
these barriers also has to be characterised in order to compare
the yields of different reaction courses. If no local minimum
near to T1(S0 geom) exists, the cyclisation process to the
biradical intermediates will start immediately.


Experimentally acquired data indicate that the photo-
chemical cyclisation takes place on the lowest-lying triplet
surface. DFT is sufficiently accurate to describe triplet
biradicals, which, unlike singlet biradicals, can be properly
described by a single reference approach.[18] While we
employed the unrestricted density functional approach for
the triplet states, the restricted approach was used to describe
the equilibrium geometry of the S0 state of the reactants. The
computed S2-values for the triplet states varied between 2.0
and 2.03. To check DFT to some extent, computations were
also performed with the BLYP and with the B3LYP[19, 20]


functionals. Both functionals gave the same overall trends
for the triplet surface. The main differences are found for the
relative position of the triplet biradicals with respect to the
reactant. In comparison with the BLYP functional, the B3LYP
functional computes lower relative energy positions of the
triplet biradical intermediates with respect to the reactants
(�5 kcalmol�1). A similar effect had already been found for
the singlet biradicals of enyne ± allenes, in which the BLYP
functional predicted the singlet biradicals to be too high in
energy[9e, 9f] by about the same amount in relation to high level
MR ± CI�Q computations. Consequently, we only discuss
B3LYP data below. To study the influence of the AO basis set
we performed test computations with the 6-31G(d), the
6-311G(d) and the 6-311G(d,p)[21] basis sets. These test
calculations showed differences between the 6-31G(d) and
6-311G(d) basis sets, but only small alterations if p-polar-
isation functions on the hydrogen were added. Consequently,
the 6-311G(d) basis set was employed for all computations.
The geometries of all stationary points were optimised by use
of analytical energy gradients with the density function
approach, the B3LYP functional being employed in combi-
nation with the 6-311G(d) basis set. The influence of the
nuclear motion and temperature effects were incorporated in
the standard approach.[22] All calculations were performed by
use of the Gaussian98 package[22] and the TurboMole
program[23] package.


Results and Discussion


The results of this work are summarised in Figure 1, Figure 2
and Figure 3, which contain the reaction profiles computed
for the model systems 1 ± 3. Some selected geometrical
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parameter optimised for the stationary points can be taken
from Table 1.


For an understanding of the differences found between the
various model systems it is best to start the discussion with the
enyne ± ketenimine system 2. As mentioned, the reaction
profiles for both cyclisation modes are depicted in Figure 1,
which also contains sketches of the alterations in the nuclear
arrangement along the courses of both cyclisation paths and
the relative energies of the various points with respect to the
energy of the reactant. Optimised geometrical parameters for
the stationary states can be taken from Table 1. The middle of
Figure 1 indicates the reactant (S0), the point on the triplet
surface reached by a vertical excitation (T1(S0 geom)), and the
local minimum to which the molecule relaxes after vertical
excitation (T1(T1 geom)). The left-hand side shows the
course of the C2 ± C6 cyclisation, while the path of the
C2 ± C7 cyclisation is indicated
on the right. The vertical excita-
tion energy (S0�T1(S0 geom))
is predicted to be about
78 kcalmol�1. This value seems
reasonable, since the use of
toluene as triplet photosensi-
tizer (triplet energy ET�
83 kcalmol�1) already leads to
conversion rates of 100%.


From the point reached by
the vertical excitation
T1(S0 geom), the molecule re-
laxes to a local minimum
(T1(T1 geom)), which is about
35 kcalmol�1 lower in energy
than T1(S0 geom). The geomet-
rical structure of T1(T1 geom) is
also depicted in Figure 1. In this
structure the ketenimine moi-
ety is bent towards the C6


centre (see Scheme 1 for the
numbering of the various cen-
tres) and the terminal CH bond
of the enyne group is also bent,
so the five-membered ring is to
some extent preformed. From
this local minimum, both cycli-
sation routes possess quite
small barriers, of about
3 kcalmol�1 for the C2 ± C6 cyc-
lisation and 8 kcalmol�1 for the
C2 ± C7 cyclisation. Thanks to
the high excess energy of about
35 kcalmol�1 resulting from the
relaxation from T1(S0 geom) to
T1(T1 geom), both barriers can
easily be surmounted. For a
convenient comparison be-
tween our findings and exper-
imental results, the data ob-
tained by Schmittel et al.[1] are
summarised in Scheme 4. From


the reactants 4a and 4b they found conversions of about
100%, but the yields of the products 5a and 5b were only 50
and 62%, respectively. Molecular products connected with
the biradical intermediate of the C2 ± C7 cyclisation could not
be detected, but the formation of polymeric material was
observed. Our findings can provide an explanation of the
experimental results. In our interpretation, the biradical
intermediate of the C2 ± C6 cyclisation, which is known to
tend to intramolecular reactions, leads to the products 5a or
5b described by Schmittel et al. Because of the nature of the
biradical intermediate of the C2 ±C7 cyclisation we expect that
the polymeric material found experimentally arises from the
C2 ± C7 cyclisation. This is supported by Scheme 4, which
outlines the reactions of the compounds actually employed in
the experimental work of Schmittel et al.[1] The biradical
intermediate of the C2 ±C7 cyclisation should be quite stable,
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Figure 1. Energy profiles for the photochemical C2 ± C6 and C2 ± C7 cyclisation modes of 2 (see Scheme 3), which
serves as a model compound for enyne ± ketenimines. The sketches of the molecular geometries indicate the
changes in the nuclear arrangement along the course of both cyclisation paths. In the middle of the figure, the
reactant (S0), the vertical excitation leading to T1(S0 geometry) and the local minimum to which the molecule
relaxes after vertical excitation are given. On the left-hand side, the course of the C2 ± C6 cyclisation is depicted,
while the path of the C2 ± C7 cyclisation is indicated on the right-hand side. All energies (kcalmol�1) are given with
respect to the reactant S0. For more information see text.


Scheme 4. Summary of the experimental results obtained by Schmittel et al.[1] for the photochemical cyclisation
reaction of enyne ± ketenimines.
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since the radical centre at position 1 is strongly stabilised due
to the two 2,4,6-(CH3)3C2H6 substituents. The strong stabili-
sation is not included in our model, but–as shown in
Figure 1–the biradical intermediate of the C2 ± C7 cyclisation
is similar to the reactant in energy even for hydrogen atoms as
substituents, while the biradical intermediate of the C2 ± C6


cyclisation is about 18 kcalmol�1 higher in energy. Yields of


5a and 5b of more than 50% can be explained by the slightly
lower barrier of the C2 ± C6 cyclisation and by the geometrical
structure of local minima T1(T1 geom), which already resem-
bles the transition state of the C2 ±C6 cyclisation.


The photochemical cyclisation of the enyne ± carbodiimide
systems has unexpected high yields of more than 90%.
Consequently, our computations should predict remarkable
differences between the triplet surfaces of the enyne ± carbo-
diimide and of the enyne ± ketenimine model system. This is
indeed the case, as can be seen from Figure 2, which depicts
the energy profiles computed for model compound 1. It
contains the main energy data for both cyclisation modes,
together with sketches indicating the alterations in the nuclear
arrangement along both reaction paths. Selected optimised
geometrical parameters for the TS of the C2 ±C7 cyclisation
can be taken from Table 1. Figure 2 is arranged as Figure 1, its
centre indicating the reactant (S0) and T1(S0 geom), and the
reaction profiles of the C2 ± C6 and of the C2 ± C7 cyclisation
depicted to the left- and the right-hand side, respectively. The
computed vertical excitation energy of model compound 2
(S0�T1(S0 geom)) is 78 kcalmol�1, equal to that of the
enyne ± ketenimine (also 78 kcalmol�1). In contrast to model
compound 2, however, a geometry optimisation starting at
T1(S0 geom) leads directly to the biradical intermediate of the
C2 ± C6 cyclisation, that is our computations predict that the
photochemical cyclisation reaction of the C2 ±C6 cyclisation is
barrierless and possesses an energy profile with a steadily
descending energy. For the biradical intermediate of the C2 ±
C6 cyclisation, our computations predict two possible isomers,
differing in the orientation of the terminal NH group.
Geometry optimisation starting from T1(S0 geom) leads to
the isomer in which the hydrogen is oriented towards the
second radical centre, located at C7 (see Scheme 1 for the
numbering of the centres). This shows that the cyclisation
directly leads to that isomer that is already arranged for
subsequent intramolecular reactions leading to the final
products. The second isomer, in which the terminal NH bond
is oriented away from the second radical centre, is more stable
by about 2 kcalmol�1, but the fact that our optimisation does
not give the more stable isomer points to a barrier between
the two isomers. In summary, the reaction profile of the C2 ±
C6 cyclisation represents a perfect slide to the final products. It
starts from the point reached by the vertical excitation
(T1(S0 geom)) and proceeds with a steady negative energy
gradient to the biradical intermediate of the C2 ±C6 cyclisa-
tion, which is perfectly arranged for the subsequent reactions.
Clearly, this reaction profile perfectly explains the unexpect-
edly high yields found for enyne ± carbodiimides since it to a
large extent suppresses the C2 ± C7 cyclisation and further
competing reactions.


The study of the rival C2 ± C7 cyclisation turned out to be
complicated, because we could not find a reaction path from
T1(S0 geom) to the biradical intermediate. To identify this
path as a possible side-path of the C2 ±C6 cyclisation we
examined the energy gradients obtained from the geometry
optimisations performed along the C2 ± C6 cyclisation. As
indicated in the geometrical structures outlined on the left-
hand side of Figure 2, in the first stage of the cyclisation the
carbodiimide moiety bends towards the enyne moiety. During
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Table 1. Selected optimised geometrical parameters for the stationary
points depicted in Figure 1, Figure 2 and Figure 3. All data were obtained
by the UB3LYP/6 ± 311G* approach. The energy is given with respect to
the reactants in the respective reaction. The angles are given in �, distances
in ä. The corresponding geometrical arrangement is depicted for a simpler
overview. The numeration of the centres can be taken from Scheme 3.


Equilibrium structure of the reactant, S0 geom
Compound 1 2 3


�(1 ± 2 ± 3) 168.6 174.3 174.6
�(2 ± 3 ± 4) 134.9 128.5 131.4
�(3 ± 4 ± 5) 123.6 122.7 125.7
�(4 ± 5 ± 6) 121.7 122.0 123.3
�(5 ± 6 ± 7) 178.5 177.8 175.7
R2±6 2.98 3.08 3.04
R2±7 3.43 3.59 3.51


Local minimum of the triplet surface, T1(T1 geom)
Compound 1 2 3


�(1 ± 2 ± 3) ± 129.1 139.9
�(2 ± 3 ± 4) ± 127.3 127.4
�(3 ± 4 ± 5) ± 125.4 123.8
�(4 ± 5 ± 6) ± 123.0 122.5
�(5 ± 6 ± 7) ± 174.0 174.8
R2±6 ± 2.86 2.86
R2±7 ± 3.39 3.30


Triplet biradical obtained from the C2 ± C6 cyclisation, (T1(C2 ± C7)
Compound 1 2 3


�(1 ± 2 ± 7) 122.8 120.4 120.7
�(3 ± 2 ± 7) 120.5 121.4 117.2
�(4 ± 3 ± 2) 119.8 119.7 122.8
�(2 ± 7 ± 6) 117.7 116,7 118.1
�(7 ± 6 ± 5) 124.9 125.1 127.4
R2±7 1.47 1.47 1.46


Triplet biradical obtained from the C2 ± C6 cyclisation T1(C2 ± C6).
Compound 1 2 3


�(1 ± 2 ± 6) 124.1 126.1 125.4
�(3 ± 2 ± 6) 110.1 110.9 106.9
�(4 ± 3 ± 2) 107.0 107.1 110.2
�(2 ± 6 ± 7) 126.0 126.9 126.6
�(2 ± 6 ± 5) 103.4 103.1 105.7
R2±6 1.52 1.51 1.51
R6±7 1.32 1.32 1.32


Transition state of the C2 ± C6 cyclisation
Compound 1 2 3


�(1 ± 2 ± 3) ± 132.8 141.1
�(5 ± 6 ± 7) ± 155.9 156.8
R2±6 ± 2.31 2.31


Transition state of the C2 ± C7 cyclisation
Compound 1[a] 2 3


�(1 ± 2 ± 3) 123.7 127.8 134.3
�(5 ± 6 ± 7) 151.4 148.0 152.0
R2±7 2.74 2.41 2.40


[a] See text.
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this stage the energy gradient of the triplet surface is quite
high (i.e. , the surface is steep). In the second stage, the surface
becomes quite flat until in the
last stage of the reaction the
descent becomes steep again. In
the last stage of the reaction the
new bond between the C2 and
the C6 centre is formed. In the
flat region, the nuclei arrange-
ments resemble the geometrical
structure of the local minima
T1(T1 geom) located for the
enyne ± ketenimine. By starting
a transition state search for the
C2 ± C7 cyclisation arbitrarily
from the nuclei arrangement ly-
ing 65 kcalmol�1 above S0 (de-
picted on the right-hand side),
we were able to locate a path for
the C2 ± C7 cyclisation. It pos-
sesses a transition state only
about 1 kcalmol�1 higher in en-
ergy than the geometry from
which we start the search. Nev-
ertheless the transition state is
about 12 kcalmol�1 below
T1(S0 geom). This shows that
the biradical intermediates of
the C2 ± C7 cyclisation could also
be reached without surmounting


a high barrier, but that this
cyclisation mode is suppressed
due to the shape of the triplet
surface, which clearly favours
the C2 ± C6 cyclisation.


The reaction profiles com-
puted for the enyne ± allene
model compound 3 (Figure 3)
resemble that of the enyne ±
ketenimine 2. Geometrical pa-
rameters optimised for the var-
ious stationary points can be
taken from Table 1, while en-
ergy values are given in Fig-
ure 3. The geometry optimisa-
tion starting from T1(S0 geom)
leads to a local minimum about
60 kcalmol�1 lower in energy.
In addition, the geometry of
this local minimum resembles
the geometry found for the
local minimum T1(T1 geom) of
the enyne ± ketenimine system.
The allene moiety is bent to-
wards the enyne moiety, but,
unlike in the enyne ± keteni-
mine system, the enyne moiety
is still linear. From this local
minimum, both cyclisations


possess small barriers, computed to be about 3 kcalmol�1


for the C2 ± C6 cyclisation and 6 kcalmol�1 for the C2 ± C7
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Figure 2. Energy profiles for the photochemical C2 ± C6 and C2 ± C7 cyclisation modes of 1 (see Scheme 3), which
serves as a model compound for enyne ± carbodiimides. All energies (kcalmol�1) are given with respect to the
reactant S0. For more information see Figure 1 or text.


Figure 3. Energy profiles for the photochemical C2 ± C6 and C2 ± C7 cyclisation modes of 3 (see Scheme 3), which
serves as a model compound for enyne ± allenes. All energies (kcalmol�1) are given with respect to the reactant S0.
For more information see Figure 1 or text.
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cyclisation. While the shape of the triplet surface of the
enyne ± allene model compound 3 resembles the surface of the
enyne ± ketenimine system 2, the vertical energies of the two
compounds differ considerably. The vertical energy of 2 was
computed to be about 78 kcalmol�1, which lies within the
range of the triplet photosensitizer employed by Schmittel
et al. For the enyne ± allene model system 3, however, we
calculate a much higher excitation energy of about
101 kcalmol�1. Even if we take account of the error bar for
the computed excitation energies and the possible influence
of substituents that may lower the position of the triplet state
it can be expected that the triplet energies of the employed
triplet photosensitizer (50 ± 80 kcalmol�1) would not be
sufficient to induce an effective S0�T1 excitation for
enyne ± allene compounds. As a consequence, no photoreac-
tion can be observed.


Summary


Herein we discuss DFT calculations (B3LYP/6-311G* level of
theory) performed to find an interpretation for the exper-
imental results of Schmittel et al. concerning a highly efficient
triplet analogue of the C2 ± C6 cyclisation of enyne ± heter-
oallenes.[1] To shed some light on the reasons for the differ-
ences found between enyne ± carbodiimide, enyne ± keteni-
mines and enyne ± allenes, we have computed the reaction
profiles of the C2 ± C6 and C2 ± C7 cyclisations for the model
compounds 1 ± 3, assuming that the reaction takes place on the
lowest-lying triplet surfaces. Our results nicely explain the
differences in the photochemical behaviour of enyne ± heter-
oallenes and are able to account for the unexpectedly high
efficiency of the enyne ± carbodiimides. This can be reduced
to the shape of the lowest-lying triplet surface, which–from a
starting point reached by vertical excitation (T1(S0 geom))–
represents a perfect slide to the biradical intermediates of the
C2 ± C6 cyclisation. Furthermore, the obtained biradical inter-
mediate possesses a perfect nuclear arrangement for subse-
quent reactions. The difference between enyne ± carbodii-
mides and enyne ± ketenimines originates from differences in
the shapes of the corresponding triplet surfaces. Unlike the
enyne ± carbodiimides, which directly cyclise to the biradical
intermediates after the vertical excitation, in the case of the
enyne ± ketenimines our computations predict a local mini-
mum to which the molecule presumably relax after the
vertical excitation. From this minimum, both cyclisation
modes possess only small barriers, so that both routes can
be taken. It has to be taken into account that the molecule
possesses an excess energy of about 35 kcalmol�1 arising from
the relaxation to this local minimum. We expect that for
enyne ± ketenimines the C2 ± C6 cyclisation leads to the
products detected by Schmittel et al. , while the C2 ± C7


cyclisation leads to the formation of polymeric material.
While the computed excitation energy to the triplet state for
enyne ± carbodiimides and for enyne ± ketenimines is below
80 kcalmol�1, and thus in the range of the triplet photo-
sensitizer employed by Schmittel et al., for the enyne ± allene
model compound 3 we calculate an excitation energy of more
than 100 kcalmol�1. We therefore expect that the enyne ± al-


lene compounds are outside the range of the triplet photo-
sensitizer employed by Schmittel et al. Finally, the nice
agreement between our results and the experimentally
observed findings indicates that the underlying reasons for
the differences in photochemical behaviour are related to
alterations in the electronic structures of the parent systems,
while substituents effects are less important for the cyclisation
step itself.
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Orthoesters versus 2-O-Acyl Glycosides as Glycosyl Donors: Theorectical and
Experimental Studies


Bert Fraser-Reid,*[a] Stefan Grimme,*[b] Manuel Piacenza,[b] Mateuz Mach,[a] and
Urs Schlueter[a]


Abstract: n-Pentenyl orthoesters
(NPOEs) undergo routine acid cata-
lyzed rearrangement into 2-O-acyl n-
pentenyl glycosides (NPGs). The reac-
tant and product can both function as
glycosyl donors affording 1,2-trans
linked glycosides predominantly. How-
ever, both donors differ in their rates of
reactions, the yields they produce, and
the nature of their byproducts, indicat-
ing that the NPOE/NPG pair may not be
reacting through the same intermedi-
ates. We have therefore applied quan-
tum chemical calculations using DFT
methods and MP second order pertur-
bation theory to learn more about
orthoesters and their 2-O-acyl glycosidic


counterparts. The calculations show that
in the case of a manno NPG and NPOE
pair, each donor goes initially to a
different cationic intermediate. Thus,
the former goes to a high-energy oxo-
carbenium ion before descending to a
trioxolenium ion in which the charge is
distributed over the pyrano ring oxygen,
as well as the carbonyl and ether oxygen
atoms of the putative C2 ester. On the
other hand, ionization of the NPOE
produces a dioxolenium ion lying slight-
ly above the more stable trioxolenium


counterpart. For the gluco pair, the NPG
also goes to a very high-energy oxo-
carbenium ion, which also descends to a
trioxolenium ion. However, unlike the
manno analogue, the gluco NPOE does
not give a dioxolenium ion; indeed, the
dioxolenium is not energetically distin-
guishable from the trioxolenium coun-
terpart. The theoretical observations
have been tested experimentally. Thus,
it was found that with manno deriva-
tives, the orthoester is a more reactive
donor than the corresponding NPG
donor, whereas, for gluco derivatives,
there is no advantage to using one over
the other, unless one resorts to carefully
selected promoters.


Keywords: carbohydrates ¥ density
functional calculations ¥ glycosides


Introduction


2-O-Acyl glycosyl bromides, 1, are readily converted[1] into
cyclic 1,2-orthoesters such as 2, the OR� unit of which may be a
simple alkoxy residue, or a complex oligosaccharide.[2] Under
acid catalysis, rearrangement of the latter to a 2-O-acyl
glycoside, 3, is the major reaction pathway,[3] although stereo-
electronic controlled decomposition[4, 5] to give glycosyl esters
such as 4 has been reported (Scheme 1).[6]


n-Pentenyl orthoesters (NPOEs) (i.e., 2 : R�� pent-4-enyl)
are unique in that either they or their n-pentenyl glycoside
(NPG) rearrangement products (i.e. , 3 : R�� pent-4-enyl) can
serve as glycosyl donors leading to the same glycosidation


Scheme 1.


product for example 10.[7] Thus, when treated with an
halonium ion, both release a halomethyl furan 5 ; this reaction
results in the initial formation of cations 6 and 8, respectively,


[a] Prof. Dr. B. Fraser-Reid, Dr. M. Mach, Dr. U. Schlueter
Natural Products and Glycotechnology Research Institute Inc. (NPG)
4118 Swarthmore Road, Durham, NC 27707 (USA)
Fax: (�1)919-493-6113
E-mail : Dglucose@aol.com


[b] Prof. Dr. S. Grimme, M. Piacenza
Organisch Chemisches Institut der Universitaet M¸nster
Corrensstrasse 40, 48149 M¸nster (Germany)
Fax: (�49)251-83-36515
E-mail : grimmes@uni-muenster.de


FULL PAPER


Chem. Eur. J. 2003, 9, 4687 ± 4692 DOI: 10.1002/chem.200304856 ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4687







FULL PAPER B. Fraser-Reid, S. Grimme et al.


which are interconvertible via a highly delocalized species
symbolized by 7. Thus, the charge can reside on one, two or
three oxygen atoms in the oxocarbenium, dioxolenium and
trioxolenium ions 8, 6 and 7, respectively.


However, studies in our laboratory suggest that, in terms of
rates, yields, and so on, donors such as NPOE 2 and NPG 3 are
not ™the same∫. Thus, there may be occasions when one serves
better than the other. We are anxious to know whether this
outcome is related to the cation 6 or 8 generated initially by
the donor in question. We have
therefore applied quantum
chemical calculations, and pro-
vided experimental support, to
learn more about orthoesters
and their 2-O-acyl glycosidic
counterparts, and to determine
if there may be advantages to
using one or other on occasion.


Computational Methods


All calculations were performed on a
800 MHz LINUX-PC (2GB RAM) us-
ing the TURBOMOLE 5.3[8] program
suite. Geometry optimizations were
carried out using the BP[9, 10] and B3-
LYP,[11, 12] density functional theory
(DFT) methods, and a valence triple basis-set (TZVP).[13] B3-LYP
optimizations for the very large 3,4,6-tri-O-benzyl-2-O-benzoyl-pyrano-
sides were carried out using the smaller SV(P)[14] basis-set. For all
optimized structures, M˘ller ± Plesset second order pertubation theory[15]


single-point calculations were performed using the RI-approximation
(RIMP2)[16] and the TZVPP[13] basis set which includes additional polar-
ization functions on all atoms. All calculations were performed without
symmetry restrictions (C1 point group) and all stationary points were
verified as minima on the energetic potential surfaces by the absence of
imaginary frequencies from vibrational normal mode calculations at the
B3LYP/TZVP level of theory (12 and 14 : BP/SV(P)). The relative energies
are given with respect to the lowest lying donors (14 and 19). For the
reaction energies from the neutral reactants to the cationic products,
separate calculations for a free chloride anion were performed on the
corresponding level of theory. The thus received energy was then
substracted from the donor cation difference.


Erx�Edonor�Ecation�ECl�


Results and Discussion


We have previously shown that
competitive oxidative hydroly-
sis provides a ready procedure
for evaluating the relative reac-
tivity of a pair of NPG do-
nors.[17] The success of the meth-
od relies on the competitive
oxidative hydrolysis of one
equivalent each of the two do-
nors with one equivalent of N-
bromosuccinimide (NBS).
Upon complete disappearance


of the NBS, the molar amounts of the unreacted donors are in
direct proportion to their relative reactivity.[17]


The donors of interest are shown in Scheme 2a. We planned
to use preparative thin-layer chromatography to isolate the
unreacted donors, but the Rf values of the gluco pair, 11 and
12, 0.48 and 0.43, respectively, were too close to permit
convenient separation. It was therefore decided to use a
™reporter∫ donor as a reference substrate. Compound 17, the
6-O-methyl analogue of 12, seemed an appropriate candidate,


and the compound was readily prepared as shown in
Scheme 2b. Thus, the gluco NPOE derivative 15, prepared
in the usual way,[7] was converted by routine transformations
into 16 a ±d, and rearrangement led to 17, which was found to
have a substantially different Rf value of 0.33, and was
therefore an ideal ™reporter∫substrate.


Calculations based on model donors : In order to calibrate our
methodology, we carried out DFT calculations with two
different basis sets to determine the relative energies of the
anomeric n-pentenyl 3,4,6-tri-O-benzyl-2-O-benzoyl-�-gluco-
and �-manno-pyranosides, 12 and 14 (Table 1). The pyranosyl
donors were modeled by tetrahydropyrans having a C1
chloride as leaving group and a C2 acetoxy (sugar numbering)
as illustrated for 18 and 19 (Table 1). The DFT energies
(entries i and ii) refer to fully optimized calculations, whereas
the MP2 energies (entry iii) are single-point calculations using
the DFT geometries of the preceding row. Both methods
show the �-glucoside 12 to be of higher energy than the
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Scheme 2.


Table 1. Relative stabilities of experimental and model pyranosyl donors [kcalmol�1].


Calculation Experimental substrates Model donors
method �-gluco �-manno �-gluco �-manno


i B3-LYP/SV(P) 2.7 0.0 ± ±
ii B3-LYP/TZVP 2.8 0.0 4.0 0.0
iii MP2/TZVPP// ± ± 3.5 0.0


B3-LYP/TZVP
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�-mannoside 14 in keeping with established experimental
observations and earlier theoretical calculations.[18±20]


Orthoester donors : The cyclic 1,2-orthoesters were modeled
by tetrahydropyrans with a 1,3-dioxolane ring fused at C1 and
C2, with geminal methyl and chloride groups in the endo or
exo orientation at C3 of the dioxolane moiety as shown in
Table 2.


With regard to the orthoesters, the energies for the trans
series 22/23 (Table 2) are substantially higher than those for
the cis analogues 20/21, as is to be expected for such fused 6/5
bicyclic systems.[21] For the cis-gluco (20 a, b) derivatives, the
exo isomers are higher in energy than the endo (20 a� 20 b),
whereas for the cis manno (21 a, b) derivatives, the situation is
reversed, endo being higher in energy than exo (21 b� 21 a).
For the trans derivatives all endo isomers are slightly higher in
energy, (i.e., 22 b� 22 a and 23 b� 23 a) in all calculations.
Experimentally, the n-pentenyl analogues of the exo isomers
are obtained as the major substrates.


Calculation of the energy and structure of cationic products :
The energies for the manno and gluco cationic intermediates
in Table 3 are shown, which arise from the donor models
shown in Tables 1 and 2. The DFT values refer to fully
optimized calculations, whereas the MP2 values are single-
point calculations using the DFT geometries of each preced-


ing column. There are differences, albeit very small, between
the manno and gluco oxocarbenium ions 24 a and b, with
either calculation method. However, for the di- and triox-
olenium ions, the DFT and MP2 energies are very similar
owing, presumably, to the rigid geometry of the bicyclic
structures.


The energy values in Table 3 show that the di- and
trioxolenium ions 25 a and 26 a, were found as discrete
structures in the case of the manno derivatives, whereas for
the gluco derivatives, there was no energy difference between
25 b and 26 b by either MP2 or DFT calculation.


These energy data are supported by the MP2 derived
geometries depicted in Table 4. Thus, in themanno derivative
25 a, both C�O bond lengths in the five-membered ring are
the same (1.49� 0.01 ä) as expected for a pure dioxolenium
ion, whereas in 26 a the bond to the anomeric center is much
longer (1.57 versus 1.48 ä), as expected for the trioxolenium
ion. However, the gluco analogues 25 b and 26 b show
identical C�O bond lengths of 1.60 and 1.48 ä; this indicates
that both structures are the same. Furthermore, the fact that
the anomeric C�O bond is longer (1.60 versus 1.50 ä) assigns
the structure as a tri- rather than a dioxolenium ion.


From donors to cations : The reaction energies for conversion
of the donors into the cationic intermediates are shown over
the arrows in Figure 1. In both themanno and gluco cases, the
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Table 2. Relative energies[a] of model orthoester donors [kcalmol�1].


Calculation method cis trans
�-gluco �-manno �-gluco �-manno


20a 20 b 21 a 21b 22a 22 b 23a 23b
X�CH3/Y�Cl X�Cl/Y�CH3 X�CH3/Y�Cl X�Cl/Y�CH3 X�Cl/Y�CH3 X�CH3/Y�Cl X�CH3/Y�Cl X�Cl/Y�CH3


exo endo exo endo endo exo endo exo


i B3-LYP/TZVP 17.3�16.2 15.6�18.7 25.3�24.9 29.7�29.3
ii MP2/TZVPP// 13.4�12.5 11.0�13.4 19.7�19.0 24.4�23.8
B3-LYP/TZVP


[a] With respect to derivative 19.


Table 3. Relative energies[a] [kcalmol�1] of model cationic substrates.


Calculation method Oxocarbenium ions Dioxolenium ions Trioxolenium ions


manno gluco manno gluco manno gluco


i B3-LYP/TZVPP 145.6 144.5 135.3 133.1 133.1 133.1
ii MP2/TZVPP// 159.9 158.7 142.9 142.1 141.9 142.1


63-LYP/TZVP


[a] With respect to derivative 19�Cl�1.
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Figure 1. Calculated transition energies [kcalmol�1] from donors to
cationic intermediates (upper values from MP2, lower values from B3-
LYP).


direct reaction from pyranosyl donor to trioxolenium ions is
favored over proceeding to the corresponding oxocarbenium
ions. For example in the manno case, transition 19� 26 a is
more energetically favorable than the alternative 19� 24 a.
Similarly in the gluco case, transition 18� 26 b is preferred to
18�� 24 b. These DFT calculations (lower values over the
arrows in Figure 1) give a difference of �12 kcalmol�1 for
both manno and gluco cases in favor of the trioxolenium ions.
(Notably the energy differen-
ces, according to MP2 calcula-
tions, are slightly higher, be-
tween 16 ± 18 kcalmol�1.)


Comparison of theoretical and
experimental results


Figure 2 gives another repre-
sentation of the data in Figure 1
with the following simplifying
modifications:
i) The trans orthoesters have


been ignored, because the
manno derivatives 23 a and
b are impossible, and the
gluco analogues, 22 a and b
are so highly strained as to
be uselessly unstable.


ii) As indicated in Scheme 1,
the rearrangement product
of orthoesters, for example


3, is (usually) 1,2-trans, and so we need to be concerned
ONLY with � glucosides, (e.g. 18) and � mannosides (e.g.
19). (However, this is not a major issue since the reaction
energies for the unrepresented anomers are virtually the
same.)


iii) Only the DFT energies in Figure 1 (lower values over the
arrows) are shown for the transitions in Figure 2.
The oxocarbenium ions 24 a and b are very high in energy–


as is to be expected in view of the absence of charge
delocalization. The relative energies in Table 4 show that the
trioxolenium ion 26 a is 1.5 ± 3.4 kcalmol�1 more stable than
the corresponding dioxolenium derivative 25 a, the DFT
results being higher than the MP2.


For experimental verification, the ™reporter∫ 17, was first
tested against its 6-O-benzyl analogue 12. In a typical
experiment, 1:1:1 molar amounts of 12, 17, and NBS were
allowed to react for at least 10 h; this is the length of time
which had previously been shown to be adequate for complete
hydrolysis of reporter 17. Unreacted 17 and 12 were isolated
by preparative thin-layer chromatography. On the basis of the
recovered amounts, their relative reactivity, k12/17, was found
to be 0.93 (Table 5, entry i). Thus, compounds 17 and 12 have
virtually the same reactivity, which confirms that for our
purposes, 6-O-methyl and 6-O-benzyl protecting groups were
equivalent for our measurements.


The same procedure was applied to determine the relative
reactivity of other pairs of donors: 17 and 11, 17 and 13, and 17
and 14, which were found to be 0.99, 1.15 and 3.19,
respectively (Table 5, entries ii ± iv). The results, presented
in Table 5, are consistent with the theoretical findings:
1) first, the ratios in entries iii) and iv) indicate that the


mannosides are ™more stable∫ than the glucosides, as
suggested by the energies in Table 1;


2) second, the experimental value of 0.99 for the NPOE
and NPG, 11 and 17, confirms the theoretical finding
that these gluco counterparts have the same reactivities,
whereas,
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Figure 2. B3-LYP/TZVP Transition energies [kcalmol�1] from donors to cations.
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3) third, the manno NPG and NPOE donors display very
different relative reactivities (entries iii and iv), the ratios
of 1.15 and 3.14 indicating that orthoester 13 is 2.73 times
more reactive than the NPG counterpart 14.
In summary, the experimental results support the theoret-


ical findings, that the manno NPOE and NPG pair initially go
to different intermediates while the gluco counterparts go to
the same intermediate. In other words, themanno derivatives,
the orthoester is a better or more reactive donor than the
corresponding glycoside, whereas for gluco derivatives, there
is no advantage to using one or the other.


Experimental Section


General : All NMR spectra were recorded on GE 300 or Varian 400 MHz
NMR spectrometers and chemical shifts are reported relative to internal
TMS. Mass spectrometry was performed at the Duke University Depart-
ment of Chemistry Mass Spectrometry Facility. Chemical Ionization (CI)
was done on a Hewlett-Packard 5988A GC/MS using 1% ammonia in
methane as the reagent gas, with a source temperature of 100 �C, at 1 Torr.
High resolution mass spectra (HRMS) and fast atom bombardment (FAB)
analyses were recorded with a JEOL JMS-SX102A mass spectrometer
operating at 10 K resolution, using a dithiothreitol/dithioerythritol or m-
nitrobenzyl alcohol as the matrix with xenon as the fast atom. All reactions
were conducted under argon atmosphere. Thin-layer chromatogra-
phy(TLC): Riedel-de Haen, coated with silica gel 60F 254 and were
detected by UV or by spraying or dipping in a solution of ammonium
molybdate (6.25 g) and cerium(��) sulfate (25 g) in 10% aqueous sulfuric
acid (250 mL) and subsequent heating. Flash column chromatography was
performed on silica gel (spectrum SIL 58, 230 ± 400 mesh, grade 60) using
mixtures of hexane and ethyl acetate as eluants. Dichloromethane and
toluene were distilled from CaH2. N-Bromosuccinimide was purchased
from Aldrich and recrystallized from hot water and dried on vacuum.


The n-pentenyl orthoeters, NPOEs 11, 13 and 15, and 2-O-benzoyl n-
pentenyl glycosides NPG 12 and 14 were prepared as previously
described.[22]


Pent-4-enyl 3,4-di-O-benzyl-6-O-methyl-�-�-glucopyranose (17): �-�-Glu-
copyranose 1,2-(pent-4-enyl orthobenzoate), 15,[22] (2.2 g, 6.2 mmol),
diisopropylethylamine, (2.2 mL, 12.7 mmol), 90% triisopropylsilyl chloride
(2 mL, 8.4 mmol) and DMAP (50 mg, 0.4 mmol) were dissolved in dry
dichloromethane (20 mL) and stirred overnight at room temperature.
Water was added and the product was extracted into ethyl acetate. The
organic layer was washed with water, brine, dried and chromatography on
silica (hexanes/ethyl acetate 6:1� 1:1) provided the syrupy diol 16a
(2.67 g, 84%). The compound was dissolved in dimethylformamide
(50 mL). Sodium hydride (50% suspension in mineral oil, 2.0 g, 41.2 mmol)
was added and the reaction mixture was stirred at 0 �C for 30 min. Benzyl
bromide (2.0 mL, 16.8 mmol) was then added dropwise, the temperature of
the reaction being maintained below 10 �C. Then, cooling bath was
removed and the reaction mixture was stirred at room temperature until
TLC (hexanes/ethyl acetate 4:1) showed full disappearance of the starting
material and formation of a new, less polar product (ca. 1 h). The reaction
mixture was diluted with diethyl ether, cooled to 0 �C, and water was
carefully added to decompose the excess sodium hydride. The product was
extracted into diethyl ether, the organic layer was washed with water, brine,
dried over sodium sulfate and concentrated. Column chromatography
(hexanes/ethyl acetate 9:1� 5:1) provided product 16 b (3.29 g, 91%). The
material was dissolved in THF (10 mL), and added to a mixture of 2,6-
lutidine (0.2 mL, 1.7 mmol) and TBAF (1� in THF, 10 mL). The reaction
mixture was stirred at room temperature overnight. Water was added and
the product was extracted into ethyl acetate. The organic layer was washed
with water, brine, dried over sodium sulfate and concentrated. The crude
product, 16 d, was treated with methyl iodide under the same conditions as
used for the above-described benzylation, except that cooling was omitted.
After column chromatography the product 16d was obtained (3.29 g,
91%). Compound 16 c was directly dissolved in dry dichloromethane
(10 mL) under argon, 4-pentenol (50 �L, 0.49 mmol) and TBDMSOTf
(10 �L, 0.044 mmol) were added. The reaction mixture was stirred at room
temperature for 2 min and then diluted with diethyl ether.Water was added
and the product was extracted with diethyl ether. The organic layer was
washed with 2% sulfuric acid, water, saturated NaHCO3, water, brine,
dried over sodium sulfate and concentrated. Column chromatography
(hexanes/ethyl acetate 9:1� 3:1) provided provided NPG 17 (1.83 g, 70%)
as a syrup. 1H NMR (300 MHz, CDCl3): �� 8.01 (d, 2H, J� 7.2 Hz, ortho
protons from benzoate), 7.59 ± 7.33 (m, 13H, arom.), 5.69 ± 5.55 (m, 1H, H-4
from pent.), 5.26 (dd, 1H, J� 8.1, 8.7 Hz, H-2), 4.88 ± 4.62 (m, 6H), 4.48 (d,
1H, J� 7.2 Hz, H-1), 3.91 ± 3.60 (m, 5H), 3.52 ± 3.39 (m, 2H), 3.40 (s, 3H,
OCH3), 2.00 ± 1.86 (m, 2H), 1.64 ± 1.48 (m, 2H); HR-LSIMS:m/z : calcd for
C33H38O7Na: 569.2515; found: 569.2523 [M��Na].


Conditions for competition reactions : Our recently described procedure
for determining the relative reactivity of two NPGs[17] was used. Thus, the
hydrolysis solution was prepared from acetonitroile (49.5 mL), NBS
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Table 4. Relative energies[a] [kcalmol�1] and optimized geometries of
dioxolenium and trioxolenium ions.


Structure MP2 BP B3-LYP B3-LYP
TZVP TZVP TZVP TZVPP


manno


i 0.0 0.0 0.0 0.0


ii 1.5 3.4 2.2 2.2


gluco


iii 0.5 � 0.1 0.0 � 0.0(1)


iv


�b�


0.5 � 0.1 � 0.0(4) � 0.0(4)


[a] With respect to derivative 19�Cl�1. [b] Not stable.


Table 5. Competitive oxidative hydrolysis between ™reporter∫ 17 and other
donors.


Competitors Before reaction Unreacted amounts Relative ratio
[mol	 10�4] [mol	 10�4]


17 other donor 17 other donor other donor/17


gluco
i 17 vs 12� 1.6061 1.6058 0.9723 0.9025 12�/17� 0.93
ii 17 vs 11 1.6061 1.6058 0.8067 0.7985 11/17� 0.99
manno
iii 17 vs 13 1.6061 1.6058 0.8086 0.9266[a] 13/17� 1.15
iv 17 vs 14� 1.6061 1.6058 0.4336 1.3626 14�/17� 3.14


[a] On the basis of 1H NMR analysis of the reaction mixture containing 17 and
13.
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(0.143 g, 0.8038 mmol) and water (0.5 mL). The ™reporter donor∫ 17
(87.8 mg, 1.606 mmol) and the substrate donor (1.605 mmol) were dissolved
in acetonitrile (2 mL), and the hydrolysis solution (10 mL) was added. The
reaction mixture was left for 10 h, previous tests having shown that this
time is sufficient to hydrolyse the ™reporter donor∫ 17 completely. Diethyl
ether was then added and the reaction mixture was quenched with 10%
Na2S2O3, washed with water, brine, dried, concentrated and subjected to a
silica gel column to clean up the material. A portion of the product was
then separated by preparative layer chromatography, the zones of interest
being detected by UV light, scraped off, extracted with purified ethyl
acetate and weighed.
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Radicaloid-Type Oxidative Decomposition Of
Beer Bittering Agents Revealed


Kevin Huvaere,[a] Mogens L. Andersen,[b] Karsten Olsen,[b] Leif H. Skibsted,[b]
Arne Heyerick,[a] and Denis De Keukeleire*[a]


Abstract: trans-Isohumulones, dihy-
droisohumulones, tetrahydroisohumu-
lones, and humulinones, which are im-
portant hop-derived flavor components
of beer, were found, by using electrolysis
of organic solutions, to be stable against
oxidation, like weak acids; however,
they are readily oxidized in their anionic
forms as present in beer. Oxygen- and
carbon-centered radicals were formed


by oxidation and identified by using spin
trapping under aerobic and anaerobic
conditions, followed by EPR (electron
paramagnetic resonance) spectroscopy.
Generated radicals were reactive, most


likely degrading into products lacking
the tricarbonyl chromophore; this is
typical of five-membered-ring hop de-
rivatives. Thus, flavor-active beer con-
stituents may degrade oxidatively in the
absence of oxygen, thereby leading to
reaction products that escape UV de-
tection.


Keywords: beer ¥ cyclic
voltammetry ¥ EPR spectroscopy ¥
isohumulones ¥ oxidation


Introduction


Flavor stability of beer remains a key concern in the brewing
world and the scientific community alike. Hundreds of
constituents form the complex beer matrix and, inevitably,
chemical reactions lead to changes both in the composition of
beer, and in features related to taste and flavor. Thus, beer
quality alters constantly during storage. It seems impossible to
exert rigid control on this phenomenon, since not all factors
that affect flavor changes can be excluded. Although the
concentration of oxygen or reactive oxygen species can be
limited by applying good brewing practices, and absorption of
light can be prevented to a great extent by using appropriate
packaging, thermal energy, as determined by the temperature
to which beer is exposed, inherently provokes reactivity.
Furthermore, oxidation reactions may occur if compounds
with suitable redox potentials are present.


Hop-derived compounds are exceptionally important for
beer flavor. Many of these are characterized by potent
organoleptic features, while their instability renders the aim
to keep beers of consistent quality difficult to meet.[1]


Numerous studies have addressed this issue; however, since
detailed mechanistic insights are lacking, measures to effi-
ciently protect beers against flavor damage have not led to
adequate results. Among the many pathways available for
decomposition, in particular, the instability of the isohumul-
ones, the main hop-derived bittering agents in beer, is
deleterious to beer quality. Thus, it was found that trans-
isohumulones degrade much faster than cis-isohumulones,
and the decomposition rate can be measured reliably.[2]


However, information on the reaction pathway(s) is not
available, since decomposition products could not, for unclear
reasons, be detected. Reduced isohumulones are increasingly
being used in modern brewing, mainly dihydroisohumulones
(also known as rho-isohumulones) and tetrahydroisohumul-
ones, as these derivatives are thought to be more resistant to
decomposition than isohumulones.[3] It must, however, be
emphasized that confusion exists as to whether or not this
statement is generally true.
It was our purpose to reveal the mechanism by which


isohumulones and their derivatives, collectively called five-
membered-ring hop derivatives, undergo oxidative decom-
position by electron loss. In order to probe the fate of the
flavor compounds following oxidation, electrolysis was used
to generate radicals, and electron spin resonance was applied
to identify these radicals by suitable spin trapping. The results
are reported herein.
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Results


Electrochemistry of trans-isohumulones and their derivatives :
To the best of our knowledge, properties typical of five-
membered-ring hop derivatives under electrochemical con-
ditions have, up to now, not been studied in any detail,
notwithstanding the fact that the �-tricarbonyl group, com-
mon to all these compounds, presents an intriguing target for
oxidation, since it has a number of � and p electrons available
within a conjugated system that incorporates three oxygen
and four carbon atoms.[8, 9] The interest in the properties of
this moiety is, furthermore, highlighted by the fact that it is the
main chromophore in all molecules of interest in this study
(1 ± 4), with maximum absorption around 250 ± 255 nm


(shoulder around 270 ± 280 nm), and molar absorptivities
between 16000 and 19000 lmol�1 cm�1.[10] Thus, on direct
irradiation of trans-isohumulones (1), excitation energy
initially located in the �-tricarbonyl moiety is transferred to
the �-hydroxycarbonyl group at C(4), eventually leading to
the formation of the lightstruck flavor in beer.[11]


It was concluded that it was not necessary to study
individual constituents, since it can be safely assumed that
the nature of the R group in the side chain at C(2) should have
a negligible effect on the features relevant for the present
investigation, ™R∫ being a hydrocarbon residue, representing
isobutyl, isopropyl, or secondary butyl. Also, the stereo-
chemistry both at C(4) and C(5) should not significantly
interfere with the reactivity of the �-tricarbonyl group. Thus,
the substrates were used as described in the Experimental
Section. First, direct electrochemical oxidation of trans-
isohumulones (1), and derivatives (2 ± 4) in acetonitrile was
attempted; however, to our surprise, within the range of
�200 mV to �1800 mV versus SHE (standard hydrogen
electrode), none of the compounds were electroactive. This
supports the conclusion that five-membered-ring hop deriv-
atives, in their undissociated (acid) forms, withstand oxidation


by electron abstraction. In contrast, the corresponding anions,
as salts (see Experimental Section), proved to be very labile,
and prominent oxidation waves around �1400 mV versus
SHE are evident (Figure 1). Moreover, the resulting radicals
of all compounds immediately disappeared from the reaction


Figure 1. Top: cyclic voltammograms of trans-isohumulones (1) in a) their
acidic forms and b) their anionic forms. Middle and bottom: cyclic
voltammograms of the anionic forms of trans-isohumulones (1; upper left),
dihydroisohumulones (2 ; bottom left), tetrahydroisohumulones (3 ; upper
right), and humulinones (4 ; bottom right) (for conditions, see Experimental
Section).


medium, since all cyclic voltammetric oxidation waves were
irreversible (absence of a cathodic current). The experiments
were repeated with ultramicro electrodes at high sweep rates
(up to 50 Vs�1), but no reversibility was detected; this
confirms the high reactivity of the one-electron oxidized
species produced. As a control, ferrocene was oxidized to its
ferrocenium ion, and reversibly reduced (Figure 2). The
similar heights of the anodic waves indicate that isohumu-
lones and their derivatives are oxidized in a one-electron
process.
The similarity of the cyclic voltammograms of 1 ± 4 strongly


suggest oxidation of a common species. Indeed, the anions are
formed from an enolized �-tricarbonyl group, which is typical
of all compounds studied. The pKa values vary slightly for
each of the five-membered-ring hop derivatives, but a value of
around three can be considered a good first-order approx-
imation.[12] Since lager beers commonly have a pH be-
tween 4.2 and 4.4, compounds 1 ± 4 prevail predominantly in
their anionic forms. Evidently, this may not be true for more
acidic beers. On oxidation, an electron is withdrawn from the
anion, thereby resulting in a radical, which may either be
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Figure 2. Cyclic voltammograms of a) ferrocene, b) trans-isohumulones
(1) c) dihydroisohumulones (2), and d) tetrahydroisohumulones (3) in their
respective anionic forms (0,5m� in MeCN; for conditions, see Exper-
imental Section).


oxygen- or carbon-centered. Apparently, the high reactivity of
the radical(s) prevents direct isolation, and bulk electrolysis in
the cavity of the EPR spectrometer failed to show the
presence of radicals in detectable concentrations.
Kinetic analysis of the electrode reaction based on the


behavior of the anodic cyclic voltammetric peaks of the
isohumulones was attempted. However, the peak potentials
(Ep) increased with the sweep rate, and showed a linear
relationship with the logarithm of the sweep rate (Figure 3).


Figure 3. Dependence of the experimental Ep values of anions of trans-
isohumulones (1) (�), dihydroisohumulones (2) (�), and tetrahydroisohu-
mulones (3) (�) on the logarithm of the sweep rate.


From the value of the slope (70.3 mV for trans-isohumulones;
109.2 mV for dihydroisohumulones; 84.7 mV for tetrahydro-
isohumulones), it appears that electrochemical oxidation is
kinetically controlled by the heterogeneous electron transfer
from the substrates to the electrode.[13]


EPR spectroscopy of radicals resulting from electrolysis of
trans-isohumulones and their derivatives : On bulk electrol-
ysis of anions (salts) of 1 ± 4, the formation of radicals was
evident. It was, however, not possible to generate a steady-
state concentration inside the EPR cavity, hence, immediate
detection was not feasible. It is probable that these radicals
are too reactive to be formed in detectable concentrations.
Addition of spin traps, prior to electrolysis, resulted in EPR-
active adducts, which provide indirect structural information


from their spectral features. 5,5-Dimethyl-1-pyrroline-N-ox-
ide (DMPO) and 2-methyl-2-nitrosopropane (MNP) were
used to trap electrochemically generated radicals. The elec-
trolysis was stopped after 0.1 Fmol�1 had been transferred in
order to avoid potential interference from electrolysis of the
products. Bulk electrolysis of solutions containing only
DMPO or MNP did not give any detectable EPR signal.


Spin trapping with DMPO : A tenfold molar excess relative to
the concentrations of 1 ± 4 led to readily detectable spin
adducts. The EPR spectrum of 1 subjected to electrolysis in a
nitrogen atmosphere consisted of a triplet of doublets with
hyperfine coupling constants aN� 13.2 G and aH� 8.9 G (line
width �1.6 G) (Figure 4). A similar spectrum was observed
with electrolysis under atmospheric oxygen, however, the
lines were broadened (aN� 13.3 G, aH� 8.8 G, line width
�2.8 G).


Figure 4. Experimental (––) and simulated (––) spin patterns of
radicals derived from trans-isohumulones (1) after electrolysis and trapping
by DMPO (top panel) and MNP (bottom panel), both under nitrogen (for
conditions, see Experimental Section).
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Dihydroisohumulones (2) gave, under oxygen, an EPR
spectrum (Figure 5) with aN� 13.4 G and aH� 9.2 G (line
width �2.6 G), while a complex spectrum was found by using
a nitrogen atmosphere. By simulation, the lines could be
assigned to three nitroxyl species (Table 1).


Figure 5. Experimental (––) and simulated (––) spin patterns of
radicals derived from dihydroisohumulones (2) after electrolysis and
trapping by DMPO under oxygen and nitrogen (top panel), and MNP both
under nitrogen and oxygen (bottom panel) (for conditions, see Exper-
imental Section).


Relevant data from the EPR spectrum (Figure 6) for the
electrolysis of humulinones (4) under nitrogen, followed by
DMPO trapping, are given in Table 2.


Spin trapping withMNP : Electrolysis of 1 under nitrogen gave
a mixture of two spin adducts (Figure 4). Both are triplets with
hyperfine coupling constants aN� 7.9 G (58%, line width
�1.7 G), and 13.6 G (42%, line width �1.4 G), respectively.
In contrast, the spectra of 2 showed only a single spin adduct
as a triplet with varying line widths (�1: 2.4 G; 0: 1.9 G; �1:


2.6 G), and with a hyperfine coupling constant aN� 15.3 G
(Figure 5). Line heights decreased significantly when the
electrolysis was carried out under an oxygen atmosphere.
Also, for 4, a single spin adduct (triplet) was observed with a
hyperfine coupling constant, aN� 7.9 G, and line widths
around 1.1 G (Figure 6).


Figure 6. Experimental (––) and simulated (––) spin patterns of
radicals derived from humulinones (4) after electrolysis and trapping by
DMPO (top panel) and MNP (bottom panel) both under nitrogen (for
conditions, see Experimental Section).
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Table 1. Relevant data from simulation of the EPR spectrum of dihydro-
sohumulones (2) trapped with DMPO under nitrogen (for conditions, see
Experimental Section).


relative abundance[%] 47 29 24
aN[G] 13.1 14.5 14.7
aH[G] 9.5 20.2 25.7
line width[G]
� 1 3.0 1.8 1.2
0 3.0 1.8 1.2
� 1 3.0 2.0 1.4
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Discussion


Five-membered-ring hop derivatives have been judiciously
chosen for the EPR study. Isohumulones (1) are the main
bittering compounds in beers and the mechanism of their
decomposition, which affects
beer flavor stability most sig-
nificantly, has been elusive until
now. A number of oxidation
products have been identified,
mostly arising from simulated
autoxidation conditions. Best
known are the so-called abeo-
isohumulones, which are
formed by initial oxidation of
the side-chain double bonds
followed by various secondary
reactions.[14] It is remarkable
that the oxidized derivatives
from isohumulones which have
been identified until now, all
retain the �-tricarbonyl chromophore. Moreover, yields are
invariably low even under forced conditions, and it appears
that these compounds including abeo-isohumulones represent
very minor oxidation products. In this regard, abeo-isohumu-
lones have not been unambiguously detected in beer. Also,
during our studies on the flavor stability of beers, we have
never been able to find well-defined reaction products
concomitant with the disappearance of isohumulones, al-
though a small and relatively unimportant increase in the so-
called S-fraction has occasionally been observed.[15] trans-
Isohumulones can be readily separated from the cis-isomers,
[4] and are much more liable to undergo decomposition; hence
they are most relevant in this study.[2]


Dihydroisohumulones (2) are supposed to be light-stable,
since they do not possess the �-hydroxycarbonyl group, which
is pivotal in the light-induced decomposition.[11] By including
these compounds in our study, we ascertained that radical
formation at C(4) was abolished. Similarly, in humulinones
(4), which are fully substituted at C(5), radical formation is
prevented. In this respect, it should be noted that previous
studies in our laboratory have indicated that some decom-
position products could have arisen from intermediates
exhibiting a radical character at C(5).[16] Finally, tetrahydro-
isohumulones (3) should resemble isohumulones in all aspects
regarding reactivity except for oxidation of the double bonds
in the side chains at C(4) and C(5), this allows comparison of
alkene-type oxidation reactions and oxidations at other sites
in the five-membered-ring hop derivatives.


While DMPO forms stable spin adducts with both oxygen-
and carbon-centered radicals, stable spin adducts with MNP
are only observed with carbon-centered radicals. Indeed, the
number of hydrogen atoms bonded to the added carbon
radical can be detected from the pattern of hyperfine
splittings, while the values of these provide information on
the nature of substituents on the carbon radical. DMPO
trapping of electrolytically generated radicals from 1 probably
indicates that an oxygen radical such as 1 i, or a tautomeric
form thereof (1 ii or 1 iii), was added to DMPO.
Observations on trapping with MNP are most revealing.


The lack of hyperfine coupling to protons, in both spin adducts
detected, indicates that tertiary carbon radicals had been
trapped. An aN value of about 7.9 G suggests an acyl radical
adduct of MNP, that is, 1 iv, whereas an aN value of 13.6 G


would be in agreement with a carbon radical with low-
electron density, such as a trichloromethyl radical.[17] Presum-
ably, a triacylmethyl radical such as 1v had been trapped by
MNP.
Interesting results were obtained for dihydroisohumulones


(2) that showed only an oxygen radical being trapped by
DMPO under oxygen, whereas radicals such as RO. were
evident in the EPR spectrum of spin adducts obtained under a
nitrogen atmosphere, in addition to spin adducts of two
carbon-centered radicals. In sharp contrast is the observation
of a single spin adduct on trapping with MNP (both under
oxygen and nitrogen atmospheres). The varying line heights
indicate that a relatively large radical was trapped, while the
lack of hyperfine coupling to protons and a high value of aN


(see results for 1) suggest a tertiary acyl radical.
The experiments with humulinones (4) gave somewhat


puzzling results. Themain species on DMPO trapping is a RO.


radical with features quite similar to those observed for the
main oxygen radical arising from 2 (aN in both cases 13.1 G, aH


ca. 9.5 G for 2 and 9.2 G for 4). However, the aN value of 8.5 G
in the minor adduct (8%) would indicate the presence of an
acyl radical, but the hyperfine coupling to a proton is not in
accordance with the lack of couplings in the other molecules.
The sole adduct found on MNP trapping with an aN value of
7.8 G is, indeed, indicative of an acyl radical.
Results observed for MNP radical adducts are most readily


interpreted. Strikingly, for the three series of compounds (1, 2,
and 4), spin adducts with an aN value of about 7.9 G, typical of
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Table 2. Relevant data from simulation of the EPR spectrum of humuli-
nones (4) trapped with DMPO under nitrogen (for conditions, see:
Experimental Section).


relative abundance[%] 92 8
aN [G] 13.1 8.5
aH [G] 9.2 9.0
line width [G] 1.7 1.1
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an acyl radical, were formed, while for 1 and 2 only, a triacyl
radical (aN� 13.6 G and 15.3 G, respectively) was evident.
This suggests that the presence of an extra hydroxyl group
perturbs the reactivity of a triacyl radical formed in 4.
Anodic one-electron oxidation of �-tricarbonylmethanes


has been shown to give both acyclic and cyclic dimeric
products.[8] The weak absorbances of these end products
lacking enolization in the �-tricarbonyl chromophore explain
why the majority of oxidation products of isohumulones
escape detection by using HPLC with UV monitoring, thus
resolving an issue, which, to this day, has been a matter of
debate. The results in the present study would, furthermore,
suggest that the double bonds in the side chains of five-
membered-ring hop derivatives are far less reactive than was
commonly thought until now. However, oxygen or reactive
oxygen species may attack under particular reaction con-
ditions, such as in acidic medium, the double bonds, thus
providing an alternative route to oxidative decomposition of
five-membered-ring hop derivatives.


Conclusion


Electrochemical oxidation of trans-isohumulones (1), dihy-
droisohumulones (2), tetrahydroisohumulones (3), and hu-
mulinones (4) has provided clear evidence for the instability
of their anionic forms, as are present in beer, while the acidic
forms resist oxidation. Release of an electron leads to radicals,
which could only be detected by electron spin resonance
(EPR) after trapping by suitable spin traps, such as DMPO
and MNP. Analysis of the various spin patterns observed by
EPR concurrent with adequate simulation has led to the
identification of both oxygen- and carbon-centered radicals. It
was also confirmed that radicals, formed on electron abstrac-
tion, are very reactive, thereby giving rise to reaction products
of varying nature, but lacking the enolization pattern of a �-
tricarbonyl chromophore necessary for ready detection by
absorbance in the UV region of the electromagnetic spec-
trum. These novel findings demonstrate, for the first time, that
flavor-active five-membered-ring hop derivatives degrade in
the presence of suitable electron acceptors, which do not
necessarily involve the intermediacy of oxygen-containing
entities. Thus, the presence of powerful electron-withdrawing
species could convert anions of beer bittering agents to
reactive radicals thereby adversely affecting beer flavor.


Experimental Section


trans-Isohumulones (1) (trans denotes the relative configuration of the
tertiary hydroxyl at C(4) and the prenyl substituent at C(5)) were prepared
from a commercially available aqueous solution (100 mL; ca. 30% w/v) of
the potassium salts of isohumulones (Yakima Chief, Sunnyside, Washing-
ton, USA), which consisted of a mixture of trans- and cis-isohumulones.
After acidification to pH 1 (HCl, 1�), and extraction with ethyl acetate
(200 mL) the organic phase was dried over MgSO4. Removal of the solvent
in vacuo resulted in an oily residue (24 g), which was redissolved in ethyl
acetate (200 mL), and treated with dicyclohexylamine (DCHA) (50.7 g,
0.28 mol). The DCHA salts of trans-isohumulones were selectively
precipitated and subsequently collected.[4] Recrystallization from meth-
anol/water (4:1 v/v; 50 mL) gave pure DCHA-salts of trans-isohumulones


(10.1 g) as white flakes. Free acids (�99% pure by HPLC) were obtained
by re-dissolution of the salts in warm ethyl acetate (200 mL), acidification
to pH 1 (HCl, 1�), isolation of the organic phase, drying over MgSO4, and
in vacuo removal of the solvent.


Dihydroisohumulones (2) were commercially available as an aqueous
solution (ca. 35% w/v) of the potassium salts (Botanix, Eardiston, UK),
and tetrahydroisohumulones (3) were used as an aqueous solution (ca.
10%w/v) of the potassium salts (Kalsec, Michigan, USA).


The sodium salts of humulinones (4) were prepared, according to the
literature procedure, by dissolving humulones (2 g) in a biphasic system of
diethyl ether (150 mL) and a saturated sodium hydrogen carbonate
solution (150 mL).[5] After a catalytic amount of cumenylhydroperoxide
was added, the reaction mixture was left for two days under ambient light
conditions. The sodium salts of humulinones were formed at the interface
between the two liquid phases and collected as white crystals (1.08 g, yield:
51%) by filtration.


Cyclic voltammetry of 1 ± 4 was carried out with a BAS CV-50W
voltammetric analyzer (Bioanalytical Systems, Indiana, USA) by using a
glassy carbon electrode (BAS MF-2012) as a working electrode, a non-
aqueous reference electrode (BAS MF-2026), and a platinum wire as an
auxiliary electrode (BAS MW-1032). Compounds were dissolved in
concentrations varying from 0.5m� up to 2m� in Bu4NPF6/MeCN
(0.1��. Solutions were degassed with nitrogen before measurements. The
sweep rate was 200 mVs�1. The potential of the reference electrode was
checked daily against the standard potential of the ferrocene/ferrocenium
couple, Fc/Fc�. The measured potentials are reported against the standard
hydrogen electrode (SHE) by using E��� 650 mV versus SHE for the Fc/
Fc� couple in MeCN.[6]


Bulk electrolysis was carried out with a reticulated vitreous carbon
electrode (BAS MF-2077) as a working electrode and a platinum wire
(BAS MW-1033), separated from the solution by an Al2O3 layer, as an
auxiliary electrode. Solutions (1m�� of the respective salts and DMPO
(10m�� or MNP (Aldrich, Bornem, Belgium) in Bu4NPF6/MeCN (0.1��
were prepared. Solutions were degassed with nitrogen prior to use.
Immediately after electrolysis (�1400 mV vs SHE, 0.1 Fmol�1), samples
were analyzed by EPR spectroscopy on a Bruker ECS 106 spectrometer
(Bruker, Karlsruhe, Germany) by using the following settings: center field:
3480 Gauss; sweep width: 80 G; microwave power: 10 mW; modulation
frequency: 100 kHz; modulation amplitude: 1.0 Gauss; conversion time:
82 ms; sweep time: 84 s. Simulation and fitting of the EPR spectra was
performed by the PEST WinSIM program.[7]
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Catalysis of Oxo Transfer to Prochiral Sulfides by Oxovanadium(�)
Compounds That Model the Active Center of Haloperoxidases


Gabriella Santoni,[a] Giulia Licini,[b] and Dieter Rehder*[a]


Abstract: The catalytic properties of a
new class of chiral vanadium com-
pounds–[(S,S,S)-VO(OMe)L1] (5),
[(S,S)-VO(OMe)L2] (6), [(S,S)-VO(O-
Me)L3] (7), and [(R,R,R)-VO(OMe)L4]
(8), as well as the system VO(OiPr)3/
(R,R,R)-H2L4 [H2L1� (S,S)-bis(2-hy-
droxypropyl)-(S)-1-phenylethylamine,
1; H2L2� (S,S)-bis(2-hydroxypropyl)-
benzylamine, 2 ; H2L3� (S,S)-bis(2-hy-
droxypropyl)isopropylamine), 3 ;
(H2L4)� (R,R)-bis(2-phenylethanol)-
(R)-1-phenylethylamine, 4]–in the
asymmetric oxidation of prochiral sul-
fides by organic hydroperoxides have
been investigated. Particular attention
has been paid to the factors that guide
the discrimination between the two


prochiral faces of the sulfides (methyl
p-tolyl sulfide and benzyl phenyl sul-
fide), to steric implications stemming
from the oxidant (cumyl hydroperoxide
and tert-butyl hydroperoxide), and to
the specific complex used. As an exam-
ple, (S)-methyl p-tolyl sulfoxide was
obtained in a 31% enantiomeric excess
by use of cumyl hydroperoxide as oxi-
dant and complex 5 as the catalyst, after
150 min at 0 �C and with 100% conver-
sion of the sulfide. The crystal and
molecular structures of 5 and 6 reveal


the close relationship between these
complexes and the active center of
vanadate-dependent haloperoxidases:
the vanadium is in a slightly distorted
trigonal-bipyramidal environment with
the nitrogen and the methoxy group in
the axial positions, and the oxo and
alkoxide functions of L2 and L3 are the
plane. The presence and equilibrium
situation of isomers of the catalysts in
solution has been investigated by 51V
EXSY and variable-temperature multi-
nuclear NMR spectroscopy. An inter-
mediately formed peroxo (ROO�) va-
nadium complex was detected by 51V
NMR spectroscopy.


Keywords: amino alcohols ¥
oxo-transfer catalysis ¥ sulfides ¥
sulfoxides ¥ vanadium


Introduction


Vanadate-dependent haloperoxidases are enzymes responsi-
ble for the production of a variety of halogenated compounds
through the initial formation of hypohalous acids as the
halogenating agents.[1±3] The enzymes are capable of with-
standing temperatures of up to 70 �C, they remain functional
in the presence of several organic solvents, and–in contrast to
heme peroxidases–they are not inactivated by H2O2 during
catalysis.[4] Like other natural receptors, vanadate-dependent
haloperoxidases are also capable of recognizing substrates
with a specific chirality: it has recently been demonstrated
that these enzymes mediate enantioselective sulfoxidation by
hydrogen peroxide.[5±8] Thus, the asymmetric oxidation of


bicyclic aromatic sulfides with hydrogen peroxide as oxidant
and the bromoperoxidase from the seaweed Corallina offici-
nalis as catalyst yields the corresponding (S)-sulfoxides with
high enantiomeric excesses (ees), while this enzyme is not able
to oxidize methyl phenyl sulfide at all.[7, 8] If, however, this
reaction is mediated by the bromoperoxidase from the brown
seaweed Ascophyllum nodosum, the R enantiomer of the
sulfoxide is obtained in 91% ee, with a yield of 55%, after
20 h at room temperature under slightly acidic conditions.[4]


The sulfoxide with the opposite configuration was obtained
(30% ee, 45% yield) in the oxidation mediated by the
bromoperoxidase from the red seaweed Corallina pilulifera.[5]


In contrast, use of the chloroperoxidase from the mold
Curvularia inaequalis or of recombinant chloroperoxidases
led to racemic mixtures.[5] This difference in reactivity
suggests a specific orientation of the substrate in the vicinity
of the active sites,[9] even though the molecular structures of
the chloroperoxidase from C. inaequalis[10] and the bromoper-
oxidase from A. nodosum[11] revealed a high degree of amino
acid homology in the active sites, with the only difference
being the replacement of His411 by Phe397. The vanadate
core in these enzymes is covalently bound to the N� of a
proximal histidine; vanadium is in a trigonal-bipyramidal
array (Scheme 1a), with the apical OH group hydrogen-
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Scheme 1. The active centers of vanadate-dependent haloperoxidases
from: (a) native A. nodosum bromoperoxidase, (b) the peroxo from of
C. inaequalis chloroperoxidase, and (c) the hydroperoxo intermediate
proposed for the A. nodosum peroxidase.


bonded to a distal His residue.
When a molecule of oxidant
(H2O2) coordinates to the metal
center, a structural rearrange-
ment from a trigonal-bipyrami-
dal geometry to square-pyrami-
dal occurs. In the peroxo form,
vanadium carries an axial oxo
group, while the plane is occu-
pied by a side-on coordinated
peroxide, histidine, and an oxo/
hydroxo ligand (Scheme 1b).[12]


For the turnover, a hydroperoxo
intermediate has been pro-
posed; the resulting asymmetric
side-on coordination of hydro-
peroxide has been suggested on
the basis of 17O NMR studies of
solutions of the A. nodosum per-
oxidase after treatment with
17O-enriched H2O2 (Sche-
me 1c).[13] The formation of a
mono-hydroperoxo species
plays a fundamental role for
the enzymatic reactivity[14] in
the sense that a positive charge
on the peroxo-O provided by
protonation[15±17] furnishes a fa-
vorable site for the nucleophilic
attack of the substrate to be oxidized.[18] The oxidation of
prochiral sulfides to the corresponding optically active sulf-
oxides is believed to work according to this mechanism (see
also below).


During the last few years, the synthesis of enantiopure
sulfoxides has received much attention[19] because of the use
of these compounds as chiral auxiliaries,[20±22] synthetic
intermediates, and bioactive compounds.[23] Several inorganic
chiral vanadium compounds have been employed in the
catalytically conducted oxidation of prochiral sulfides to
chiral sulfoxides (and further to sulfones), usually based on
vanadium systems containing Schiff base ligands.[24±26] These
reactions have further been extended to thioacetals and
thioketals,[27] and to disulfides.[28] Here, as a contribution to
the elucidation of the chiral recognition mechanism of the
haloperoxidases, we report on a study of the catalytic proper-
ties of new oxovanadium(�) complexes, containing bi- and
trichiral amino-bis(alcoholates) as ligands, in the asymmetric
oxidation of prochiral thioethers.


Results and Discussion


Syntheses : A new class of chiral vanadium complexes
mimicking the active site of the vanadate-dependent haloper-
oxidases was synthesized through the use of enantiopure
amino alcohols (H2L1, H2L2, and H2L3, 1 ± 3), obtained by
treatment of (S)-propene oxide with three different amines
(Scheme 2, (1)), and with H2L4 (4), obtained by treatment
of (R)-(�)-styrene oxide with (R)-(�)-phenylethylamine


(Scheme 2). Treatment of the amino alcohols with VO(OiPr)3


in dichloromethane resulted in the formation of the com-
plexes [VO(OiPr)L] (Scheme 2, (2)) with an asymmetric
environment around the metal center. Transesterification
with methanol (Scheme 2, (3)) yielded [VO(OMe)L] (5 ± 8).
Compounds 5 and 6 were obtained in crystalline form suitable
for X-ray diffraction analysis.


Structure description : ORTEP plots of 5 and 6 are shown in
Figure 1; Table 1 contains selected bonding parameters. In
both molecules, vanadium is in a somewhat distorted trigonal-
bipyramidal environment (�� 0.75 for 5 and �� 0.66 for 6 ;
the angular parameter � is 1 for an ideal trigonal-bipyramid
and 0 for an ideal square pyramid), with the doubly bonded
oxo group in the plane. The vanadium center is displaced by
0.2321 ä (5) and by 0.2618 ä (6) from the basal plane towards
the nitrogen atom. The angle between the two apical ligands
and the vanadium center, O2-V1-N1, is 167�. The deviations
of the basal angles from the idealized value of 120� is more
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Scheme 2. Syntheses of the new class of chiral vanadium complexes.
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Figure 1. Structures of 5 and 6 (ORTEP plots (50% probability level).


pronounced in 6, in which the ligand 2 bears a sterically less
demanding benzyl residue instead of a phenylethyl moiety.
This steric influence is also reflected in the two different
d(V�N1) values, of 2.2615(11) ä in 5 and 2.338(3) ä in 6.
Both are surprisingly elongated and reminiscent of
V�N(amine) bonds in VIV and VV complexes with the
nitrogen atom trans to a doubly bonded oxo group.[29±31] For
complexes with the amine function cis to an oxo group, bond
lengths in the range of 2.13 ±
2.21 ä have been reported.[32±34]


The upper limit for
d[V�N(amine)] is about
2.52 ä, as observed in [VO-
(acac)L�], in which H2L� is bis-
(2-hydroxyethyl)-(S/R)-1-phenyl-
ethylamine.[35] The d(V�OMe)
distances of 1.799 and 1.787 ä
are within the expected
range,[36] as are the bonds to
the remaining functions.


Solution studies : In the 51V NMR spectra, the observation of
more than one signal in the range typical of five-coordinate
vanadium complexes with an O4N donor set,[37] with the main
components for compound 6 at ���420, �447, and
�457 ppm (Figure 2), suggests the presence of isomers in
solution. Variations in the solvent (CH2Cl2, toluene, THF,
2-Me-THF) did not cause variation in the signal pattern or in


Figure 2. 51V NMR spectrum of 6 in CDCl3 at room temperature. See text
for discussion.


their ratio; coordination of solvent molecules to the complex
in a sixth position can therefore be excluded. Note that even
the polar alcohols employed in the preparation did not lead to
the formation of a six-coordinate complex. An equilibrium
between structural isomers is possibly responsible for the
signals at ���420 and �447 (see the discussion for complex
5 below). In addition, dimers and/or oligomers in equilibrium
with the monomer (Scheme 3; dashed lines represent weak
bonds[39]) may provide additional signals in the higher field
region. Alkoxovanadium compounds tend to associate into
dimers/oligomers through alkoxo bridges.[38±41] This notion is
corroborated here by the 51V NMR analyses of solutions of 6
at different concentrations: an increase in concentration
increases the integral intensity of the signal at ���457 at
the expense of the other signals. For entropic reasons these
equilibria should be directed towards the monomer; we
therefore assign the predominant resonance signal at ��
�420 to the monomer. The 1H NMR spectrum (Figure 3)
seems to validate this thesis; the signals corresponding to
complex 6 have been marked with an asterisk, while those
marked with an arrow should be attributed to the dimeric (or
oligomeric) species. The ratio between monomer and dimer is
the same as found in the 51V NMR spectra.


Further insight into the equilibrium situation was obtained
by a variable-temperature NMR analysis of complex 5, the
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Table 1. Selected bond lengths [ä] and bond angles [�] for 5 and 6.


[VO(OMe)L1] (5) [VO(OMe)L2] (6)


V1�O4 1.6043(11) V1�O4 1.591(2)
V1�O1 1.7947(11) V1�O1 1.792(2)
V1�O3 1.7991(10) V1�O3 1.787(3)
V1�O2 1.8119(10) V1�O2 1.787(2)
V1�N1 2.2615(11) V1�N1 2.338(3)
N1�C16 1.4813(16) N1�C11 1.480(3)
N1�C3 1.4886(15) N1�C8 1.484(3)
N1�C15 1.5216(16) N1�C1 1.493(3)
O4-V1-O1 114.72(6) O4-V1-O1 111.10(16)
O4-V1-O3 102.26(6) O4-V1-O3 101.91(13)
O1-V1-O3 95.63(5) O3-V1-O1 98.05(12)
O4-V1-O2 117.72(6) O4-V1-O2 114.29(15)
O1-V1-O2 122.26(6) O2-V1-O1 127.71(15)
O3-V1-O2 95.44(5) O3-V1-O2 96.74(13)
O4-V1-N1 90.25(5) O4-V1-N1 91.01(11)
O1-V1-N1 78.98(4) O1-V1-N1 77.58(10)
O3-V1-N1 167.49(5) O3-V1-N1 167.06(11)
O2-V1-N1 78.35(4) O2-V1-N1 77.06(11)


Scheme 3. Equilibrium between the monomer and dimers and/or oligomers.
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Figure 3. 1H NMR spectrum of 6 in CDCl3 at room temperature. The
resonances indicated by asterisks and arrows are assigned to monomers and
dimers (or oligomers) of 6, respectively (cf. Scheme 3).


51V and 1H NMR spectra of which in chloroform and THF
show broad signals at ambient temperature. Figure 4 shows
the 51V NMR spectra in THF in the 193 to 323 K range,
affirming an exchange process involving the species charac-
terized by the two main signals at ���411 and �453.


Figure 4. Variable-temperature 51V NMR spectra of 5 in [D8]THF. The
signals at ���391 and �451 (193 K) [���411 and �453 at 292 K] are
taking part in an exchange equilibrium (Scheme 4). The signal at ��� 470,
which is particularly broad at low temperatures, presumably corresponds to
a larger (i.e., oligomeric) species of 5 (Scheme 3). The sharpening of the
signals with rising temperature is a consequence of decreasing quadrupolar
relaxation (decreasing molecular correlation time) with increasing temper-
ature.


Beyond 303 K, coalescence is reached. We
suggest an equilibrium between the two
isomers 5 and 5� as shown in Scheme 4,
coming about through a rearrangement in
the coordination sphere through a tetrago-
nal-pyramidal transient. Compounds 5/5�
and 6 differ in as far as in 5/5� there is an
additional methyl group on the carbon atom


adjacent to the nitrogen atom, which apparently slows down
the geometrical rearrangement to the extent to which the two
species in equilibrium can be detected in the NMR spectra.
The signal at lower field should be attributable to the species
5�, with reference to data reported in the literature for
trigonal-bipyramidal vanadium complexes with N(amine)
trans to the oxo group.[29] The presence of two isomers is
confirmed by the 1H NMR spectra (Figure 5): the signals at
�� 5.05 and 4.52 assigned to V-OCH3 , in an approximate
ratio of 1:1, coalesce at about 280 K (not shown). Partial
ligand dissociation can be excluded on the basis of the
1H NMR pattern. Chemical exchange is further confirmed by
the 51V NMR EXSY spectrum of 5 in CDCl3 solution, taken at
room temperature (Figure 6).


Catalytic oxidation of sulfides : Vanadium complexes bearing
amino alcohol ligands have not so far been employed as
catalysts in the enantioselective oxidation of organic sulfides.
There are a few reported examples of vanadium catalysts with
chiral Schiff base ligands, in which the asymmetric component
is supplied by the amine component.[24±26] These catalysts have
usually been employed in situ (i.e. , as mixtures of a vanadium
precursor and the ligand), with hydrogen peroxide or alkyl
hydroperoxides as oxidant. In the oxidation reactions report-
ed here, alkyl hydroperoxides (cumyl hydroperoxide (CHP),
and tert-butyl hydroperoxide (TBHP)) have been used,
because the reactions had to be carried out in organic
solvents, due to the water sensitivity of the catalysts. The
reactions have been conducted with the sulfides and oxidants
at 0.1�, and the catalyst at 0.01� concentrations in 1,2-
dichloroethane. The results are summarized in Table 2 for
methyl p-tolyl sulfide and CHP and varying catalysts, and in
Table 3 for complex 5 as the catalyst with varying sulfide and
oxidant. For the overall reaction, see Scheme 5.


With methyl p-tolyl sulfide and CHP, the reactions pro-
ceeded with a turnover of 100% (related to the oxidant).
Along with the sulfoxide as the main product, obtained with
the same absolute configuration as the catalyst, some sulfone
is also formed. Figure 7 represents the reaction path as a
function of time for complex 5 as the catalyst. The ee (about
31% (S)) remains constant during the complete oxidation
process. The reaction is thus kinetically controlled (i.e., there
is no chiral distinction for the oxidation of the sulfoxide to the
sulfone), contrasting with other catalytic sulfoxidation sys-
tems such as those using amino alcoholates of TiIV and ZrIV.[42]


Compounds 5 and 8–as compared to 6 and 7–contain an
additional chiral center, and this is possibly responsible for the
better chiral discrimination (Table 2). Of the reactions
catalyzed by 6 and 7 (i.e., the complexes with only two chiral
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Scheme 4. Equilibrium between the two isomers 5 and 5�.
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Figure 5. 1H NMR spectrum of 5 in [D8]THF. For assignments cf.
Scheme 4. The signals at �� 5.05 and 4.52 correspond to V-OCH3 .


Figure 6. Room temperature 51V EXSY spectrum of complex 5 in CDCl3,
at a mixing time of 2 ms, showing the exchange correlation between the
signals at ���411 and �453 and (less pronounced) the two inner signals
at ���426 and �444.


centers), the oxidation proceeds with a better ee in the case of
6, which is the compound with less steric hindrance.


In an attempt to elucidate the mechanism operative in
chiral recognition, we studied the asymmetric oxidation of
two different sulfides–methyl p-tolyl and benzylphenyl
sulfide–with two peroxides (CHP and TBHP) exhibiting
different steric conditions, in the presence of 5 as the catalyst
(Table 3), in more detail. In the case of the MeSpTol (Table 3,
entries 1 and 3), better results both in terms of turnover and in
ee were obtained with CPH. The bulky tert-butyl group in
TBHP probably creates an intermediate peroxo species that
does not allow the substrate to approach with the appropriate
orientation. If we consider the same oxidant, CHP, but two
different substrates (Table 3, entries 1 and 2), better discrim-
ination between the two prochiral faces of the sulfide is
observed as the two residues on the sulfur are unbalanced,
(i.e., in the case of MeSpTol). This observation is markedly
accentuated with THBP as oxidant (Table 3, entries 3 and 4);
here, the ee drops from 24.8 to 4.7%. The selectivity with
respect to a high percentage of sulfoxide in the sulfoxide/
sulfone mixture is particularly pronounced for catalyst 7 (with
methyl groups on the ethanol arms) and the in situ system
VO(OiPr)3/H2L4 (with phenyl groups on the ethanol arms)
(Table 2, entries 3 and 5). The very short reaction time (30 min
for 100% consumption of the oxidant) in the case of the in situ
system may be accounted for by the better accessibility for the
ligand, the oxidant and/or the substrate in four-coordinate
VO(OiPr)3, although this unprecedented observation, which
may be related to the ™ligand accelerating effect in cataly-
sis∫,[43] still needs to be explored.


A possible mechanism for the catalysis, depicted in
Scheme 6, is based on the proposal that a peroxo intermediate
with the peroxide coordinating to vanadium in the �2 mode is
formed, consistent with what is known of peroxovanadium
complexes.[12, 44±47]


The formation of a peroxo intermediate is corroborated by
51V NMR spectra (Figure 8). This intermediate has been
detected in methanolic solutions of [VO(OiPr)L4], containing
[VO(OMe)L4] (8) treated with CHP, as well as in solutions
containing the precursor components [VO(OiPr)3 � H2L4]
and CHP. Along with the two main signals for 8 and
[VO(OiPr)L4], respectively, the spectra each show a new
signal at �510, which is only present if the peroxide is added
and is thus assigned to [VO(O2R)L4], formed by exchange of
the isopropoxo or methoxo ligand by RO2


�. In agreement
with what one would expect,[37] the shielding in six-coordinate
[VO(O2R)L4] is lower than in seven-coordinate monoperoxo-
vanadium complexes by about 100 ppm.[37, 44, 48]


Conclusion


Three five-coordinate oxovanadium(�) complexes, each con-
taining an O4N donor set consisting of a chiral tridentate
amino-bis(alcoholate), a methoxy group, and a basal oxo
group, have been characterized. The complexes are essentially
trigonal-bipyramidal (�� 0.66 ± 0.75) and so are rare examples
of oxovanadium complexes exhibiting this geometry (for a
Schiff base complex with a comparable �� 0.70 see[49]). The
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Table 2. Oxidation of methyl p-tolyl sulfide with CHP in the presence of
varying catalysts.


Entry SO:SO2
[a] ee [%][b] Turnover [%][c] Time [min] Catalyst


1 85:15 31.2 (S) 100 150 5
2 72:28 23.0 (S) 100 720 6
3 94:6 11.0 (S) 100 540 7
4 88:12 26.0 (R) 100 120 8
5 94:6 25.0 (R) 100 30 VOL4(OiPr)[d]


[a] determined by GC analysis. [b] Determined by HPLC analysis.
[c] Related to the oxidant. [d] Complex prepared in situ by treatment of
VO(OiPr)3 with H2L4.


Table 3. Oxidation of alkyl aryl sulfides by organic peroxides in the
presence of catalyst 5.[a]


Entry Sulfide Oxidant SO:SO2 ee [%] (S) Turnover [%] Time [min]


1 MeSpTol CHP 85:15 31.2 100 150
2 BzSPh CHP 79:21 23.6 100 270
3 MeSpTol TBHP 100:0 24.8 58 120
4 BzSPh TBHP 87:13 4.7 72 120


[a] Compare legend to Table 2. CHP� cumyl hydroperoxide; TBHP� tert-
butyl hydroperoxide.
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complexes model specific features of vanadate-dependent
haloperoxidases, such as the trigonal-bipyramidal O4N coor-
dination of VVand the chiral environment at the active center.
Like most of the native enzymes, the model compounds
enantioselectively catalyze the peroxide oxidation of prochi-
ral sulfides to chiral sulfoxides. In the optimal system in our
series, (S)-methyl p-tolyl sulfoxide has been obtained with an


ee of 31% in the presence of catalyst 5 and CHP as the
oxidant. The reaction times are in general faster (about 2 h),
and the turnover and selectivities (with respect to the
formation of sulfoxide) better than those seen in other
systems containing vanadium-based catalysts.[24±26] The dy-
namic behavior of our complexes (i.e. , equilibria between
stereoisomers and possibly also monomers/oligomers) is


Chem. Eur. J. 2003, 9, 4700 ± 4708 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 4705


Scheme 5. Catalytic oxidation of sulfides.


Figure 7. Time dependence of the oxidation of methyl p-tolyl sulfide with CHP in the presence of catalyst 5.


Scheme 6. Possible mechanism for the catalysis.
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Figure 8. 51V NMR spectra of 8 dissolved in CDCl3 at 273 K, treated with
CHP (bottom), and of VO(OiPr)3 � H2L4 � CHP (top). The signal
indicated at �510 belongs to the peroxo complex [VO(O2R)L4], and the
two low-field signals to [VO(OMe)L4] (8) and [VO(OiPr)L4], respectively.


likely to be responsible for the relatively inefficient (with
respect to the ee) asymmetric induction. The degree of
enantioselectivity is also influenced by the substrate and the
oxidant in that the less ™symmetrical∫ sulfides (methyl p-tolyl
versus phenyl benzyl sulfide) and the less bulky peroxide
(cumyl versus tert-butyl hydroperoxide) gave the better ee
values. The latter factor suggests the formation of an
intermediate with the hydroperoxide coordinated to the
catalyst center, an intermediate detectable by 51V NMR in
the systems 8 � CHP and VO(OiPr)3 � H2L4 (4) � CHP.


Experimental Section


Materials and instrumentation : All solvents and liquid reagents used in this
work were stored under nitrogen over molecular sieves (4 ä). Dichloro-
methane was distilled over CaH2. 1,2-Dichloroethane was treated with
concentrated sulfuric acid (four times with 100 mL of H2SO4 per 1 L of
dichloroethane), washed with water, dried overnight with CaCl2, and
distilled over P2O5. Methanol was distilled over sodium. Cumyl hydro-
peroxide (Fluka, 80% in cumene) was stored at 0 �C. tert-Butyl hydro-
peroxide (Fluka) was purified by distillation at reduced pressure (b.p.�
33 �C/16 mm Hg) and stored at 0 �C. Benzyl phenyl sulfide was prepared
according to reference [43] by alkylation of the corresponding thiol, and its
identity was established by 1H NMR spectroscopy and elemental analysis.
Silica gel 60 (Mecherey ± Nagel, 230 ± 400 mesh ASTM), [VO(OiPr)3]
(Aldrich), (S)-(�)propene oxide (Fluka), (S)-(�)1-phenylethylamine, iso-
propylamine, 4-methyl-benzophenone (Acros Organics), benzylamine
(Merck), benzophenone (Carlo Erba), methyl p-tolyl sulfide, and bis(n-
butyl) sulfide (Aldrich) were used as obtained. The ligand H2L4 (4) and the
complex (R,R,R)-[VO(OMe)L4] ¥ 1³2CH3OH (8 ¥ 1³2CH3OH) were prepared
as described previously.[50]


The quantitative product analyses for the catalytically conducted sulfide
oxidations were carried out with a Hewlett ± Packard 5890 series II
chromatograph, equipped with a capillary column with a FFAP EC-1000
stationary phase (30 m� 0.25 mm, film thickness 0.25 �m). The instrument
conditions for the analysis were as follows: initial temperature 55 �C for
1 min, rate� 15 �Cmin�1, final temperature 200 �C for 30 min. The enantio-
meric excesses of the sulfoxides were determined by HPLC analysis, with a
Shimadzu LC-10AT chromatograph, UV Shimadzu SPD-10A (�� 241 nm)
detector, and a C-R5A Shimadzu chromatopac integrator. The chromato-
graph was fitted with a chiral column packed with Lichrosorb S 100, (R,R)-
diaminocyclohexane DNB spherical 250� 4.0 mm. The eluent employed
was a mixture of n-hexane/2-propanol 9:1, flow� 0.6 mLmin�1, pressure�
17 kgcm�2. The retention times of the methyl p-tolyl sulfoxide were


16.2 min (R enantiomer) and 18.7 min (S enantiomer). The retention times
of the benzyl phenyl sulfoxide were 23.9 min (R enantiomer) and 30.2 min
(S enantiomer).


IR spectra were obtained on a Perkin ± Elmer FT 1720 spectrometer. NMR
spectra were measured on a Bruker AM 360 (at 94.726 MHz for 51V, and
360.134 MHz for 1H) or on a Varian Gemini 200 instrument (at
52.577 MHz for 51V, 50.285 MHz for 13C, and 199.962 MHz for 1H) with
the usual spectrometer settings. 2D EXSY spectroscopy: the 51V homo-
nuclear exchange (EXSY) experiments were conducted on a Bruker
Avance 400 instrument (at 105.198 MHz) by use of the standard NOE-
SYPH pulse sequence (90� ± �1 ± 90� ±Tm ± 90�), 2 ms mixing time. All 51V
NMR chemical shifts are referenced against external VOCl3.


Mass analysis measurements were conducted on a Mariner instrument
(Perspective Biosystem), in the electron spray ionization mode and with a
time-of-flight analyzer (ESI/TOF). The sample concentration was 2�
10�5� in methanol. Mobile phase: methanol; rate 5 �Lmin�1.


X-ray structure analyses were carried out at 153(2) K with MoK� irradiation
(�� 0.71073 ä, graphite monochromator) on a Smart Apex CCD diffrac-
tometer. Hydrogen atoms were calculated in idealized positions and
included in the last cycles of refinement. Absorption corrections were not
performed. For crystal data and structure refinement see Table 4


CCDC-176660 (5) and CCDC-187671 (6) 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 Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.uk).


General procedure for the catalytically conducted sulfide oxidations


Oxidation of methyl p-tolyl sulfide (cf. Table 2, and entries 1 and 3 in
Table 3 in the Results and Discussion section): Methyl p-tolyl sulfide
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Table 4. Crystal data and structure refinement for 5 and 6.


VO(OMe)L1 (5) VO(OMe)L2 (6)


empirical formula C15H24NO4V C14H22NO4V
formula weight [gmol�1] 333.29 319.27
crystal system monoclinic orthorhombic
space group P2(1) P2(1)2(1)2(1)
unit cell dimensions
a [ä] 8.2684(3) 10.1615(10)
b [ä] 10.9118(4) 13.4671(13)
c [ä] 8.9816(3) 33.682(3)
� [�] 95.0470(10)
volume [ä3] 807.21(5) 4609.3(8)
Z 2 12
�calcd [g�1 cm�3] 1.371 1.380
	 [mm�1] 0.629 0.657
F(000) 352 2016
crystal size [mm3] 0.30� 0.10� 0.10 0.60� 0.57� 0.41

 range for data collection [�] 2.28 to 32.53 2.36 to 27.50
index ranges � 12�h� 12 � 13� h� 11,


� 16�k� 16 � 17� k� 17
� 13� l� 13 � 43� l� 33


reflections collected 22075 56674
independent reflections, (Rint) 5677 (0.0293) 10570 (0.2201)
completeness to 
 [%] 98.9 99.9
data/restraints/parameters 5677/1/190 10570/0/541
goodness of fit 1.024 1.061
final R ind. [I� 2�(I)]
R1 0.0311 0.0515
wR2 0.0724 0.1146
R indices (all data)
R1 0.0337 0.0576
wR2 0.0731 0.1191
absolute structure param. � 0.002(12) 0.048(17)
largest diff. peak and hole [eä�3] 0.479 and �0.279 0.773 and �0.512
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(15.48 mg, 0.11 mmol), complex 5 (3.66 mg, 0.01mmol), and benzophenone
(12.75 mg, 0.07mmol) as internal standard were dissolved in anhydrous 1,2-
dichloromethane in a 1 mL flask. The solution was then cooled to 0 �C.
With stirring and under a nitrogen atmosphere, cumyl hydroperoxide
(20 �L, 0.11 mmol) (Table 2, entry 1) or tert-butyl hydroperoxide (5 �L,
0.11 mmol) was added (Table 3, entry 3). For entries 2 and 3 in Table 2, the
same procedure as for entry 1 was employed, with complex 6 (3.19 mg,
0.01 mmol, entry 2), complex 7 (2.71 mg, 0.01 mmol, entry 3), or complex 8
(5.12 mg, 0.01 mmol, entry 4).


Oxidation of benzyl phenyl sulfide (Table 3, entries 2 and 4): Benzyl phenyl
sulfide (20.03 mg, 0.11 mmol), complex 5 (3.66 mg, 0.01 mmol), and
4-methyl-benzophenone (20.68 mg, 0.10 mmol) as internal standard were
dissolved in anhydrous 1,2-dichloromethane in a 1 mL flask. After the
mixture had been cooled to 0 �C, cumyl hydroperoxide (20 �L, 0.11 mmol,
Table 3, entry 2) or tert-butyl hydroperoxide (5 �L, 0.11 mmol, Table 3,
entry 4) was added with stirring, under a nitrogen atmosphere.


After defined intervals of time, 50 �L portions were removed from the
reaction mixtures and immediately quenched by addition to an excess of
bis(n-butyl) sulfide, and the product spectrum was analyzed by GC and
HPLC (determination of the enantiomeric excess; see above).


Preparation of compounds


(S,S)-Bis(2-hydroxy-propyl)-(S)-1-phenyl-ethylamine,
(PhMeCH)N(CH2CHMeOH)2 (H2L1), 1: (S)-(�)-Propene oxide (1.00 g,
17.2 mmol) and (S)-(�)phenyl-ethylamine (1.04 g, 8.6 mmol) were placed
in a 5 mL round-bottomed flask. The reaction mixture was stirred at 40 �C
for four days. The crude product obtained was purified by flash
chromatography on silica gel, with hexane/ethyl acetate 1:1 as eluent.
The product was obtained as a pale yellow oil. Yield 1.47 g (72%). 1H NMR
(CDCl3): �� 7.42 ± 7.28 (m, 5H; aromatic), 4.06 ± 3.98 (q, J� 6.8 Hz, 1H;
N�CHPh�CH3), 3.90 ± 3.74 (m, 2H; CH2�CHCH3�OH), 2.61 ± 2.19 (dd,
J� 13.4 and 2.4 Hz, 2H; N�CH2�CHPhOH), 2.58 (b, 2H; CHCH3�OH),
1.38 (d, J� 6.8 Hz, 3H; NCHPh�CH3), 1.08 (d, J� 6.3 Hz, 6H;
CHCH3�OH) ppm; 13C NMR (CDCl3): �� 128.50, 127.78, and 127.27
(aromatic carbons), 64.45 (CH2�CHMe�OH), 58.10 (N�CHPhCH3), 57.95
(N�CH2�CHPhOH), 20.05 (CHCH3OH), 10.99 (NCHPh�CH3) ppm; IR
(NaCl): ��� 3400 (�(OH)), 3086, 3062, and 3029 (�(CH)), 2855
(�(R2N�CH)), 1602, 1495, and 1451 (CC ring stretch), 1071 (�(CO)), 738
and 701 (�(CH) and �(CC)) cm�1; elemental analysis calcd (%) for
C14H27NO2 (237.33): C 73.80, H 9.56, N 7.81; found: C 73.33, H 9.56, N 7.83.


(S,S)-Bis(2-hydroxypropyl)benzylamine, (PhCH2)N(CH2CHMeOH)2


(H2L2), 2 : (S)-(�)-Propene oxide (1.66 g, 28.5 mmol) and benzylamine
(1.51 g, 14.3 mmol) dissolved in dichloromethane (5 mL) were placed in a
10 mL round-bottomed flask. The reaction mixture was stirred at 40 �C for
seven days. The crude product obtained was purified by flash chromatog-
raphy on silica gel, with hexane/ethyl acetate 7:3 as eluent. The product was
obtained as a pale yellow oil. Yield 2.51 g (78.6%). 1H NMR (CDCl3): ��
7.35 ± 7.28 (m, 5H; aromatic), 3.94 ± 3.78 (m, 2H; CH2�CHCH3�OH), 3.89
(d, J� 13.6 Hz, 1H; N�CH2Ph), 3.51 (d, J� 13.6 Hz, 1H; N�CH2Ph), 2.65
(br, 2H; CHCH3�OH), 2.45 (d, J� 6.1 Hz, 4H; N�CH2�CHMeOH), 1.10
(d, J� 6.1 Hz, 6H; CHCH3�OH) ppm; 13C NMR (CDCl3): �� 138.38,
128.94, 128.50, and 127.36 (aromatic carbons), 63.97 (CH2�CHMe�OH),
62.07 (N�CH2�CHMeOH), 59.76 (N�CH2Ph), 20.26 (CHCH3OH); IR
(NaCl): ��� 3399 (�(OH)), 3085, 3062, and 3027 (�(CH)), 2822
(�(R2N�CH)). 1602, 1495, and 1453 (CC ring stretch), 1055 (�(CO)), 742
and 699 (�(CH) and �(CC)) cm�1; elemental analysis calcd (%) for
C13H21NO2 (223.32): C 69.92, H 9.48, N 6.27; found: C 69.63, H 9.43, N 6.52.


(S,S)-Bis(2-hydroxypropyl)isopropylamine,
{(CH3)2CH}N(CH2CHMeOH)2 (H2L3), 3 : (S)-(�)-Propene oxide (1.660 g,
28.05 mmol) and isopropylamine (0.845 g, 14.3 mmol) were dissolved in
1,2-dichloromethane (5 mL). The reaction mixture was stirred at 40 �C for
four days. The crude product was purified as described for 2. Compound 3
was obtained as a pale yellow oil. Yield 1.47 g (71.4%). 1H NMR (CDCl3):
�� 3.79 (br, 2H; CHCH3�OH), 3.72 ± 3.56 (m, 2H; CH2�CHCH3�OH),
2.95 ± 2.75 (heptet, J� 6.6 Hz, 1H; N�CH(CH3)2), 2.34 ± 2.06 (m, 4H;
N�CH2�CHMeOH), 1.01 ± 0.98 (d, J� 5.86 Hz, 6H; CHCH3�OH), 0.96 ±
0.93 (d, J� 6.6 Hz, 3H; N�CH(CH3)2), 0.84 ± 0.81 (d, J� 6.6 Hz, 3H;
N�CH(CH3)2) ppm; 13C NMR (CDCl3): �� 63.90 (CH2�CHMe�OH),
57.69 (N�CH2�CHMeOH), 50.65 (N�CH(CH3)2), 20.42 (N�CH(CH3)2),
20.07 (CHCH3OH), 15.17 (N�CH(CH3)2) ppm; elemental analysis calcd


(%) for C9H21NO2 (117.19): C 61.68, H 7.99, N 7.99; found: C 60.98, H 12.03,
N 7.51.


(S,S,S)-[VO(OMe)L1], 5 : Ligand 1 (0.5055 g, 2.13 mmol) was dissolved in
1,1-dichloromethane (15 mL) in a double-necked 50 mL round-bottomed
flask. Oxo-tris(isopropoxo)vanadium(�) (0.4954 g, 2.03 mmol) dissolved in
dichloromethane (10 mL) was added dropwise to this solution. During the
addition, the color changed to yellow. After 30 min stirring under nitrogen,
the solvent was removed under vacuum. The product ([VO(OiPr)L1]) was
obtained quantitatively as a yellow-green solid, which was recrystallized
from methanol to yield 5 quantitatively. Crystals were grown by keeping a
concentrated methanolic solution at �20 �C for about two weeks. 51V NMR
([D8]toluene): ���421.0, �455.4, �463.1, �473.7 ppm; ([D8]THF): ��
�404.5, �450.9, �456.7, �470.2 ppm; (CDCl3): ���412.7, �445.4,
�452.3, �460.7 ppm; IR (KBr,): ��� 2969 and 2929 (�(CH)), 2789
(�(R2N�CH)), 1636 and 1451 (CC ring stretch), 1090 (�(CO)), 968
(�(VO)), 746 and 706 (�(CH) and �(CC)) cm�1; MS: m/z (%): 333.9 (42)
[5�H]� , 355.9 (100) [5�Na]� ; elemental analysis calcd (%) for
C15H24NO4V (333.11): C 54.05, H 7.26, N 4.20; found: C 53.31, H 7.12, N
4.06.


(S,S)-[VO(OMe)L2], 6 : Complex 6 was prepared according to the
procedure described for 5 by treatment of ligand 2 (0.790 g, 3.53 mmol)
with VO(OiPr)3 (0.8227 g, 3.30 mmol). The product, [VO(iPrO)L2], was
obtained as a yellow-green solid, and was recrystallized from methanol to
yield 6 quantitatively. Crystals were grown by keeping a concentrated
methanolic solution at �20 �C for about two weeks. 1H NMR (CDCl3): ��
7.40 ± 7.28 (m, 5H; aromatic), 5.55 (m, 1H; CH2CHCH3�OV), 4.99 (m, 1H;
CH2CHMeO�V), 4.87 (s, 3H; CH3O�V), 4.75 (d, J� 15.0 Hz, 1H;
NCH2Ph), 4.42 (d, J� 15.0 Hz, 1H; NCH2Ph), 2.88 (m, 4H;
NCH2CHMeO), 1.36 (d, J� 6.1 Hz, 3H; CHCH3OV), 1.27 (d, J� 5.9 Hz,
3H; CHCH3O�V) ppm; 13C NMR (CDCl3): �� 133.07, 131.05, and 128.70
(aromatic carbons), 81.10 (CH2CHMeO�V), 80.60 (CH2CHMeO�V),
70.76 (CH3O�V), 66.83 (NCH2Ph), 62.00 (NCH2CHMeO�V), 59.12
(NCH2CHMeO�V), 21.42 (CHCH3O�V), 21.24 (CHCH3O�V) ppm; 51V
NMR (CDCl3): � (relative integral intensity)��419.8 (1.0), �447.5 (0.2),
�457.5 (0.2) ppm; IR (KBr): ��� 3028, 2969, and 2926 (�(CH)), 2867,
(�(R2N�CH)), 1630, 1494, and 1454 (CC ring stretch), 1067 (�(CO)); 9.58
and 974 (�(VO)), 755 and 707 (�(CH) and �(CC)) cm�1; elemental analysis
calcd (%) for C14H22NO4V (319.27): C 52.67, H 6.95, N 4.39; found: C 50.95,
H 6.74, N 4.14.


(S,S)-[VO(OMe)L3], 7: Complex 7 was prepared by the procedure
described for 5, by treatment of ligand 3 (0.790 g, 3.53 mmol) with oxo-
tris(isopropoxo)vanadium(�) (0.8227 g, 3.30 mmol). The primary product,
[VO(iPrO)3L3], was quantitatively transesterificated with methanol to
yield 7 as a yellow oil. Yield� 0.6149g (68.7%). 1H NMR (CDCl3): �� 5.26
(br, 1H; CH2CHCH3�OV), 5.03 (br, 1H; CH2CHMeO�V), 4.81 (br, 3H;
CH3O�V), 3.67 ± 2.18 (m, 5H; NCH2CH and NCH(CH3)2), 1.36 ± 1.33 (d,
J� 5.8 Hz, 6H; CH2CHCH3O�V), 1.29 ± 1.24 (d, J� 5.8 Hz, 6H;
NCH(CH3)2) ppm; 51V NMR (CDCl3): � (relative integral intensity)�
�418.7 (1), �444.3 (0.1), �454.5 (0.3) ppm; elemental analysis calcd (%)
for C10H22NO4V (271.23 gmol�1): C 44.28, H 8.18, N 5.16; found: C 43.71, H
7.74, N 5.07.
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Electrostatic Calculation of the Substituent Effect: An Efficient Test on
Isolated Molecules


Otto Exner[b] and Stanislav Bˆhm*[a]


Abstract: The energy of a disubstituted
molecule has often been approximated
by simple electrostatic formulas that
represent the substituents as poles or
dipoles. Herein, we test this approach on
a new model system that is more direct
and more efficient than testing on acid ±
base properties. The energies of 27 1,4-
derivatives of bicyclo[2.2.2]octane were
calculated within the framework of the
density functional theory at the B3LYP/
6-311�G(d,p) level; interaction of the
two substituents was evaluated in terms
of isodesmic homodesmotic reactions.
This interaction energy, checked previ-


ously on some experimental gas-phase
acidities, was considered to be accurate
and served as reference to test the
electrostatic approximation. This ap-
proximation works well in the qualita-
tive sense as far as the sign and the order
of magnitude are concerned: beginning
with the strongest interaction between
two poles, a weaker interaction between
pole and dipole, and the weakest be-


tween two dipoles. However, all the
electrostatic calculations yield energies
that are too small, particularly for weak
interaction, and this fundamental defect
is not remedied by some possible im-
provements. In particular, variation of
the effective permittivity would require
a physically impossible value less than
unity. The explanation must lie in a more
complex distribution of electron density
than anticipated in the electrostatic
model. It also follows that possible
conclusions about the transmission of
substituent effects ™through space∫ have
little validity.


Keywords: density functional calcu-
lations ¥ dipole moment ¥ inductive
effects ¥ substituent effects


Introduction


In this theoretical approach, called here the electrostatic
theory, the energy of a molecule is approximated by the
electrostatic interaction �Eel between its parts, in the simplest
case between two charges, Equation (1), or between a charge
e and a dipole �, Equation (2).[1]


�Eel� e2NA/r(4��o�ef) (1)


�Eel� eNA�cos�/r2(4��o�ef) (2)


The geometry of the molecule is described by the param-
eters r (distance between the charges or between the charge
and the point dipole) and � (angle of the vectors r and �); �ef is
the ™effective∫ relative permittivity. The theory was applied
mostly to ionic isodesmic reactions of the type of Equation (3)


in which a proton is transferred from a substituted acid X-G-
YH to the anion of the unsubstituted acid H-G-Y�.


X-G-YH�H-G-Y� � X-G-Y��H-G-YH (3)


The Gibbs energy of this reaction was approximated by the
electrostatic energy of the ion X-G-Y�, calculated by means of
Equations (1) or (2), according to whether the substituent X
was charged or dipolar. In this form, the theory has been
included into textbooks and has been the subject of re-
views.[2, 3] The compounds in Equation (3) were usually
aliphatic derivatives, but also aromatic derivatives assuming
that the conjugation can be neglected.[4] In these applications,
the electrostatic theory has been connected with the term
inductive effect[5] and should decide whether this effect is
transmitted ™through space∫ or ™through bonds∫.[2, 6] This
problem has been discussed at length.[2, 3, 5b, 6] In our opinion[3]


no definite conclusions can be formed, since it is ill
formulated: it does not operate with well-defined terms and
observable quantities. This concerns also the recent definition
of the inductive effect.[5a] In this paper, we will confine
ourselves to observable quantities. The substituent effect
(whether it is called inductive or not) will be defined by
reaction energy of a suitable reaction,[3a] see, for example,
Equation (3) or later Equations (5) ± (7). Our only problem
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will be how accurately and with which limitations the electro-
static theory reproduces this effect.


When Equation (3) is considered in more detail, we can still
deal with the interaction in the molecule X-G-YH between
the substituent X and the dipolar acidic group YH. The
electrostatic energy of two dipoles is expressed by Equa-
tion (4), which assumes two co-planar dipoles �1 and �2 at the
angles �1 and �2 to r.[7]


�Eel��NA�1�2(2cos�1 cos�2� sin�1 sin�2)/r3(4��o�ef) (4)


Owing to the dependence on r�3, the interaction of two
dipoles is generally small and values of �Eel calculated
according to Equation (4) were used merely as minute
corrections for the acidity,[4] although they could be of
importance for the conformation of uncharged molecules.[8]


Most of the reactions investigated hitherto proceeded in
water or in aqueous solvents; for this reason the effective
relative permittivity �ef has become of deciding importance.
An acceptable agreement with certain experiments was only
obtained when Kirkwood and Westheimer[9] calculated �ef
from the external permittivity of the solvent (�ext) and internal
permittivity of the molecule (�int), assuming a simple geo-
metrical form of the solvent cavity occupied by the ion
(sphere or prolate ellipsoid). Even so, an ambiguity remained
in two respects, that is, for �ef (shape and dimensions of the
cavity) and also for r and � (conformation, position of the
dipole in the given structure). Further development of the
theory proceeded along two lines: improving the cavity
model[10] and synthesis of special model compounds with
more or less fixed geometry, that is, defined r and �.[11]


However, even sophisticated cavity models do not represent
well the dependence of pK on the solvent.[12] An essential
improvement was reached with acid ± base properties meas-
ured in the gas phase[3b, 13] or with calculated energies,[14±16]


since the acceptable values of �ef are then between 1 and 2.
Nevertheless, ambiguity concerning the geometrical parame-
ters persisted and became even more apparent, since the
observed effects are greater. Then it is possible that results on
the same compounds were evaluated either as good[15a] or as
bad.[16]


In our opinion, significant progress can be reached only by
designing new model molecules, which should meet the
following requirements:
1) A rigid structure allowing no variable conformations and


defining unambiguously the geometrical parameters r and
�.


2) Sufficient distance of the substituent from the reaction
center as required by the approximation in Equation (2),
whereby the length of the dipole � is assumed to be small
compared to r.


3) Separate determining energies of the ions and of the
neutral molecules in terms of isodesmic reactions, not only
energies of the ionization.


4) The possibility of comparing effects of polar and dipolar
substituents on the same skeleton.
The best models previously devised were 4-substituted


bicyclo[2.2.2]octane-1-carboxylic acids.[15, 16] However, even
these do not allow exact localization of the pole (COO�) and


dipole (COOH) as required above (point 1). Moreover, the
effects in the acid and in the anion were sometimes not
separated.[15] We have improved the model here by restricting
it to 1,4-derivatives of bicyclo[2.2.2]octane with the simplest
substituents: O�, NH3


�, Cl, CN, and CH2Cl (1a ± 1e, 2a ± 2d,
3a ± 3g, Table 1). Substituent effects were evaluated in
isodesmic reactions, Equations (5) ± (7), in which a 1,4-deriv-
ative is synthesized from two monosubstituted derivatives.


These compounds meet exactly the requirements of the
model. We investigated separately another set of compounds,
with the substituents NO2 (1 f, 2e, 3h ± 3 j), COO� (1g, 2 f),
and NH2 (2g, 3k,l) that violate some of these requirements
and will possibly corrupt the results more or less.


It is hardly possible to devise experiments of sufficient
accuracy as required by our model. We preferred theoretical
calculations within the framework of density functional
theory at the level B3LYP/6-311�G(d,p).[17] This theoretical
model proved good for [2.2.2]bicyclooctane-1-carboxylic
acids[16] as well as for other molecules with a similar distance
of substituents.[18]


Results and Discussion


Relation to experimental results : The energies of the iso-
desmic reactions given in Equations (5) ± (7) are based only
on DFT calculations (Table 1, column 7). The electrostatic
calculations could, in principle, be based on certain exper-
imental quantities, but we preferred calculated values even for
the geometric parameters (Table 1, columns 5 and 6) and
dipole moments (Table 2, column 3). They are well defined
and sometimes more accurate. Nevertheless, we shall consider
briefly how accurately all these values match the experiments.


The calculated isodesmic energies cannot be compared with
experimental enthalpies of formation. These are not available
for our compounds and could not be sufficiently precise.[19]


The only possibility is comparison with experimental gas-
phase basicities,[20] Equation (8).
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The fit is reasonable, although worse than for similar
4-substituted bicyclo[2.2.2]octane-1-carboxylic acids with the
same theoretical model as here, for which a standard
deviation of 1.1 kJmol�1 was achieved.[16] Such a fit is typical
for isodesmic reactions;[16, 18] for absolute values of energies
much lower accuracy was anticipated.[17]


Good prediction of the geometric parameters, r and �, is of
less importance, since Equations (5) ± (7) are not very sensi-


tive to their exact values. An agreement to 0.01 ä is more than
sufficient for our purpose.[21] For � in Equations (5) ± (7) we
introduced calculated dipole moments of the methyl deriva-
tive X�CH3, which in our opinion best represent the original
meaning, namely, the difference of bond moments of the
bonds C�X or C�H. Since the moments calculated at the level
B3LYP/6-311�G(d,p) (Table 2) were lower by several per-
cent than the experimental values,[22] we recalculated them
using the model MP4SDQ/AUG-cc-pVDZ//B3LYP/6-311�
G(d,p), which is more suitable for dipole moments.[24] Agree-
ment with the experimental values is then of the same order as
the experimental uncertainty.


An important quantity is the effective relative permittivity
�ef [Eqs. (1), (2), and (4)], which cannot be obtained exper-
imentally. For the isolated molecule or in the gas phase, it
cannot exceed the range between the value for vacuum (�ef�
1) and for a hydrocarbon (�ef approximately 2). Comparison of
various cavity theories[9, 10] revealed[12] that they all predict a
linear dependence of �ef�1 on �ext


�1. Extrapolation to �ext� 1
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Table 1. Calculated energies and geometric parameters of 1,4-disubstituted bicyclo[2.2.2]octanes 1a ± 4b.


Substituents E(DFT) r � �E[a] �Eel
[b]


[au] [ä] [�] [kJmol�1] [kJmol�1]


1a O� Cl � 847.6555311 4.938 0 � 31.3 � 19.1 (�19.9)[c]


1b O� CN � 480.2957388 6.076 0 � 42.4 � 25.7
1c O� CH2Cl � 886.9697633 6.057 53.5 � 18.9 � 7.6 (�7.5)[c]


1d O� NH3
� � 443.8755758 5.502 � 310.6 � 210.4


1e O� O� � 462.5457283 5.504 284.9 210.3
1 f O� NO2 � 592.5993789 6.123 0 � 46.0 � 23.5
1g O� COO� � 575.9946978[d] 6.233 243.3 185.7
2a NH3


� Cl � 828.7360169 4.995 0 27.9 18.7
2b NH3


� CN � 461.3670442 6.147 0 41.0 25.3
2c NH3


� CH2Cl � 868.0604860 6.096 56.8 13.4 6.9
2d NH3


� NH3
� � 424.7408737 5.612 313.6 206.3


2e NH3
� NO2 � 573.6675162 6.166 45.7 23.2


2 f NH3
� COO� � 557.2914584[d] 6.221 � 265.3 � 186.1


2g NH3
� NH2 � 424.4849769 5.574 81.5 5.2 1.5


3a Cl Cl � 1232.6308041 4.898 0 5.7 4.4 (5.4)[c]


180
3b Cl CN � 865.2664359 5.546 0 6.7 4.5


180
3c Cl CH2Cl � 1271.9509422 5.517 56.8 2.6 1.4 (1.5)[c]


171.5
3d CN CN � 497.9014925 6.691 0 9.1 5.2 (5.4)[c]


180
3e CN CH2Cl � 904.5866178 6.617 58.4 3.4 1.5


172.8
3 f CH2Cl CH2Cl ac � 1311.2707956 6.768 [e] 0.2 0.3[e]


3g CH2Cl CH2Cl sp � 1311.2704521 6.447 65.9 1.1 0.8
114.7


3h Cl NO2 � 977.5682261 5.576 0 7.9 4.1
180


3 i CN NO2 � 610.2034490 6.725 0 10.0 4.8
180


3j CH2Cl NO2 � 1016.8882556 6.389 172.6 5.1 1.6
58.0


3k Cl NH2 � 828.3726358 4.982 0 1.7 0.3
81.5


3 l CN NH2 � 461.0086450 6.128 0 1.6 0.3
81.5


4a CH2O� H � 427.3300503
4b CH2O� Cl � 886.9707155 5.758 12.3 � 26.3 � 15.0


[a] Calculated at the B3LYP/6-311�G(d,p) level by means of isodesmic reactions, Equations (5) ± (7), using the energies from the third column and the
energies of monosubstituted bicyclo[2.2.2]octanes taken from ref. [16]. [b] Calculated by electrostatic equations, Equations (1), (2), and (4). [c] Calculated
according to Equation (1) with the dipoles represented as two charges at the end atoms. [d] Ref. [16]. [e] Calculated according to a more complex equation
for not coplanar vectors, ref. [7].


Table 2. Calculated and experimental dipole moments of the derivatives of
methane [in D].


Com- � B3LYP/6-311�G(d,p) � MP4SDQ/AUG-cc-pVDZ � experi-[a]


pound //B3LYP/6-311�G(d,p) mental


CH3CN 4.052 3.942 3.92
CH3NH2 1.412 1.300[b] 1.27[c]


CH3NO2 3.803 3.659 3.52
CH3Cl 2.106 1.933 1.90


[a] Ref. [22]. [b] At an angle of 81.5� to the C�N bond. [c] Ref. [23].
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yielded �ef near to 1.2 for various cavity models and various
molecules. We used this value as the first approximation, but
retain �ef as a disposable parameter to be discussed later.


We conclude that the following considerations based on
DFT calculations should be valid also for experimental values
without a significant decrease of their precision. For any
event, some small values of �E (say less than 3 kJmol�1)
calculated according Equation (4) should be given less con-
fidence.


Electrostatic calculations


Regular substituents : In the following test, we will consider the
energies �E (Table 1, the last but one column) of isodesmic
reactions Equations (5) ± (7) as true values, whose reliability
will not be doubted. Their better or worse fit with the
electrostatic energies �Eel (Table 1, last column) will be
attributed solely to the restricted accuracy of the electrostatic
approximation. First we shall deal with simple substituents as
they were defined for an ideal model: one charged atom or
one polar bond. Some more complex cases will be mentioned
in the next section.


Two general features emerge immediately from Table 1: All
�Eel are too small in absolute values, but in relative values the
agreement is rather good. In particular, the �Eel values have
the right sign and reproduce correctly the big differences
between the three categories of interaction: between two
charges [Eq. (1)], between a charge and a dipole [Eq. (2)],
and between two dipoles [Eq. (4)].[25] This is shown in Figure 1


Figure 1. Plot of the substituent effects (energies of the isodesmic
reactions) in 1,4-disubstituted bicyclo[2.2.2]octanes in the logarithmic
scale; x axis calculated by the DFT theory, y axis calculated by the
electrostatic approximatio. � : simple monoatomic or linear substituents;
�: NO2 and COO� ; �: NH2; full and dotted lines represent prediction of the
theory with the given value of �ef� 1.2 or 1, respectively.


by using the logarithmic scale of absolute values: the electro-
static theory reproduces the interaction energies in a qual-
itative sense and distinguishes well the three categories.
However, all �Eel values are too small : the agreement is best
for the large values for the charged substituents [Eq. (1),
compounds 1d, 1e, 2d] and becomes worse for small
interaction between dipoles [Eq. (4)]. This is seen more
clearly in the plot of original energies in Figure 2 (not
covering the whole range of values). We considered three
physically meaningful possibilities how the agreement could
be improved.


Figure 2. The same plot as in Figure 1 in the original scaling, not
representing all data.


1) The point-dipole approximation can be improved by
correction for the finite dipole length.[7] Instead of this,
we proceeded directly to the opposite approximation of
point charges, representing the dipole as two charges at the
end atoms. Several examples in Table 1, footnote [c] reveal
minute differences: sufficient distance between the two
substituents warrants that any of the two approximations is
equally good and correction for the dipole length will not
help.


2) In addition to the pole/pole and pole/dipole interactions
also pole/induced dipole interactions[4, 13, 26] can be taken
into account. In Equation (9),[26] the polarizability � (for
one molecule) can be derived from the molar refraction of
individual atoms or groups.[27]


�Eind��NA�q2/2(4��o�ef)2r4 (9)


Due to the dependence on r�4, the values of �Eind are small
and sensitive to the exact value of r. What is more
important, they are always negative, that is, stabilizing the
disubstituted derivative. For 1a �Eind is relatively large.
We calculated �0.96 kJmol�1 and the fit was very slightly
improved. However, for 2a we obtained practically the
same value (�0.92 kJmol�1) and the fit got worse in the
same extent. Generally, correction by �Eind will improve
the fit for any anion and deteriorate it for any cation. The
most systematic application to date deals predominantly
with anions.[4]


3) The effective permittivity (�ef) is a rather arbitrary quantity
and its proper assessment could improve the results
significantly. Our value of 1.2 was obtained from an
analysis of the cavity models[12] and is not necessarily the
best choice. However, Figures 1 and 2 reveal that any
reasonable estimation is not possible: the best fit would
require a physically impossible value smaller than unity:
for charged substituents say 0.9, for dipoles still less. In the
literature, the value �ef� 1 was used very often.[4, 8, 13±16, 29]


Of course, even this value is unacceptable, since the
molecule cannot be described as vacuum.


In practice, the above corrections were used rather
arbitrarily, mostly in such cases when they could improve
the fit as mentioned with �ef and �Eind . In addition, many
manipulations can be found in the literature that result in the
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same consequence.[30] For instance, the dipole of the substitu-
ent CN was placed in the C atom[4] instead in the middle of the
C�N bond; of course, the fit was improved. Also the distance r
can be defined differently, instead up to the charge in the
anion up to the hydrogen atom in the acid molecule.[31] As an
extreme case, the factor cos� in Equation (2) was completely
omitted,[32] or intentionally neglected[6b] when �� 45�.


Irregular substituents and more complex cases : Here we shall
mention several substituents that do not meet our require-
ments in an exact model and allow more or less uncertainty in
choosing the parameters of Equations (1), (2), and (4). The
substituent NO2 is not linear, but is axially symmetric and its
dipole must be placed in the symmetry axis. A most
convenient place seems to be in the middle between the
atoms N and O. Table 1 and Figures 1 and 2 reveal that the fit
is not worse than say for the substituent CN. When the point
dipole was placed on the N atom,[4] the fit was of course better.


The carboxylate group COO�, very important in previous
work, is usually represented as a pole placed between the two
oxygen atoms.[4, 15, 16] Figure 1 (compounds 1g and 2 f) reveals
the same fit as for other charged groups. When the charge was
situated nearer to the carbon atom, the fit was better.


As an example of more complex substituent, we shall
mention the amino group. The calculations (Table 2) yield
both the absolute value and direction of the dipole; its
position must be arbitrary. We placed it at the N atom; any
other reasonable choice is hardly possible. Table 1 and
Figure 1 reveal a bad fit. Of course, the values are small and
in Figure 2 they are practically invisible. Evidently the theory
works badly for angular substituents; however, the values are
sometimes minute and can escape attention in a series of
compounds.


Transmission ™through space∫ and ™through bonds∫: As said
in the Introduction, this much-discussed problem is not in the
center of our interest. Let us add only the following comment.
The better or worse agreement of �Eel [Eqs. (1) and (2)] with
experiment was used as argument that the substituent effect is
transmitted through space.[2, 6b] The alternative theory, trans-
mission through bonds, cannot predict the substituent effect;
it describes only its propagation: by each bond it is weakened
through the constant transmission factor.[2, 3, 6a] In our opin-
ion,[3] the two theories should be viewed merely as two rough
numerical approximations: no kind of transmission is com-
patible with quantum chemistry. Among our data, we can
compare the compound 1c with 1a, 2c with 2a, or 3c with 3a.
In terms of through-bond transmission, introducing a CH2


group should reduce the substituent effects by the same
transmission factor. This is fulfilled very roughly: the factors
obtained from the data of Table 1 were 0.60, 0.48, and 0.46,
respectively. However, predictions of the electrostatic theory,
0.40, 0.37, and 0.32, respectively, are not better.


We designed still the compound 4b for a more efficient test.
In terms of through-bond transmission, the substituent effect
should be equal to that of 1c ; according to the electrostatic
theory, it should be greater by 1.97 (Table 1) in consequence
of the more favorable angle �. Actually, it is greater by 1.39:
evidently we have to deal with two opposite approximations.


One can understand that two analogous compounds, 4-chloro-
phenylacetic acid and 4-(chloromethyl)benzoic acid, disclosed
equal substituent effects in solution[11c] apparently supporting
the through-bond transmission. We have already stated that
special model compounds cannot bring a solution of this
problem.[3]


Conclusion


The electrostatic theory was tested here only on one set of
compounds, but it was from several points of view the best
possible model system. The results were reasonable in the
relative sense, although they were too small in the absolute
values. One can show on further examples that the prediction
gets worse when the model compounds are less strictly
defined. Particularly important is a sufficient distance of the
interacting groups; this was shown on derivatives with steri-
cally close substituents, either in the ortho-position on the
benzene ring[33] or directly bonded.[34] The theory thus remains
applicable only to specified model compounds and is of no
practical value for estimating some energy values, also for the
reason that much more powerful methods are available. What
is particularly important is that it failed (when combined with
any cavity model) even for predicting the dependence on
solvent.[3, 12]


Computational Methods


The DFT calculations at a B3LYP/6-311�G(d,p) level were performed
according to the original proposal[17] by using the standard program.[35] No
symmetry conditions were presumed. All energy-optimized structures were
checked by the vibrational analysis.
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Discrete and Infinite Cage-Like Frameworks with Inclusion of Anionic and
Neutral Species and with Interpenetration Phenomena


Jian Fan,[a] Hui-Fang Zhu,[a] Taka-aki Okamura,[b] Wei-Yin Sun,*[a] Wen-Xia Tang≤,[a] and
Norikazu Ueyama[b]


Abstract: Complex [Ag(tpba)N3] (1)
was obtained by reaction of novel tri-
podal ligand N,N�,N��-tris(pyrid-3-yl-
methyl)-1,3,5-benzenetricarboxamide
(TPBA) with [Ag(NH3)2]N3. While the
reactions between 1,3,5-tris(imidazol-1-
ylmethyl)-2,4,6-trimethylbenzene
(TITMB) and silver(�) salts with differ-
ent anions and solvent systems give six
complexes: [Ag3(titmb)2](N3)3 ¥CH3O-
H ¥ 4H2O (2), [Ag3(titmb)2](CF3SO3)2-
(OH) ¥ 5H2O (3), [Ag3(titmb)2][Ag-
(NO3)3]NO3 ¥H2O (4), [Ag3(titmb)2-
(py)](NO3)3 ¥H2O (py� pyridine) (5),
[Ag3(titmb)2(py)](ClO4)3 (6), and [Ag3-
(titmb)2](ClO4)3 ¥CHCl3 (7). The struc-


tures of these complexes were deter-
mined by X-ray crystallography. The
results of structural analysis of com-
plexes 1 and 2, with the same azide anion
but different ligands, revealed that 1 is a
twofold interpenetrated 3D framework
with interlocked cage-like moieties,
while 2 is a M3L2 type cage-like complex
with a methanol molecule inside the
cage. Entirely different structure and
topology between 1 and 2 indicates that


the nature of organic ligands affected
the structures of assemblies greatly.
While in the cases of complexes 2 ± 7
with flexible tripodal ligand TITMB,
they are all discrete M3L2 type cages.
The results indicate that the framework
of these complexes is predominated by
the nature of the organic ligand and
geometric need of the metal ions, but
not influenced greatly by the anions and
solvents. It is interesting that there is a
divalent anion [Ag(NO3)3]2� inside the
cage 4 and an anion of ClO4


� or NO3
�


spontaneously encapsulated within the
cage of complexes 5, 6 and 7.


Keywords: cage compounds ¥ inclu-
sion compounds ¥ interpenetration ¥
silver(�) complexes ¥ tripodal ligands


Introduction


In recent years, construction of discrete supramolecular
frameworks, especially with hollow structures (cages, poly-
hedra, capsules etc.) has attracted much attention owing to
their ability of encapsulating guest molecules or molecular
aggregates.[1±3] And some spectacular architectures, termed as
™encapsulating complexes∫, were designed and synthesized by
using three-connecting organic ligands.[4, 5] Furthermore, the
constrained environments of the hollow structures may
provide the encapsulated guests with special chemical and
physical properties which are different from those in bulk
phase. On the other hand, some hollow frameworks may be


apt to be ™self-recognition∫ (interpenetration) rather than
™hetero-recognition∫ (encapsulation).[5c] For example, cate-
nanes, composed of interlocked independent molecules, have
received considerable attention currently due to their intrinsic
properties.[6] During the past decade, the interpenetrations of
the honeycomb- and diamondoid-like structure are well
documented. However, to the best of our knowledge, only
one example of interlocked cages by the self-assembly process
through the formation of the quadruple aromatic stacking was
reported.[6a]


We focus our attention on design and synthesis metal-
organic frameworks with specific topologies and properties by
using flexible tripodal ligands such as 1,3,5-tris(imidazol-1-
ylmethyl)benzene (TIB), 1,3,5-tris(imidazol-1-ylmethyl)-
2,4,6-trimethylbenzene (TITMB).[7] For example, M3L2 type
cage-like complex [Zn3(tib)2(OAc)6] ¥ 4H2O, obtained by re-
action of zinc(��) acetate with the tripodal ligand TIB, exhibits
guest-inclusion properties of small molecule such as synthetic
camphor in aqueous solution.[7a] Anion-exchange properties
were investigated for cylindrical cages obtained from TITMB
and silver(�) salts.[7b] For further studies on assembly of flexible
tripodal ligand with transition metal salts and on inclusion
properties of metal-organic frameworks, we designed and
synthesized a novel tripodal ligand N,N�,N��-tris(pyrid-3-
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ylmethyl)-1,3,5-benzenetricarboxamide (TPBA). A twofold
interpenetrated complex [Ag(tpba)N3] (1) and six cage-like
frameworks, [Ag3(titmb)2](N3)3 ¥CH3OH ¥ 4H2O (2), [Ag3-
(titmb)2](CF3SO3)2(OH) ¥ 5H2O (3), [Ag3(titmb)2][Ag-
(NO3)3]NO3 ¥H2O (4), [Ag3(titmb)2(py)](NO3)3 ¥H2O (5),
[Ag3(titmb)2(py)](ClO4)3 (6) and [Ag3(titmb)2](ClO4)3 ¥
CHCl3 (7) were obtained by assembly reactions between
TPBA or TITMB and silver(�) salts with different anions and
solvent systems. In this paper we report the crystal structures
and inclusion properties of these complexes.


Results and Discussion


Self-assembly of [Ag(tpba)N3] (1) and [Ag3(titmb)2](N3)3 ¥
CH3OH ¥ 4H2O (2): Compared with TITMB, the new TPBA
ligand (Scheme 1), prepared by reaction of 3-aminomethyl-
pyridine with 1,3,5-benzenetricarbonyl trichloride, abounds


Scheme 1. Schematic drawing for tripodal ligands TPBA and TITMB.


with acceptors and donors for hydrogen bonding since an
amide group was introduced in each arm of TPBA. The
hydrogen bonds have been intensively examined in crystal
engineering as a directional interactions.[8] Due to presence of
the amide and methylene groups, TPBA is also a flexible
tripodal ligand and can have cis,cis,cis- and cis,trans,trans-
conformations like those observed for TITMB.[7e]


Complex 1 was readily prepared by reaction of TPBAwith
[Ag(NH3)2]N3 in the dark. The structure of complex 1 was
revealed by X-ray crystallography. The compound crystallizes
in a chiral space group of P63 (Table 1). As illustrated in
Figure 1, azide anions in 1 serve as end-to-end bridging


Figure 1. Side (left) and top (right) views of crystal structure of 1 with
cage-like moiety.


ligands to link two silver(�) atoms and each TPBA ligand
connects three silver(�) atoms to result the formation of a
eleven-component cage-like framework: six metal ions, three
linear N3


� anions and two TPBA ligands. The three silver(�)
atoms joined by the one TPBA ligand form an equilateral
triangle with an edge length (Ag1 ¥ ¥ ¥Ag1A separation) of
13.90 ä. It is noteworthy that the two TPBA ligands having
cis,cis,cis-conformations are in a face-to-back orientation, so
that the cage is concave at the bottom. While in the previous
reported M3L2 cages, the TIB or TITMB ligands with
cis,cis,cis-conformations are all in the face-to-face orienta-
tion.[7a±d] Furthermore, the three pyridyl groups of each TPBA
ligand in complex 1 exhibit a propeller-type arrangement
(Figure 2a) in generation of molecular chirality from the
reaction of achiral components.[9]


In complex 1, each silver(�) center is coordinated by five
nitrogen atoms from three TPBA ligands and two azide
anions in trigonal bipyramidal geometry. Such connection
mode makes the complex 1 a three-dimensional network
structure as shown in Figure 2. The 3D structure can be
considered as 2D layers (Figure 2a) composed of TPBA and
silver(�) atoms pillared by azide anions, with a distance of
7.53 ä between two adjacent layers (Figure 2b). Such separa-
tion between two adjacent layers is a suitable distance for
passing through an aromatic ring. The remarkable feature of
complex 1 is that the whole crystal packing is a twofold
interpenetrated 3D structure (Figure 3a) with interlocked
cage-like moieties (Figure S1, Supporting Information). The
topology of 1 can be expressed as (63)(69,8) which is similar to
that present in the previously reported twofold interpene-
trated complexes [Ag(tricyanomethanide)(L)] (L� 1,4-diaz-
obicyclo-[2.2.2]octane, pyrazine, 4,4�-bipy) and [Ag(hexane-
dinitrile)]SO3CF3.[10] The fully eclipsed stacking of the central
benzene rings with the centroid ± centroid distance of 3.76 ä
indicates the presence of face-to-face � ±� repulsive inter-
actions in 1 (Figure 3b).[11] However, there are hydrogen-
bonding interactions between the amide groups with a N1 ¥ ¥ ¥
O1A distance of 3.063(8) ä to give a triple helix (Figure 3b),
which are favorable the crystal packing in an interpenetrating
mode. The data of hydrogen bonds are summarized in Table 3.
It has been reported that frameworks with amide-containing
ligands and metal ions prefer to interpenetrated structure due
to the possible strong intermolecular interactions among the
amide groups.[5b]


When [Ag(NH3)2]N3 reacted with TITMB, instead of
TPBA, in methanol solution, a discrete 3D cage-like frame-
work 2 is generated with spontaneously encapsulation of one
methanol molecule inside the cage (Figure 4a). However,
when the same reaction was carried out in acetonitrile
solution by same layering method, a 2D polycatenated
honeycomb network was obtained.[12] The results provide
nice examples that the solvent medium predominated the
topology and structure of assemblies. It is noticeable that two
azide anions in 2 are weakly bound to two silver(�) atoms,
respectively, with a Ag ¥ ¥ ¥N distance of 2.64 ä, and the
additional azide anion is free of interaction with the metal
atom. There are five hydrogen bonds formed between the
cage framework and methanol molecule: three C(2-position
of imidazolyl group)-H ¥ ¥ ¥O(methanol) hydrogen bonds and
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Figure 2. a) 2D layer and b) 3D structure of 1.


two C(methanol)-H ¥ ¥ ¥N(azide anion) hydrogen bonds (Ta-
ble 3). Interestingly, the discrete cages are further linked by
hydrogen bonds (Table 3) between the azide anions and water
molecules to form a 1D cage-chain as exhibited Figure 4b.


Self-assembly of cage-like complexes Ag3(titmb)2](CF3-


SO3)2(OH) ¥ 5H2O (3), [Ag3(titmb)2][Ag(NO3)3]NO3 ¥H2O
(4), [Ag3(titmb)2(py)](NO3)3 ¥H2O (5), [Ag3(titmb)2(py)]-
(ClO4)3 (6) and [Ag3(titmb)2](ClO4)3 ¥ CHCl3 (7): Previous
studies showed that when ligand TITMB reacted with silver
salts with perchlorate, nitrate or terephthalate anion in
methanol or ethanol solution, similar cage-like architectures
were obtained.[7a±d] The results suggest that the anions do not
influence the structures greatly in this system, which is further
evidenced by the reaction of AgCF3SO3 with TITMB in
methanol solution to give cage-like compound 3 (Figure S2,
Supporting Information), although the size and shape of


CF3SO3
� is different from those of ClO4


� or NO3
�. In complex


3, two TITMB ligands, with cis,cis,cis-conformation and face-
to-face orientation, are held together by three silver(�) atoms
through Ag�N coordination bonds to generate the cage-like
structure with the height of 10.56 ä and intermetallic Ag ¥ ¥ ¥
Ag distance of 7.15 ä.


It is interesting to note that the solubility of the cage-like
complexes with different anions varied significantly, although
they have the same M3L2 framework structures. In contrast to
the very poor solubility of cage-like complexes [Ag3-
(titmb)2]X3, where X�ClO4


� or NO3
�, in water and common


organic solvents such as methanol, acetonitrile, etc.,[7b] com-
plex 3 is soluble in methanol aqueous solution. Therefore, to
investigate the reaction details of TITMB with AgCF3SO3 and
the solution behavior of the complex, 1H NMR titration
experiments and electrospray mass spectral (ES-MS) meas-
urements were carried out. When the D2O (0.016 mL each
time) solution of AgCF3SO3 (0.169 mmol mL�1) was added to
the CD3OD solution (0.5 mL) of TITMB (2.6 mg, 7.2 �mol) in
batches, the 1H NMR spectrum of the mixture displayed only
one set of signals with variation of metal-to-ligand molar ratio
from 0 to 3.0; this indicates the rapid chemical exchange
between the free ligand and the complex. The most remark-
able finding is that the proton signals of TITMB, especially the
one of 4-H of imidazolyl group, continuously down-field
shifted until the metal-to-ligand molar ratio reaches a value of
3:2, and excess addition of metal salt has no further influence
on the 1H NMR spectra (Figure S3, Supprtong Information),
which shows the quantitatively self-assembly of the M3L2 cage
3 in solution. The NMR results suggest that the reaction of
TITMB with AgCF3SO3 is thermodynamically controlled.[2c]


Moreover, species of [Ag3(titmb)2(CF3SO3)2]� and
[Ag3(titmb)2(CF3SO3)]2� were observed in the ES-MS of 3
in methanol solution, which confirm the existence of M3L2


under the ES-MS experiment conditions. It should be
mentioned that the M3L2 cage is a pure product from the
reaction of TITMB with AgCF3SO3 in methanol aqueous
solution even in absence of any guest molecules as evidenced
by above 1H NMR results, while for the reported PdII-linked
cages, the self-assembly process is guest-controlled.[4d]
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Table 1. Summary of crystal data and refinement results for complexes 1 ± 7.


Compound 1 2 3 4 5 6 7


formula C27H24AgN9O3 C43H60Ag3N21O5 C44H59Ag3F6N12O12S2 C42H50Ag4N16O13 C47H55Ag3N16O10 C47H53Ag3Cl3N13O12 C43H49Ag3Cl6N12O12


Fw 630.42 1274.73 1449.76 1418.46 1327.68 1421.98 1462.25
crystal system hexagonal orthorhombic trigonal orthorhombic orthorhombic monoclinic monoclinic
space group P63 P212121 P321 Cmcm Pna21 C2/c P21/c
Flack parameter 0.43(10) 0.48(3) 0.03(6) 0.119(9)
a [ä] 13.895(3) 14.7673(6) 11.227(2) 14.5770(18) 16.809(4) 22.694(2) 14.9487(5)
b [ä] 13.895(3) 15.9120(5) 11.227(2) 28.480(4) 20.492(6) 20.814(2) 20.7327(7)
c [ä] 7.528(3) 21.2314(9) 14.439(3) 12.2056(16) 14.953(4) 14.930(1) 17.3551(5)
� [�] 120.00 120.00 130.40(1) 90.8886(9)
V [ä3] 1258.7(6) 4988.9(3) 1576.0(6) 5067.1(11) 5151(2) 5370.5(8) 5378.2(3)
Z 2 4 1 4 4 4 4
� [mm�1] 0.852 1.234 1.067 1.602 1.203 1.306 1.450
refls coll 12508 46103 14461 15082 48456 16067 49279
obs refls 1388 5247 1959 1131 8606 3825 7588
R1 [I� 2�(I)] 0.0551 0.0522 0.0634 0.0722 0.0374 0.0624 0.0512
wR2 [I� 2�(I)] 0.1434 0.0501 0.1817 0.1738 0.0701 0.1704 0.1373
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Figure 4. a) Side (left) and top (right) views of cage structure of 2. Water
molecules were omitted for clarity. b) 1D cage-chain formed by hydrogen
bonds.


On the other hand, as reported previously,[7b] when the
tripodal ligand TITMB is treated with silver(�) perchlorate in
ethanol in the dark, a M3L2 type cage-like architecture
[Ag3(titmb)2](ClO4)3 was obtained with simultaneous inclu-
sion of a perchlorate anion inside of the cage. However, when
TITMB and silver(�) perchlorate reacted in acetonitrile and
dimethylformamide solution, a different species [Ag3-
(titmb)2](ClO4)3 ¥ 4CH3CN was generated with four acetoni-
trile solvent molecules per formula unit and inside of the cage


is empty. Furthermore, two different structures were obtained
when TITMB reacted with [Ag(NH3)2]N3 in different solvents
as mentioned above. This means that the reaction solvents
have subtle influence on the formation of inorganic ± organic
hybrid architectures, which promoted us to make further
investigations about the impact of reaction medium on the
structure of assemblies. Four complexes were successfully
isolated with the presence of chloroform, or pyridine (py)
molecules in the reaction medium, namely [Ag3(titmb)2][Ag-
(NO3)3]NO3 ¥H2O (4), [Ag3(titmb)2(Py)](NO3)3 ¥H2O (5),
[Ag3(titmb)2(Py)](ClO4)3 (6), [Ag3(titmb)2](ClO4)3 ¥CHCl3
(7).


Complex 4 was synthesized in chloroform. The crystallo-
graphic analysis of 4 showed that a divalent anion
[Ag(NO3)3]2� was accommodated in the cationic cage
[Ag3(titmb)2]3� (Figure 5). Only one example has been
reported on such an inclusion of an anionic metal complex
into a discrete cationic metallocage.[2c] Obviously the Ag3
atom within the cationic cage is six-coordinate in trigonal-
prismatic coordination geometry. The dihedral angles be-
tween the planes of the three nitrate anions are 119.4, 119.4
and 121.2�, respectively. Each nitrate anion was nearly
perpendicular to the central benzene ring planes with the
free N�O bond extending outwards through the open
™windows∫ of the cage (Figure 5). While the same reaction
was carried out in absence of chloroform, cage complex
[Ag3(titmb)2][NO3]3 ¥ 5H2O with encapsulation of two water
molecules inside the cage was obtained.[7d]


Complex 5 was afforded by reaction in pyridine, instead of
chloroform. The structure of 5 was determined by X-ray
crystallography, which provides unambiguous evidence for
the same cage-like framework (Figure 6). It is interesting that
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Figure 3. a) Schematic drawing of twofold interpenetrated 3D structure of complex 1 in which the TPBAunits are presented by three spokes radiating from a
point and silver atoms by dark spheres. b) Stacking of the TPBA ligands held through N-H ¥ ¥ ¥O hydrogen bonds with the pyridyl groups omitted for clarity.
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there is one pyridine molecule per cage coordinated to Ag3
atom. Thus Ag3 atom is three-coordinate with the N-Ag-N
angles of 141.91(15), 114.63(17) and 103.41(17)� (Table 2).
While the Ag1 and Ag2 are two-coordinate with near linear
geometry since the N-Ag-N angles are 160.39(14) and
165.46(14)�, respectively (Table 2).[13] Furthermore, one of
the three nitrate anions was located inside the cage in 5
through C(2-position of imidazolyl group)-H ¥ ¥ ¥O(nitrate
anion) and C(methyl group of neighboring cage)-H ¥ ¥ ¥O(ni-
trate anion) hydrogen bonds (Table 3). While in the above-
mentioned complex [Ag3(titmb)2][NO3]3 ¥ 5H2O, three nitrate
anions are all outside the cage.[7d]


Complex 6 was prepared by the reaction of silver(�)
perchlorate with TITMB under the same conditions for
preparation of 5. The structure of 6 is similar with that of 5
with one perchlorate anion located inside the cage; however,
the pyridine did not coordinate with silver(�) atom (Figure S4,
Supporting Information). When silver perchlorate reacted
with TITMB in the presence of chloroform, complex 7 was
obtained. As shown in Figure 7, the backbone of 7 is also a


M3L2 cage. One ClO4
� anion is inside the cage while the other


two stay outside together with one chloroform molecule.
The crystallographic studies showed that the reactions


between the TITMB ligand and silver(�) salts with different
anions and/or reaction medium provide M3L2 type cage-like
frameworks 2 ± 7 having inclusion properties for solvent
molecules and various anions including [Ag(NO3)3]2� com-
plex anion. There is subtle difference between these cage-like
structures. For example, the heights of the cages in 2, 5, 6 and
7, namely the centroid ± centroid distance between the two
almost parallel (dihedral angles are less than 2.6�) benzene
ring planes within the cage, are ranging from 11.01 to 11.11 ä,
while the corresponding distances in 3 and 4 are 10.56 and
10.64 ä, respectively. Accordingly, the intramolecular metal ±
metal distances in the range of 6.51 to 7.16 ä between each
two silver(�) atoms within the cages 3 and 4 are longer than
those (from 4.94 to 6.84 ä) in complexes 2, 5, 6 and 7. Such
difference may probably be caused by the different shape and
size of the solvent molecules and the anions, and as a result,
different hydrogen bonds (Table 3) were formed between the
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Figure 5. Side (left) and top (right) views of cage structure of 4 with one [Ag(NO3)3]2� anion encapsulated inside the cage.


Figure 6. Side (left) and top (right) views of cage structure of 5 with one nitrate anion encapsulated inside the cage.
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framework of the cage and guest solvent molecule or anions.
Therefore, the formation of the cage-like structure is mainly
depended on the ligand and coordination geometry of the
metal center, the anion and reaction medium only have subtle
influence on the size and shape of the cages.


Experimental Section


Elemental analyses were taken on a Perkin ±Elmer 240C elemental
analyzer, at the Center of Materials Analysis, Nanjing University. 1H NMR
spectroscopic measurements were performed on a Bruker DRX500 NMR
spectrometer. Electrospray mass spectral (ES-MS) measurements were
carried out on an LCQ System (Finnigan MAT) using methanol as the
mobile phase. All procedures for synthesis and measurements of silver(�)
complexes were carried out in the dark. [Ag(NH3)2]N3 and [Ag(Py)2]NO3


(Py� pyridine) were prepared as described previously.[12]


Safety note : Perchlorate and azide salts of metal complexes with organic
ligands are potentially explosive and should be handled with care.


Synthesis of [Ag(tpba)N3] (1): A solution of TPBA (36.0 mg, 0.075mmol)
in methanol (15 mL) was added to an aqueous solution of freshly prepared
[Ag(NH3)2]N3 (0.075 mmol mL�1, 1 mL), and the mixture was stirred for
half an hour then filtered. Colorless crystals were obtained after the filtrate
was allowed to stand for a few weeks. Yield: 53%; elemental analysis calcd
(%) for C27H24AgN9O3: C 51.44, H 3.84, N 19.99; found: C 51.36, H 3.83, N
19.97.


Synthesis of [Ag3(titmb)2](N3)3 ¥ CH3OH ¥ 4H2O (2): A solution of TITMB
(36.0 mg, 0.10 mmol) in methanol (15 mL) was carefully layered over an
aqueous solution of freshly prepared [Ag(NH3)2]N3 (0.075 mmol mL�1,
2 mL). Colorless crystals were isolated by filtration after several weeks.
Yield: 77%; elemental analysis calcd (%) for C43H60Ag3N21O5: C 40.52, H
4.74, N 23.08; found: C 40.56, H 4.83, N 22.95.


Synthesis of [Ag3(titmb)2](CF3SO3)2(OH) ¥ 5H2O (3): An aqueous solution
(5 mL) of AgCF3SO3 (19.3 mg, 0.075 mmol) was added slowly with
constant stirring to a solution of TITMB (18.0 mg, 0.05 mmol) in methanol
(20 mL) to give a clear solution. The reaction mixture was left to stand at
room temperature for several weeks. Colorless crystalline was obtained.
The crystals were unstable and rapidly lost solvent molecules.


Synthesis of [Ag3(titmb)2][Ag(NO3)3]NO3 ¥H2O (4): The compound was
prepared by layering method described above for complex 2. A buffer layer
of a solution (10 mL) of methanol/chloroform/water 8:2:1 was carefully
layered over an aqueous solution of AgNO3 (17.0 mg, 0.1mmol) in water
(3 mL). Then a solution of TITMB (18.0 mg, 0.05 mmol) in methanol
(3 mL) was layered over the buffer layer. Yield: 36%; elemental analysis
calcd (%) for C42H50Ag4N16O13: C 35.56, H 3.55, N 15.80; found: C 35.70, H
3.58, N 15.90.


Synthesis of [Ag3(titmb)2(Py)](NO3)3 ¥H2O (5): The compound was
prepared by layering method. A buffer layer of a solution (10 mL) of
methanol/pyridine/water 4:1:1 was carefully layered over an aqueous
solution of freshly prepared [Ag(Py)2]NO3 (0.025 mmol mL�1, 3 mL). Then
a solution of TITMB (18.0 mg, 0.05 mmol) in methanol (3 mL) was layered
over the buffer layer. Single crystals appeared after several weeks. Yield:
61%; elemental analysis calcd (%) for C47H55Ag3N16O10: C 42.52, H 4.18, N
16.88; found: C 42.60, H 4.24, N 16.83.


Synthesis of [Ag3(titmb)2(Py)](ClO4)3 (6): The compound was prepared by
layering method. A buffer solution (10 mL) of methanol/pyridine/water
4:1:1 was carefully layered over an aqueous solution of freshly prepared


[Ag(py)2](ClO4)2 (0.025 mmol
mL�1, 3 mL). Then a solution
of TITMB (18.0 mg, 0.05 mmol)
in methanol (3 mL) was layered
over the buffer layer. Yield:
67%; elemental analysis calcd
(%) for C47H53Ag3Cl3N13O12:
C 39.70, H 3.76, N 12.81; found:
C 39.62, H 3.72, N 12.68.


Synthesis of [Ag3(titmb)2]-
(ClO4)3 ¥ CHCl3 (7): The com-
pound was prepared by layering
method. A buffer layer of a
solution (10 mL) of methanol/
chloroform/water 8:2:1 was
carefully layered over an aque-
ous solution of AgClO4 ¥H2O
(16.9 mg, 0.075mmol) in water
(3 mL). Then a solution of
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Table 2. Selected bond lengths [ä] and angles [�] for complexes 1 ± 7.[a]


[Ag(tpba)N3] (1)
Ag1�N11 2.348(4) Ag1�N21 2.63(2)
Ag1�N23[a] 2.64(4)
N11-Ag1-N11[b] 119.98(2) N11-Ag1-N21 89.1(3)
N11-Ag1-N23[a] 90.9(3) N21-Ag1-N23[a] 180.0


[Ag3(titmb)2](N3)3 ¥CH3OH ¥ 4H2O (2)
Ag1�N112 2.132(5) Ag1�N12 2.133(5)
Ag2�N132 2.133(5) Ag2�N32 2.166(5)
Ag3�N152 2.114(5) Ag3�N52 2.160(5)
N112-Ag1-N12 159.4(2) N132-Ag2-N32 167.2(2)
N152-Ag3-N52 164.6(2)


[Ag3(titmb)2](CF3SO3)2(OH) ¥ 5H2O (3)
Ag1-N12 2.099(5) N12-Ag1-N12[c] 177.2(3)


[Ag3(titmb)2][Ag(NO3)3]NO3 ¥H2O (4)
Ag1�N12 2.104(7) Ag2�N32 2.026(14)
Ag3�O2 2.458(13) Ag3�O4 2.484(11)
N12-Ag1-N12[d] 173.8(4) N32-Ag2-N32[e] 173.8(8)
O2-Ag3-O2[e] 48.9(6) O2[e]-Ag3-O4[f] 130.4(3)
O2-Ag3-O4[f] 107.9(3) O4-Ag3-O4[f] 96.4(6)
O4[f]-Ag3-O4[e] 48.5(5) O4-Ag3-O4[e] 116.7(6)


[Ag3(titmb)2(Py)](NO3)3 ¥H2O (5)
Ag1�N12 2.094(4) Ag1�N112 2.100(4)
Ag2�N32 2.105(4) Ag2�N132 2.125(5)
Ag3�N152 2.222(4) Ag3�N201 2.429(4)
Ag3�N52 2.209(4) N32-Ag2-N132 165.46(14)
N52-Ag3-N152 141.91(15) N52-Ag3-N201 114.63(17)
N152-Ag3-N201 103.41(17) N12-Ag1-N112 160.39(14)


[Ag3(titmb)2(Py)](ClO4)3 (6)
Ag1�N12 2.112(5) Ag1�N52 2.134(4)
Ag2�N32 2.150(5) Ag2[g]�N32 2.158(6)
N12-Ag1-N52 171.55(18) N32-Ag2-N32[g] 140.2(2)


[Ag3(titmb)2](ClO4)3 ¥CHCl3 (7)
Ag1�N112 2.121(4) Ag1�N12 2.126(4)
Ag2�N32 2.093(4) Ag2�N132 2.098(4)
Ag3�N52 2.076(4) Ag3�N152 2.080(4)
N112-Ag1-N12 168.76(15) N32-Ag2-N132 168.52(18)
N52-Ag3-N152 165.11(17)


[a] Symmetry transformations used to generate equivalent atoms: [a] x, y,
z� 1; [b] � y�1, x� y�1, z ; [c] y, x, �z ; [d] � x, y, z ; [e] � x, y, �z�1³2 ;
[f] x, y, �z�1³2 ; [g] � x, y, �z�3³2.


Figure 7. Side (left) and top (right) views of cage structure of 7 with one perchlorate anion encapsulated inside the cage
and one chloroform molecule outside the cage.
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TITMB (18.0 mg, 0.05 mmol) in methanol (3 mL) was layered over the
buffer layer. Yield: 60%; elemental analysis calcd (%) for C43H49Ag3Cl6-
N12O12: C 35.32, H 3.38, N 11.50; found: C 35.37, H 3.52, N 11.54.


Crystallography : The X-ray diffraction measurements for complexes 1, 2, 3,
5 and 7 were carried out on a Rigaku RAXIS-RAPID imaging plate
diffractometer at 200 K for 2, 3, 5 and 7 and at 100 K for 1 using graphite-
monochromated MoK� radiation (�� 0.7107 ä). The structures were solved
by direct methods using SIR92[14] and expanded using Fourier techni-
ques.[15] One of nitrate ion in 5 is disordered: oxygen atoms O7, O8, and O9
have two positions with the site occupancy factors of 0.73 and 0.27,
respectively. All calculations were carried out on an SGI workstation using
the teXsan crystallographic software package.[16]


The data collection for complexes 4 and 6were recorded on a Bruker Smart
Apex CCD with graphite monochromated MoK� radiation (�� 0.71073 ä)
at 293 K. The structures was solved by direct methods using SHELX-97[17]


and refined by full-matrix least-square method anisotropically for non-
hydrogen atoms except the atoms O5 and O6 in 4. Atoms O5 and O6 in 4
have two positions with the site occupancy factors of 0.364(15) and
0.136(15), respectively. Atom Ag2 in 6 has two positions with the site
occupancy factors of 0.5 and 0.5, respectively. Calculations were performed
on a PC-586 computer with the Siemens SHELXTL program package.[18]


The crystal parameters, data collection and refinement results for the
compounds 1 ± 7 are summarized in Table 1. Selected bond length and
angles are listed in Table 2. Further details are provided in the Supporting
Information.


CCDC-209336 ± 209342 (1 ± 7) 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 CB2 1EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).
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Table 3. Bond lengths [ä] and angles [�] of hydrogen bonding for
complexes 1 ± 7[1].


D-H ¥ ¥ ¥A[2] Distance (D ¥ ¥ ¥A) D-H-A Angle (D-H-A)


[Ag(tpba)N3] (1)
N1-H1 ¥ ¥ ¥O1[a] 3.063(8) N1-H1-O1[a] 148


[Ag3(titmb)2](N3)3 ¥CH3OH ¥ 4H2O (2)
C12-H3 ¥ ¥ ¥O5 3.343(8) C12-H3-O5 159
C13-H4 ¥ ¥ ¥O1 3.338(8) C13-H4-O1 145
C32-H11 ¥ ¥ ¥O5 3.303(8) C32-H11-O5 160
C33-H12 ¥ ¥ ¥N208 3.433(9) C33-H12-N208 153
C52-H19 ¥ ¥ ¥O5 3.195(8) C52-H19-O5 150
C112-H27 ¥ ¥ ¥O4 3.433(8) C112-H27-O4 155
C113-H28 ¥ ¥ ¥O1 3.312(7) C113-H28-O1 143
C132-H35 ¥ ¥ ¥O4 3.181(8) C132-H35-O4 157
C133-H36 ¥ ¥ ¥N207 3.254(9) C133-H36-N207 137
C152-H43 ¥ ¥ ¥O4 3.218(9) C152-H43-O4 151
C201-H49 ¥ ¥ ¥O3 2.399(7) C201-H49-O3 148
C201-H50 ¥ ¥ ¥N205 3.290(9) C201-H50-N205 141
C201-H50 ¥ ¥ ¥N206 2.523(8) C201-H50-N206 132
C31-H9 ¥ ¥ ¥N204[b] 3.372(8) C31-H9-N204[b] 158
C31-H10 ¥ ¥ ¥N203[c] 3.453(9) C31-H10-N203[c] 166
C114-H29 ¥ ¥ ¥N209[d] 3.444(9) C114-H29-N209[d] 152
C131-H33 ¥ ¥ ¥N204[d] 3.445(8) C131-H33-N204[d] 146
C131-H34 ¥ ¥ ¥ [e] 3.411(8) C131-H34-N203[e] 147
O1 ¥ ¥ ¥N209[f] 2.75
O1 ¥ ¥ ¥O2 2.83
O2 ¥ ¥ ¥N203[g] 2.90


[Ag3(titmb)2](CF3SO3)2(OH) ¥ 5H2O (3)
C11-H2 ¥ ¥ ¥O10[h] 3.353(8) C11-H2-O10[h] 159


[Ag3(titmb)2][Ag(NO3)3]NO3 ¥H2O (4)
C12-H12 ¥ ¥ ¥O4 3.222(15) C12-H12-O4 130
C31-H31A ¥ ¥ ¥O3[i] 3.30(2) C31-H31A-O3[i] 166
C31-H31B ¥ ¥ ¥O3[j] 3.30(2) C31-H31B-O3[j] 166


[Ag3(tiitmb)tmb)2(Py)](NO3)3 ¥H2O (5)
O10-H54 ¥ ¥ ¥O1[k] 2.813(5) O10-H54-O1[k] 154
O10-H54 ¥ ¥ ¥O2[k] 3.402(5) O10-H54-O2[k] 148
O10-H55 ¥ ¥ ¥O5[k] 2.876(5) O10-H55-O5[k] 168
C11-H2 ¥ ¥ ¥O3[l] 3.327(6) C11-H2-O3[l] 139
C12-H3 ¥ ¥ ¥O7 3.312(9) C12-H3-O7 139
C32-H11 ¥ ¥ ¥O7 3.294(9) C32-H11-O7 137
C41-H15 ¥ ¥ ¥N31 3.243(7) C41-H15-N31 132
C61-H24 ¥ ¥ ¥N11 3.285(7) C61-H24-N11 126
C141-H39 ¥ ¥ ¥N131 3.304(7) C141-H39-N131 133
C151-H41 ¥ ¥ ¥O2 3.242(6) C151-H41-O2 135
C14-H5 ¥ ¥ ¥O1[l] 3.169(6) C14-H5-O1[l] 170
C31-H9 ¥ ¥ ¥O4[m] 3.280(6) C31-H9-O4[m] 151
C33-H12 ¥ ¥ ¥O10[n] 3.411(6) C33-H12-O10[n] 151
C34-H13 ¥ ¥ ¥O5[m] 3.464(6) C34-H13-O5[m] 161
C51-H17 ¥ ¥ ¥O5[o] 3.396(6) C51-H17-O5[o] 151
C51-H18 ¥ ¥ ¥O3[o] 3.430(6) C51-H18-O3[o] 157
C111-H25 ¥ ¥ ¥O3[p] 3.323(6) C111-H25-O3[p] 166
C114-H29 ¥ ¥ ¥O2[p] 3.173(6) C114-H29-O2[p] 139
C134-H37 ¥ ¥ ¥O4[n] 3.306(6) C134-H37-O4[n] 137


[Ag3(titmb)2(Py)](ClO4)3 (6)
C52-H52 ¥ ¥ ¥O5 3.306(19) C52-H52-O5 135
C34-H34 ¥ ¥ ¥O2[q] 3.288(9) C34-H34-O2[q] 139
C31-H31A ¥ ¥ ¥O4[q] 3.555(9) C31-H31A-O4[q] 173
C14-H14 ¥ ¥ ¥O3[r] 3.338(10) C14-H14-O3[r] 153


[Ag3(titmb)2](ClO4)3 ¥CHCl3 (7)
C10-H49 ¥ ¥ ¥O14 3.030(10) C10-H49-O14 148
C151-H42 ¥ ¥ ¥ [s] 3.425(8) C151-H42-O32[s] 153
C151-H41 ¥ ¥ ¥O22[t] 3.412(6) C151-H41-O22[t] 164
C134-H37 ¥ ¥ ¥O23[u] 3.418(7) C134-H37-O23[u] 145
C53-H20 ¥ ¥ ¥O21[v] 3.294(6) C53-H20-O21[v] 143
C34-H13 ¥ ¥ ¥O21[w] 3.298(6) C34-H13-O21[w] 156
C14-H5 ¥ ¥ ¥O33[w] 3.348(6) C14-H5-O33[w] 148
C141-H39 ¥ ¥ ¥N131 3.259(7) C141-H39-N131 132
C61-H23 ¥ ¥ ¥N11 3.292(7) C61-H23-N11 127
C41-H16 ¥ ¥ ¥N51 3.320(7) C41-H16-N51 131


[1] Symmetry transformation used to generate equivalent atoms:
[a] 1�x� y, 1�x, � 1³2�z ; [b] � 1³2�x, 3³2� y, 1� z ; [c] � x, 1³2�y, 3³2� z ;
[d] 1³2�x, 3³2� y, 1� z ; [e] 1� x, 1³2�y, 3³2� z ; [f] x, �1�y, z ; [g] 1³2� x, 1� y,
� 1³2�z ; [h] 1� x, �x�y, 1� z ; [i] 1³2�x, 1³2� y, �z ; [j] 1³2� x, 1³2� y, 1³2�z ;
[k] 1� x, �y, 1³2�z ; [l] 1³2�x, 1³2� y, 1�z ; [m] � 1³2�x, 1³2� y, 1�z ; [n] �
1³2�x, 1³2� y, z ; [o] x, y, 1�z ; [p] 1³2�x, 1³2� y, z ; [q] x, y, 1�z ; [r] 1³2� x, 3³2� y,
2� z ; [s] 1� x, 1³2�y, � 1³2� z ; [t] 1� x, 1³2�y, 1³2� z ; [u] 1� x, 1� y, �z ;
[v] x, 3³2� y, � 1³2�z ; [w] � x, 1� y, �z ; [2] D: donor; A: acceptor.
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Reaction of Alkyn-1-yl(diorganyl)silanes with 1-Boraadamantane: Si-H-B
Bridges Confirmed by the Molecular Structure in the Solid State and in
Solution


Bernd Wrackmeyer,* Wolfgang Milius, and Oleg L. Tok[a]


Abstract: 1-Boraadamantane 1 was
treated with alkyn-1-ylsilanes 2 contain-
ing one or two Si�H functions. Under
mild conditions, the reaction gave
4-methylene-3-borahomoadamantane
derivatives 4 quantitatively and selec-
tively by 1,1-organoboration. An elec-
tron deficient Si-H-B bridge was present
in the product. The analogous reaction


of 1 with an alkyn-1-yl-disilane 3 gave
the corresponding alkene derivative 5,
however, without the Si-H-B bridge.
Evidence for the Si-H-B bridge in 4


was given by IR data, an extensive set of
NMR spectroscopical data (1H, 11B, 13C,
29Si NMR) including various unusual
isotope effects on chemical shifts and
coupling constants, as well as from the
molecular structure of one example, 4e,
in the solid state. The precursor of 4e,
alkyne 2e, Ph2Si(H)C�CSi(H)Ph2, was
also studied by X-ray analysis.


Keywords: alkynes ¥ organobora-
tion ¥ NMR spectroscopy ¥ silanes ¥
X-ray diffraction


Introduction


Activation of element�hydrogen bonds induced by transition
metals is a well known phenomenon.[1] Main group elements
with an electron-deficient center such as a trigonal planar
coordinated silicon atom in a silylium cation or a boron atom
in boranes can act in a similar way. Recently, convincing
evidence for the first example of an electron-deficient Si-H-Si
bridge has been presented.[2] We have shown in a preliminary
report that an Si�H bond can be activated by a boryl group in
close spatial proximity within the same molecule.[3] This may
have some bearing on the mechanism of hydrosilylation
catalyzed by strongly Lewis acidic boranes.[4] 1-Boraadaman-
tane 1[5] is probably the strongest Lewis acid among trialkyl-
boranes, since its unique structure enforces a pyramidal
environment on the three-coordinate boron atom.[6] The
reaction of 1with alkyn-1-yl(trialkyl)silanes proceeded by 1,1-
organoboration.[7] This led to 4-methylene-3-bora-homoada-
mantane derivatives[6, 8] in which the three-coordinate boron
atom still possesses pyramidal symmetry.[6] In the present
work, we investigated the reactivity of 1 towards alkyn-1-
yl(diorganyl)silanes, R1�C�C�Si(H)R2 2 and disilane 3
(Scheme 1). If these reactions follow the route of 1,1-organo-
boration, and if the products are formed in a stereoselective


Scheme 1. Reactivity of 1-boraadamantane 1.


way with boryl and silyl group in cis-positions at the C�C
bond, ideal conditions are provided to study Si-H-B bridges.


Results and Discussion


Synthesis of the alkyn-1-yl(diorganyl)silanes 2 and disilane 3 :
With the exception of 2a,[9] 2b,[10] 2c,[11] and 2e,[12] the
synthesis of alkyn-1-ylsilanes 2 and disilane 3 has not been
described. The NMR data set of the known alkynes 2 was also
incomplete. They are readily available by the reaction of the
corresponding diorganosilicon chloride R2Si(H)Cl with the
respective lithium alkynide or dilithium acetylide (Scheme 2).


Scheme 2. Generation of the alkynes 2.
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The deuterated compound [D]2a was prepared by reaction of
LiC�CSiMe3 with an excess of Me2SiCl2 in order to obtain
first Me2(Cl)SiC�CSiMe3, which was then reduced with
LiAlD4. Compounds 2 and 3 were purified by distillation or
crystallization, and were characterized by NMR spectrocopy
(see Table 1 and Experimental Section), and in the case of 2e,
also by X-ray structural analysis (see below).


Reactions of 1-boraadamantane 1 with alkyn-1-ylsilanes 2 : In
contrast to other trialkylboranes, 1-boraadamantane 1 reacted
readily with the alkyn-1-ylsilanes 2 at room temperature
(Scheme 3). The reactions can conveniently be carried out in


Scheme 3. The reaction of 1 with alknyn-1-ylsilanes 2.


NMR tubes, and were complete
after 30 min. Products 4 were
identified as 4-methylene-3-
bora-homoadamantane deriva-
tives by their characteristic
NMR data (see Table 2 and Fig-
ure 1). Only one isomer was
formed. The compounds 4 are
oily, extremely air-sensitive liq-
uids, and in the case of 4e, a
solid was obtained which could
be recrystallized to give a mate-
rial suitable for X-ray analsysis
(see below).
The IR spectra of 4 show a


band for ��(Si�H) assigned to the
Si-H-B bridge at significantly
lower wavenumbers than ex-


pected for silicon hydrides (e.g.
4a : ��(Si-H-B)� 1849.0 cm�1,
and 2a : ��(Si�H)�
2139.7 cm�1). This assignment
was confirmed by the IR spec-
trum of the deuterium-labelled
species [D]4a compared with
4a. The Si-H-B bridge was also
readily apparent in solution by
NMR spectroscopy (Table 2
and Experimental Section):
i) the 11B NMR resonance is
shifted to lower frequencies
when compared with triorgano-
boranes;[13] this is typical of an
increase in the coordination
number of the boron atom;
ii) the 29Si nucleus in the Si-H-B
bridge becomes deshielded (see
for example the �29Si data for
4e); and iii) the magnitude of


the coupling constant 1J(29Si,1H) becomes smaller when
compared with triorganosilanes.[14] Another characteristic
and rather unusual feature is the isotope-induced chemical
shift 2�10/11B(29Si) which can be readily observed in the 29Si
NMR spectra (see Figures 2 ± 4). Since this isotope effect is
generally not detectable–as it is very small–in the absence
of the Si-H-B bridge, it must be transmitted through the
bridge and not through the C�C bond. It should be noted that
this effect is larger for weak bridges (see Figure 4), and it
becomes small and even changes its sign from negative to
positive for strong bridges.[15] The changes in the �11B values
as the result of bridge formation in 4 are much larger than in
the corresponding alkenes where a diethylboryl or a diallyl-
boryl group activates the Si�H bond.[3] This is in agreement
with the enhanced Lewis acid character of the boron atom in
the tricyclic framework in 4. The 11B and 29Si NMR data in
Table 2 indicate that the Si-H-B bridge is stronger for R1�
silyl when compared with alkyl or aryl, in agreement with
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Table 1. 1H, 13C, and 29Si NMR data[a] of the alkyn-1-ylsilanes 2 and 3.


�29Si �1H[1J(29Si,1H)] �13C(�C�Si) [1J(29Si,13C)] �13C(�C�R) [2J(29Si,13C)]
2a[b] � 38.8 4.12 [201.3] 110.3 [79.3], [12.2][c] 115.5 [76.2], [12.6][c]


[D]2a[d] � 39.0 ± [30.9] 111.4 [79.8], [12.6][c] 116.4 [76.8], [12.8][c]


2b[e] � 37.2 4.29 [202.0] 91.8 [86.1] 107.6 [16.7]
2c[f] � 38.7 4.18 [199.3] 81.2 [88.7] 109.0 [17.4]
2d[g] � 16.5 3.77 [195.8] 108.2 [75.1], [11.9][c] 118.3 [76.3], [14.5][c]


2e[h] � 40.9 5.36 [215.6] 112.0 [83.9], [13.1] ±
2 f[I] � 15.6 4.24 [194.3] 84.83 [84.2] 108.54 [14.9]
3[j] � 38.8 4.02 [176.6] 82.9 [78.4], [16.8][c] 110.7 [14.8], [2.2][k]


[a] In C6D6 at RT; coupling constants in Hz. [b] Other 13C NMR data: ���3.1 [56.1] (Me2Si); �0.2 [56.5]
(Me3Si). Other 29Si NMR data: ���18.6 (Me3Si, 3J(29Si,29Si)� 1.8 Hz). [c] 2J. [d] Other 13C NMR data: ���2.6
[55.9] (Me2Si), 0.3 [56.1] (Me3Si), 2J(2H,�13C)� 1.2 Hz. Other 29Si NMR data: ���18.6 (Me3Si, 3J(29Si,29Si)�
1.8 Hz). Primary isotope effect �p


1J(29Si,2/1H)� � 1J(29Si,2H) � (�H/�D)� � 1J(29Si,1H) ���0.005 Hz. [e] Other
13C NMR data: ���2.4 [55.3] (Me2Si), 126.7 (Ph), 128.6 (Ph), 131.9 (Ph), 144.8 (5.0). [f] Other 13C NMR data:
���2.8 [56.0] (Me2Si), 13.6 (Bu), 19.6 (Bu), 21. 9 (Bu, 3.1), 30.6 (Bu). [g] Other 13C NMR data: �� 0.4 [56.3]
(Me3Si), 11.5 [57.9] (iPr), 18.9 [2.2] (iPr); 19.2 [2.2] (iPr); other 29Si NMR data: ���18.6 (Me3Si, 3J(29Si,29Si)�
1.7 Hz). [h] Other 13C NMR data: �� 128.2; 130.3; 131.3 [76.3]; 135.2 [4.8]. [i] Other 13C NMR data: �� 11.8
[57.8] (iPr), 19.1 (iPr), 19.4 (iPr), 65.6 (Fc-1), 69.6, 72.7 (C-2,3,4,5), 70.9 (C5H5). [j] Other 13C NMR data: ���6.2
[45.0] [4.6] (Me2SiH)); �1.5 [49.2] [5.9] (Me2Si), 14.2 (Bu), 20.5 (Bu), 22.6 (Bu), 31.6 (Bu); other 29Si NMR data:
���37.6 (Me2Si, 1J(29Si,29Si)� 91.3 Hz). [k] 3J.


Figure 1. 125.8 MHz 13C NMR spectrum of the reaction solution containing the alkene derivative 4d (C6D6,
23 �C) in the presence of an excess of the alkyn-1-ylsilane 2e (signals are marked by asterisks). Coupling constants
J(29Si,13C) are given in brackets. Note the typically broad[29] 13C NMR signals of the carbon nuclei linked to boron.
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Figure 2. 99.4 MHz 29Si NMR (refocused INEPT[28]) spectra of the
compound 4a, obtained from the reaction of 1-boraadamantane 1 with a
slight excess of the alkyn-1-ylsilane 2a (in C7D8), measured at different
temperatures as indicated. The isotope-induced chemical shift 2�10/11B(29Si)
is indicated; 29Si satellites are marked by asterisks. Note the broadening of
both 29Si NMR signals of 4a at elevated temperatures in contrast to the
sharp signal for 2a (only the signals of the Me3Si group is shown, marked by
an open circle).


previous observations,[15] where
a particularly weak Si-H-B
bridge was found in an alkenyl-
borane with R1�Bu. This can
be interpreted as a steric effect
exerted by R1 which is required
to push the Si(H)R2 moiety
towards the dialkylboryl group.
The 1H NMR signal of the Si�H
bridge is shifted slightly to low-
er frequencies when compared
with terminal Si�H units which,
however, is not really of diag-
nostic value.
Altogether there are at least


five parameters for a qualita-
tive assessment of the strength
of the Si-H-B bridge, namely
the change in the Si�H stretch-
ing vibration, the shift of the 11B
NMR signal to lower frequen-
cies and the shift of the 29Si
NMR signal to higher frequen-
cies, the reduced magnitude of
1J(29Si,1H), and the magnitude
and sign of the isotope-induced
chemical shift 2�10/11B(29Si).
The latter effect is still not fully
accessible by theory,[16] in par-
ticular in the case of the more


Figure 3. 99.4 MHz 29Si NMR (refocused INEPT[28]) spectra of the
compound [D]4a, obtained from the reaction of 1-boraadamantane 1
with the alkyn-1-ylsilane [D]2a. The isotope-induced chemical shift
2�10/11B(29Si) is indicated; note that this effect is smaller for the Si-D-B
bridge when compared with the Si-H-B bridge in 4a (Figure 2). There is
also a small difference in the magnitude of 2J(29Si,29Si) (29Si satellites are
marked by asterisks). 13C satellites accompanying the 29Si(SiMe3) signal are
marked by open circles (CH3) and open squares (�C).


heavy nuclei,[16, 17] whereas the changes in the 11B and 29Si
nuclear shielding are in agreement with calculations of the
shielding constants based on optimized geometries (see
below). It is noteworthy that the isotope-induced shift 2�10/


11B(29Si) is significantly less negative if deuterium instead of
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Table 2. Selected 1H, 11B, 13C and 29Si NMR data[a] of the borahomoadamantanes 4a ± f and 5.


�29Si (2�10/11B(29Si)) �11B �1H (Si�H)[1J(29Si,1H)] �13C(4) (B�C�) �13C(12) (Si�C�)[1J(29Si,13C)]
4a[b] 16.5 (�9.0) 37.8 3.10 [115.3] 200.9 br 129.8 [60.5, 57.8[c]]
[D]4a[d] 16.5 (�5.3) 36.9 ± [17.3] 201.2 br 129.7 [60.5]
4b[e] 4.1 (�75.5) 59.5 3.54 [141.6] 174.8 br 132.3 [73.9]
4c[f] 8.7 (�62.2) 50.4 3.33 [137.0] 173.4 br 130.2 [74.9]
4d[g] 36.4 (�2.7) 36.4 2.59 [116.0] 204.5 br 126.8 [60.7, 54.5]
4e[h] � 3.0 (�33.0) 57.5 4.68 [142.3] 207.3 br 119.9 [61.7][i]


4 f[j] 30.5 (�9.1) 38.2 2.65 [117.3] 178.9 br 122.5 [72.0]
5[k] � 38.5 83.4 4.14 [171.9] 164.6 br 132.1 [64.9, 4.8]


[a] In C6D6 at RT; coupling constants are given in Hz; br denotes 13C NMR signals broadened by partially relaxed
scalar 13C,11B spin ± spin coupling. Isotope-induced chemical shifts 2�10/11B(29Si) are given in ppb (�0.5), and a
negative sign indicates that the resonance signal of the heavy isotopomer is shifted to lower frequencies. [b] Other
13C NMR data: ���0.3 [47.7] (Me2Si), 1.5 [50.3] (Me3Si), 31.4 (br, C-2,11), 31.7 (C-6), 32.8 (C-1,8), 38.5 (C-9),
38.7 (C-7,10), 44.9 (C-5, 15.3, 6.7); other 29Si NMR data: ���12.9 (Me3Si, 2J(29Si,29Si)� 13.2 Hz). [c] 29Si(SiMe3).
[d] Other 13C NMR data: ���0.4 [47.8] (Me2Si), 1.5 [50.4] (Me3Si), 31.2 (br, C-2,11), 31.7 (C-6), 32.7 (C-1,8),
38.5 (C-9), 38.7 (C-7,10), 45.1 (C-5, 15.1, 5.8); other 29Si NMR data: ���12.9 (Me3Si, 2J(29Si,29Si)� 14.4 Hz);
primary isotope effect �p


1J(29Si,2/1H)�� 1J(29Si,2H) � (�H/�D)�� 1J(29Si,1H) � � � 2.60 Hz. Secondary isotope
effect �s


2J(29Si,29Si)[2/1H]� � 2J(29Si,29Si)[2H] � � � 2J(29Si,29Si)[1H] � � 1.2 Hz. [e] Other 13C NMR data: ���2.1
[49.1] (Me2Si), 31.5 (C-6), 33.8 (br, C-2,11), 33.9 (C-1,8), 38.0 (C-9), 38.2 (C-7,10), 38.3 (C-5, 9.3), 126.2, 128.7,
129.2, 142.4 [10.3] (Ph). [f] Other 13C NMR data: ���1.3 [48.0] (Me2Si), 14.8, 23.9, 30.0 [7.7], 33.2 (Bu), 31.5
(C-6), 33.5 (br, C-2,11), 33.6 (C-1,8), 37.3 [10.3] (C-5), 38.4 (C-7,10), 38.5 (C-9). [g] Other 13C NMR data: �� 1.5
[50.4] (Me3Si), 11.6 [57.8] (Si�CH), 19.5 (iPr), 19.9 (iPr), 31.8 (C-6), 32.7 (br, C-2,11), 33.0 (C-1,8), 38.5 (C-9), 38.9
(C-7,10), 45.3 [13.7] [6.7] (C-5). Other 29Si NMR data: ���14.2 (2J(29Si,29Si)� 13.1 Hz; Me3Si). [h] Other
13C NMR data: �� 30.5 (C-6), 32.6 (br, C-2,11), 32.9 (C-1,8), 37.3 (C-9), 37.4 (C-7,10), 43.1 [8.3] [4.7] (C-5), 127.7,
128.2 [6.1], 129.2, 130.0, 132.7 [67.8], 134.2 [68.2], 135.2 [4.9], 135.7 (Ph); other 29Si NMR data: ���32.3
(2J(29Si,29Si)� 12.5 Hz; Ph2HSi). [i] Intensities of the 29Si satellites corrrespond to the presence of two 29Si nuclei.
[j] Other 13C NMR data: �� 14.3 [50.1] (iPr), 19.4 (iPr), 19.8 (iPr), 32.1 (C-6), 33.3 (C-1,8), 33.4 (br, C-2,11), 38.5
(C-9), 38.8 (C-7,10), 42.4 [9.8] (C-5), 68.3 (Fc), 69.5 (Fc), 70.0 (Fc), 86.4 [10.1] (Fc-1). [k] Other 13C NMR data:
�� 2.4 [50.5] (Me3Si), 5.6 [54.8] (Me2Si), 31.3 (C-6), 32.9 (C-1,8), 34.4 (br, C-2,11), 38.2 (C-7,10), 38.6 (C-9), 42.5
[13.6] [7.3] (C-5); other 29Si NMR data: ���13.4 (2J(29Si,29Si)� 16.2 Hz; Me3Si).
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Figure 4. 99.4 MHz 29Si NMR (refocused INEPT[28]) spectra of the
compound 4c, showing an example of a relatively large isotope-induced
chemical shift 2�10/11B(29Si). The other NMR data (Table 2) such as
coupling constant 1J(29Si,1H), �29Si and �11B indicate that the strength of
this Si-H-B bridge is weaker than in most of the other compounds 4.


hydrogen is in the bridging position (see Figures 2 and 3).
Usually, the one-bond isotope-induced shift 1�1/2H(29Si) in
organosilanes is of the order of �200 to �250 ppb[18] (in the
case of 2a/[D]2a it is �219.5 ppb). In contrast, the value for
1�1/2H(29Si) was only �25 ppb for 4a/[D]4a ; this implies the
increasing influence of electronic factors rather than dynamic,
solely mass-dependent factors. The unique bonding situation
in the Si-H-B bridge is also reflected in the rather large
primary isotope effect on the coupling constant �p


1J(29Si,2/1H)
in the case 4a/[D]4a (�2.60� 0.03 Hz), when compared with
that in the pair 2a/[D]2a, where it is small (close to
experimental error; �0.05� 0.03 Hz) as usual.[19] Interesting-
ly, there is also a fairly large positive secondary isotope effect
�s


2J(29Si,29Si)[2/1H] (1.2� 0.03 Hz) which, however, is without
precedent.
The 11B and 29Si chemical shifts of the nuclei involved in the


Si-H-B bridge are temperature dependent (see Figure 2).
With increasing temperature, the 11B NMR signals were
shifted slightly to higher frequencies, whereas the 29Si NMR
signals were shifted to lower frequencies. The magnitude
of the coupling constants 1J(29Si,1H) increased with increasing
temperature. These findings indicate that the bridge becomes
weaker at elevated temperatures, as would be expected. The
accurate determination of the isotope-induced chemical shifts
is difficult at variable temperature, since the 29Si NMR signals
become broader both on lowering or increasing the temper-
ature. While the former effect can be explained by a reduced
rate of interconversion of various conformers, the latter
broadening effect is less obvious. Figure 2 shows that the
linewidth of the 29Si NMR signals of the alkyne 2a is not
affected by an increase in temperature, in contrast to both 29Si
NMR signals of the alkene 4a. It is known that alkenes of type
4 with trialkylstannyl instead of silyl groups undergo deorga-
noboration quite readily.[8] Thus, it can be assumed that the
observed broadening of the 29Si NMR signals of 4a at higher
temperature (Figure 2) points towards the influence of an
equilibrium deorganoboration/organoboration which, under
these conditions, is still an intramolecular process without
involving the alkyne 2a.


Reaction of 1-boraadamantane 1 with the alkyn-1-yl-disilane
3 : A smooth reaction of 1 was also observed with the disilane
3, leading to the alkene 5, in which the boron and disilanyl
group are in cis-positions at the C�C bond (Scheme 4), as
follows from 1H/1H NOE experiments.[20]


Scheme 4. The reaction of 1 with the disilane 3.


However, there is no indication of a Si-H-B bridge. It
appears that the six-membered ring which has to be formed in
order to incorporate the bridge is not favorable. The same
seems to be true for four-membered rings in the compounds of
type 6 which have been studied both in solution and in the
solid state (R�Ph).[21]


X-ray Structural analyses of bis(diphenylsilyl)ethyne 2e, and
4-methylene-3-borahomoadamantane derivative 4e :[22] The
molecular structure of 2e is shown in Figure 5, together with
selected bond lengths and angles. Only few examples of


Figure 5. Molecular structure of bis(diphenylsilyl)ethyne 2e (ORTEP plot
with 50% probability; hydrogen atoms (except for Si�H) have been
omitted for clarity); selected bond lengths [pm] and angles [�]: Si�C(1)
183.3(3), Si�C(2) 186.2(2), Si�C(8) 186.1(2), C(1)�C(1A) 120.8(5); C(2)-
Si-C(8) 112.84(9), C(1)-Si-(C8) 108.13(10), C(1)-Si-C(2) 112.84(9).


bis(silyl)ethynes have been structurally characterized in the
solid state.[23] The Si�C�C�Si unit is linear, and the surround-
ings of the silicon atoms are almost tetrahedral. As expected,
the bond of Si next to the ethynyl carbon atom (183.3(3) pm)
is a little shorter than to the phenyl carbon atoms (186.1(2),
186.2(2) pm). The C�C triple bond length (120.8(5) pm) is in
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the range known for other C�C bonds, though slightly longer
than the average.
Although the quality of the single crystals of 4e did not


allow for a very precise structure determination (the molec-
ular structure is shown in Figure 6), some important informa-
tion can be obtained. The bridging hydrogen atom, although


Figure 6. Molecular structure of the 3-bora-4-methylene-homoadaman-
tane 4e with the Si-H-B bridge (all other hydrogen atoms are omitted for
clarity); selected bond lengths [pm] and angles [�]: Si(1)�H 147(10), B�H
160(10), Si(1)�C(12) 183.7(11), Si(1)�C(13) 187.9(12), Si(1)�C(19)
184.7(12), Si(2)�C(12) 186.6(11), Si(2)�C(25) 185.2(12), Si(2)�C(31)
185.5(13), C(4)�C(12) 135.1(14), BC(4) 159.8(18), B�C(2) 158.8(17),
B�C(11) 154.8(18); Si(1)-H-B 126(2), C(13)-Si(1)-C(19) 112.0(5), C(25)-
Si(2)-C(31) 107.5(6), Si(1)-C(12)-Si(2) 127.6(6), C(4)-C(12)-Si(1) 106.9(8),
C(4)-C(12-)Si(2) 125.5(8), C(12)-C(4)-B 120.4(10), C(12)-C(4)-C(5)
125.4(10), B-C(4)-C(5) 114.2(9), C(2)-B-C(4) 118.0(11), C(2)-B-C(11)
116.0(11), C(4)-B-C(11) 115.6(11).


not accurately located, has its position half way between
silicon and boron and closes a five-membered Si-H-B-C-C
ring. The surroundings of the boron atom are pyramidally
distorted (� of CBC bond angles 349.6�), significantly more
than in a comparable 4-methylene-3-borahomoadamantane
structure without a Si-H-B bridge (� of C-B-C bond angles
355.8� [6]). The sum of the C-Si-C bond angles is different for
the two silyl groups (344.0 and 330.2�), with the larger sum for
the silicon atom involved in the bridge; this is in agreement
with the shift of the hydrogen atom towards boron. The bond
angle C(12)-C(4)-B (120.4(10)�) appears to be as expected at
a first glance. However, it is much more acute than the
corresponding angle in the analogous structure without the
Si-H-B bridge (130.6(19)� [6]), which means that the bridge in
4e pulls the boron atom towards the silicon atom. The Si�C
bond lengths are in the expected range, with the shortest bond
for Si(1)�C(12) (183.7(11) pm). The C(4)�C(12) double bond
(135.1(14) pm) is longer than most C�C bonds. There are also
rather long C�C bonds in �-position relative to the boron
atom in the tricycle (C(1)�C(2) 158.7(15) pm and C(8)�C(11)
156.2(16) pm) which indicates hyperconjugative interac-
tions.[24]


Quantum-chemical calculations of borane-silane adducts :
Borane, BH3, forms an adduct with trimethylsilane, Me3SiH,
and also with silane, SiH4, according to the optimized
geometries in the gas-phase (RB3LYP/6-311�G(d,p)[25]),
when the respective molecules are combined. The analogous


calculations carried out for BH3 and the carbon analogues
Me3CH and CH4 did not give any hint towards attractive
interactions. In the case of the silanes, RB3LYP/6-
311�G(d,p)-GIAO calculated 11B and 29Si nuclear shielding
constants[26] are in agreement with the trend observed for the
experimental data in the case of Si-H-B bridging: increase in
the magnetic shielding of 11B and decrease in the shielding of
29Si (Table 3). Calculations [RB3LYP/6-311�G(d,p)] of the


geometries of molecules of type 4 (e.g. for 7) indicated the
orientation expected of the Si�H bond towards the boron
atom. However, the long B ±H distances (�230 pm), the low
degree of pyramidalization of the boron atom (sum of bond


angles at boron 358 ± 359�), and the small increase in the
calculated 11B nuclear shielding (4 ± 6 ppm) when compared
with trigonal boranes did not provide convincing arguments.
Similarly, calculations of 1-boraadamantane 1 in the presence
of Me3SiH or SiH4 did not give useful information on Si-H-B
bridging. Apparently, Si-H-B bridging depends strongly on
steric constraints which are unfavorable for intermolecular
interactions. In the case of intramolecular Si-H-B bridging as
in 4, it appears that the bridge is rather weak for R1�Bu (4c)
and much stronger for R1� diorgano- or triorganosilyl. So far
we have not carried out calculations on the experimental
molecules such as 4a using a large basis set.


Conclusions


1-Boraadmantane 1 is extremely reactive in 1,1-organobora-
tion reactions when compared with other trialkylboranes. The
4-methylene-3-borahomoadamantane derivatives 4 which
were formed by the 1,1-organoboration of alkyn-1-ylsilanes
2 contain the three-coordinate boron atom as a strongly
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Table 3. Calculated structural parameters and chemical shifts[a] of silane-
BH3 adducts and a trimethylgermane-BH3 adduct.


Me3Si-H-BH3
[b] Me3Ge-H-BH3 H3Si-H-BH3


M�H(B) [pm] 158.6 163.9 161.2
B�H(M) [pm] 132.2 136.9 131.4
M-H-B [�] 111.9 117.9 99.9
� angles (BH3) 347.0 348.8 344.9
�29Si[c] 22.9 � 62.4
�11B[d] � 27.1 � 19.4 � 44.7


[a] Geometries: RB3LYP/6-311�G(p,d); NMR data: RB3LYP/6-
311�G(p,d)-GIAO; calculated by using the Gaussian 98 (Revision-A.9)
program package.[25] [b] Calculated [R3BLYP/6-311�G(d,p) optimized
geometries] stretching frequencies ��(Si�H)� 2182.6 cm�1 for Me3Si�H
and 1991.1 cm�1 for Me3Si�H-BH3. [c] Calculated shielding �29Si
(Me4Si)� 340.7 corresponding to �29Si� 0; calculated shielding �29Si
(Me3SiH)� 356.6 (�29Si��15.9; experimental: � 15.5); calculated shield-
ing �29Si (SiH4)� 448.4 (�29Si��107.8; experimental: � 93.1). [d] Calcu-
lated shielding �(11B) (B2H6)� 84.2 corresponds to �11B (B2H6)� 18.0.
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Lewis acid center which activates the neighboring Si�H bond
by forming a Si-H-B bridge in 4. The bridge is evident from
the NMR data in solution, from the Si�H stretching vibration,
and is also shown by the molecular structure in the solid state.
The isotope effects observed both for chemical shifts and
coupling constants are intriguing, since they are unusual and
their successful reproduction by calculations will provide a
stringent test for the models employed.


Experimental Section


General : The preparation and handling of all compounds was carried out in
an atmosphere of dry argon, and carefully dried solvents were used
throughout. Starting materials such as terminal alkynes, chlorosilanes and
1-boraadamantane 1 were either commercially available or were prepared
following literature procedures (Fc�C�CH,[27] 1[5]). NMR measurements:
Bruker ARX 250, Bruker DRX 500: 1H, 11B, 13C, 29Si NMR (refocused
INEPT[28] based on 2J(29Si,1HMe) approximately 7 Hz or 1J(29Si,1H) ca.
150 Hz), chemical shifts are given with respect to Me4Si [�1H (CHCl3/
CDCl3)� 7.24, (C6D5H)� 7.15; BAD indicates 1H nuclei of the boraada-
mantane moiety; �13C (CDCl3)� 77.0, (C6D6)� 128.0; �29Si� 0 for
�(29Si)� 19.867184 MHz]; external BF3 ¥OEt2 [�11B� 0 for �(11B)�
32.083971 MHz]. IR spectra: Perkin ±Elmer, Spectrum2000 FTIR. Melt-
ing or decomposition points: B¸chi 510 melting point apparatus. All ab
initio MO calculations were carried out by using the Gaussian 98 pack-
age.[25]


Synthesis of the alkyn-1-ylsilanes 2 and 3; general procedure : A suspension
of freshly prepared lithium alkynide (10 mmol) in hexane/THF (20 mL;
1:1) was cooled to �78 �C, and a stoichiometric amount of the respective
chloro(diorgano)silane in THF (10 mL) was added. The mixture was
warmed to room temperature and stirred for 2 h. Insoluble materials were
filtered off, and the solvents were removed at normal pressure. The residue
was purified by fractional distillation at normal or reduced pressure, or was
recrystallized. The deuterated compound [D]2a was prepared from
chloro(dimethylsilyl)trimethylsilylethyne by reduction with LiAlD4 in
diethyl ether, followed by filtration and fractional distillation. Bis(silyl)e-
thyne 2e was prepared from dilithioacetylene and two equivalents of
Ph2SiHCl, and was purified by recrystallization from toluene. Disilane 3
was prepared from 1-chloro-2-trimethylsilylethynyl-tetramethyldisilane by
reduction with LiAlH4 in diethyl ether, followed by filtration, removing of
the solvent in vacuo and fractional distillation at reduced pressure.


Compound 2a : 1H NMR: �� 0.18 (s, 9H; Me3Si), 0.24 (d, 6H, 3J(1H,1H)�
3.8 Hz; Me2Si); IR: �� � 2139.7 (Si�H), 2088.3 cm�1 (C�C).
Compound [D]2a : 1H NMR: �� 0.25 (s, 6H; Me2Si), 0.26 (s, 9H; Me3Si).


Compound 2b : 1H NMR: �� 0.30 (d, 6H; Me2Si, 3J(1H,1H)� 3.8 Hz), 7.27
(m, 3H; Ph), 7.45 (m, 2H; Ph); IR: �� � 2139.5 (Si�H), 2161.1 cm�1 (C�C).
Compound 2c : 1H NMR: �� 0.27 (d, 6H, 3J(1H,1H)� 3.8 Hz; Me2Si), 0.98
(t, 3H; Bu), 1.48 (m, 2H; Bu), 1.56 (m, 2H; Bu), 2.29 (td, 2H; Bu); IR: �� �
2134.3 (Si�H), 2176.1 cm�1(C�C).
Compound 2d : 1H NMR: �� 0.26 (s, 9H; Me3Si), 1.1 ± 1.2 (m, 14H; iPr);
IR: �� � 2120.5 (Si�H), ��C�C not observed.


Compound 2e : 1H NMR: �� 7.4 (m, 12H; Ph), 7.7 (m, 8H; Ph).


Compound 2 f : 1H NMR: �� 1.17 (m, 2H; iPr), 1.28 (d, 6H; iPr), 1.34 (d,
6H; iPr), 4.01 (m, 2H; Fc), 4.19 (s, 5H; Fc), 4.51 (m, 2H; Fc).


Compound 3 : 1H NMR: �� 0.27 (d, 6H, 3J(1H,1H)� 4.5 Hz; Me2Si), 0.33
(s, 6H; Me2Si), 0.83 (m, 3H; Bu), 1.38 (m, 4H; Bu), 2.12 (m, 2H; Bu).


Reaction of 1-boraadamantane 1 with alkyn-1-ylsilanes 2 and 3; general
procedure : A solution of the alkyn-1-ylsilane 2 or 3 (1.2 equivalents in the
cases of volatile alkynes, and 1.0 equivalent in the case of 2e or 2 f) in C6D6


(0.5 mL) was added at room temperature to a solution of 1-boraadaman-
tane 1 (ca. 0.5 mmol) in C6D6 (0.5 mL). After recording of the NMR
spectra, all volatile materials were removed in vacuo and a colorless oil
(4a ± d, 5), a dark-yellow oil (4 f) or a colorless solid (4e) was left, all in
quantitative yield relative to 1. The compounds were redissolved in pentane
for IR measurements or in [D8]toluene for variable temperature NMR


measurements. Compound 4e was redissolved in benzene in order to grow
crystals by slow evaporation of the solvent.


Compound 4a : 1H NMR: �� 0.32 (s, 9H; Me3Si), 0.35 (d, 6H, 3J(1H,1H)�
2.8; Me2Si), 1.40 (ddd, 2H, J(1H,1H)� 10.9, 3.6, 1.7 Hz; BAD), 1.65 (m, 4H;
BAD), 1.75 (ddd, 1H, J(1H,1H)� 12.6, 4.9, 1.8 Hz; BAD), 1.92 (ddd, 1H,
J(1H,1H)� 12.6, 5.3, 2.2 Hz; BAD), 2.12 (m, 2H; BAD), 2.24 (m, 1H;
BAD), 2.54 (br, 2H; BAD), 2.68 (d, 2H, J(1H,1H)� 3.8 Hz; BAD); IR: �� �
1849.0 cm�1 (Si�H).


Compound [D]4a : 1H NMR: �� 0.32 (s, 9H; Me3Si), 0.35 (s, 6H; Me2Si),
1.37 (d, 2H, J(1H,1H)� 11.2 Hz; BAD), 1.63 (m, 4H; BAD), 1.76 (ddd, 1H,
J(1H,1H)� 12.4, 5.0, 2.0 Hz; BAD), 1.91 (ddd, 1H, J(1H,1H)� 12.4, 5.0,
2.3 Hz; BAD), 2.13 (m, 2H; BAD), 2.24 (m, 1H; BAD), 2.53 (br, 2H;
BAD), 2.68 (d, 2H, J(1H,1H)� 3.8 Hz; BAD); IR: ��(Si�D) not assigned
owing to overlap; the region around 1849 cm�1 (see 4a) does not show a
band of appreciable intensity.


Compound 4b : 1H NMR: �� 0.28 (d, 6H, 3J(1H,1H)� 3.2 Hz; Me2Si), 1.47
(d, 2H, J(1H,1H)� 13.7 H; BAD), 1.52 (d, 2H, J(1H,1H)� 10.5, 1.7 Hz;
BAD), 1.59 (dtd, 1H, J(1H,1H)� 12.5, 5.0, 1.9 Hz; BAD), 1.80 (m, 3H;
BAD), 1.95 (m, 2H; BAD), 2.14 (m, 1H; BAD), 2.47 (d, 2H, J(1H,1H)�
4.2 Hz; BAD), 2.49 (br, 2H; BAD), 7.19 (m, 1H, Ph), 7.23 (m, 2H; Ph), 7.34
(m, 2H; Ph).


Compound 4c : 1H NMR: �� 0.34 (d, 6H, 3J(1H,1H)� 3.2 Hz; Me2Si), 1.07
(t, 3H; Bu), 1.45 (d, 2H, J(1H,1H)� 12.1 Hz; BAD), 1.50 (m, 4H; BAD,
Bu), 1.58 (d, 2H, J(1H,1H)� 13.9 Hz; BAD), 1.68 (ddd, 1H, J(1H,1H)�
12.5, 4.9, 1.8 Hz; BAD), 1.79 (dd, 2H, J(1H,1H)� 10.5, 4.7 Hz; BAD), 1.88
(ddd, 1H, J(1H,1H)� 12.5, 5.3, 2.1 Hz; BAD), 2.09 (m, 2H; BAD), 2.29 (t,
2H; Bu), 2.32 (m, 1H; BAD), 2.45 (d, 2H, J(1H,1H)� 4.0 Hz; BAD), 2.54
(m, 2H; BAD), 3.33 (m, 1H, 1J(29Si,1H)� 137.0 Hz; SiH); IR: �� �
2051 cm�1 (Si�H).


Compound 4d : 1H NMR: �� 0.35 (s, 9H; Me3Si), 1.15 ± 1.25 (m, 14H; iPr),
1.35 (d, 2H, J(1H,1H)� 11.1 Hz; BAD), 1.62 (d, 2H, J(1H,1H)� 13.9 Hz;
BAD), 1.67 (dd, 2H, J(1H,1H)� 11.3, 4.7 Hz; BAD), 1.75 (ddd, 1H,
J(1H,1H)� 12.4, 5.0, 1.8 Hz; BAD), 1.91 (ddd, 1H, J(1H,1H)� 12.4, 5.2,
2.1 Hz; BAD), 2.12 (m, 2H; BAD), 2.26 (m, 1H; BAD), 2.49 (br, 2H;
BAD), 2.59 (m, 1H; SiH, 1J(29Si,1H)� 116.0 Hz), 2.73 (m, 2H; BAD).


Compound 4e : M.p. 109 ± 114�C; 1H NMR: �� 1.6 ± 1.7 (m, 6H; BAD),
1.87 (ddd, 1H, J(1H,1H)� 11.8, 4.9, 2.2 Hz; BAD), 2.0 ± 2.2 (m, 3H; BAD),
2.33 (m, 1H; BAD), 2.55 (br, 2H; BAD), 2.76 (d, 2H, J(1H,1H)� 3.9 Hz;
BAD), 5.58 (s, 1H, 1J(29Si,1H)� 193.7 Hz; SiH), 7.4 ± 8.0 (m, 20H; Ph); IR:
�� � 2119, 1890 cm�1 (Si�H).


Compound 4 f : 1H NMR: �� 1.2 ± 1.4 (m, 14H; iPr), 1.41 (m, 2H; BAD),
1.70 (d, 2H, J(1H,1H)� 13.7 Hz; BAD), 1.80 (m, 3H; BAD), 1.97 (m, 1H;
BAD), 2.20 (m, 2H; BAD), 2.47 (m, 1H; BAD), 2.57 (br, 2H; BAD), 2.65
(br s, 1H; SiH, 1J(29Si,1H)� 117.3 Hz), 2.88 (d, 2H, J(1H,1H)� 3.9 Hz;
BAD), 4.20 (m, 2H; Fc), 4.21 (s, 5H, Fc), 4.35 (m, 2H; Fc).


Compound 5 : 1H NMR: �� 0.24 (s, 6H; Me2Si), 0.27 (d, 6H, 3J(1H,1H)�
4.5 Hz; Me2Si), 1.04 (t, 3H; Bu), 1.3 ± 1.8 (m, 17H; BAD, Bu), 2.2 ± 2.4 (m,
4H; BAD, Bu); IR: �� � 2096 cm�1 (Si�H).
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GA and AG Sequences of DNA React with Cisplatin at Comparable Rates


Ve¬ronique Monjardet-Bas,[a, b] Sophie Bombard,[a]
Jean-Claude Chottard,[a] and JirœÌ Kozelka*[a]


Abstract: The sequence selectivity of
the antitumor drug cisplatin (cis-
[PtCl2(NH3)2] (1)) between the 5�-AG-
3� and 5�-GA-3� sites of DNA has been a
matter of discussion for more than
twenty years. In this work, we compared
the reactivity of GA and AG sequences
of DNA towards the aquated forms of
cisplatin (cis-[PtCl(NH3)2(H2O)]� (2),
cis-[Pt(NH3)2(H2O)2]2� (3), and cis-
[Pt(OH)(NH3)2(H2O)]� (4)) using two
sets of experiments. In the first, we
investigated a DNA hairpin, whose
duplex stem contained a TGAT se-
quence as the single reactive site, and
determined the individual rate constants
of platination with 2 and 3 for G and A
in acidic solution. The rate constants at


20 �C in 0.1� NaClO4 at pH 4.5� 0.1
were 0.09(4) ��1 s�1 (G) and
0.11(3) ��1 s�1 (A) for 2, and
9.6(1) ��1 s�1 (G) and 1.7(1) ��1 s�1 (A)
for 3. These values are similar to those
obtained previously for an analogous
hairpin that contained a TAGT se-
quence. The monoadducts formed with
2 by both GA purines are extremely
long-lived, partly as a result of the slow
hydrolysis of the chloro monoadduct at
A, and partly because of the very low
chelation rate (1.4� 10�5 s�1 at 20 �C) of


the aqua monoadduct on the guanine. In
the second set of experiments, we incu-
bated pure or enriched samples of 1, 2, 3,
or 4 for 18 ± 64 h at 25 �C with a 19 base
pair (bp) DNA duplex, whose radio-
labeled top strand contained one GA
and one AG sequence as the only
reactive sites. Quantification of the
number of GA and AG cross-links
afforded a ratio of about two in favor
of AG, irrespective of the nature of the
leaving ligands. These results disagree
with a previous NMR spectroscopy
study, and indicate that GA sequences
of DNA are substantially more suscep-
tible to attack by cisplatin than previ-
ously thought.


Keywords: antitumor agents ¥ DNA
¥ kinetics ¥ oligonucleotides ¥
platinum


Introduction


The antitumor drug cisplatin (cis-[PtCl2(NH3)2] (1)) reacts
with cellular DNA to give 1,2-GG cross-links as the main final
products.[1] When the drug passes the cell membrane and
enters the low-chloride milieu of the cytoplasm, the two
chloride ligands are successively and reversibly exchanged
with water; this gives rise to the reactive aqua species, cis-
[PtCl(NH3)2(H2O)]� (2), cis-[Pt(NH3)2(H2O)2]2� (3), and cis-
[Pt(OH)(NH3)2(H2O)]� (4). All the three aqua forms, 2, 3,
and 4, can react with DNA. Since 2 is formed first, it has an
advantage over 3 and 4. However, 3 and 4 are one to two
orders of magnitude more reactive towards DNA guanines


than 2 ;[2±4] therefore, either the direct reaction of 2 with DNA,
or the hydrolysis of 2 followed by a reaction between 3 or 4
and DNA can occur. Which of the two pathways prevails
depends on the reaction conditions and, in particular, on the
concentration of DNA and chloride present.[4, 5] In the cell
nucleus, the local DNA concentration is very high;[6] this
would favor a direct reaction with 2.


Several research teams have investigated the sequence
selectivity that cisplatin displays when binding to DNA. Early
pioneering work, which quantified Pt ± DNA adducts, came
from the groups of Fichtinger-Schepman and Eastman. They
incubated DNA with cisplatin or [PtCl2(en)], digested the
platinated DNA with exonucleases, separated the digests by
high- or fast-performance liquid chromatography (HPLC or
FPLC), and analyzed the fractions by diverse methods.[7±9]


Both groups found approximately 60 ± 65% of 1,2-GG
adducts and 20 ± 25% of 1,2-AG adducts, but 1,2-GA adducts
were not detected.[9, 10] Later work by Fichtinger-Schepman
et al. indicated that the diadduct levels had been exaggerated
in the initial assays.[11±13] Other workers mapped the exonu-
clease III cleavage sites[14, 15] or the stop sites of DNA
polymerases[16±18] in order to identify the platinum-binding
sites. These studies confirmed that the most frequently
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platinated sites were Gn (n � 2) runs, and revealed AG stop
sites in some cases.


Combination of polymerase chain reaction (PCR) tech-
niques with the replication mapping procedure afforded a
gain in sensitivity[19±25] and enabled the identification of
platinum binding sites with a precision of � 1 nucleotide.[24]


In this manner, Murray et al. found that platination levels at
GA and AG sequences in plasmid DNA,[19, 22, 23] purified
genomic DNA,[20, 24] and intact cells[20, 24, 25] were comparable;
this raised the question whether a binding preference for AG
really exists.


Previously, we have used hairpin DNA oligonucleotides
containing GG, AG, GC, and GGC binding sites in the duplex
stem to determine the individual rate constants for each
guanine or adenine reacting with 2, 3, or 4.[26, 27] We used
purified 2 or 3 to start the reaction (instead of generating 2 in
situ by hydrolysis of cisplatin), and in the experiments with 2,
we included its reversible hydrolysis to 3 in the data analysis.
The hydrolysis of 2 to give 3 is an important pathway at 10�4 �
concentrations of the DNA reactive sites,[4] unless the chloride
concentration exceeds that of the DNA reactive sites by more
than a factor of about ten.[28] In the present work, we have
determined the individual rate constants, in acidic solution,
for the reaction of 2 and 3 with a GA sequence embedded in
hairpin I. The results were compared to those obtained for a


similar hairpin (II), which con-
tained the AG site.[4] In addi-
tion, we investigated the reac-
tions of the 19 base pair (bp)
DNA duplex III, in which the
radioactively labeled top strand
included one AG and one GA


reactive site, with solutions containing 1, 2, 3, or 4 as the major
species. The number of AG and GA platinum cross-links was
determined by using the Maxam ± Gilbert sequencing method
for G. Thus, the discrimination between GA and AG sites was
assessed in an intramolecular competition experiment. All the
experiments showed that TAGT is never favored over TGAT
by more than a factor of about 2.


Results


Stability of hairpin I : We have shown previously that oligo-
nucleotide II assumes a hairpin form under our experimental
conditions,[26] and the melting curve of a 10�4� solution of I in
0.1� NaClO4 is similar to that of II. Oligonucleotide Imelts at
45 �C, while II melts at 46.5 �C,[26] which is well above the
experimental temperature (20 �C).


Reaction between hairpin I and the aquated cisplatin forms 2
and 3 : The reaction between I and 2 in acidic solution is
depicted in Scheme 1. Chloride anation of 2 to give 1 could be
neglected, because the concentration of chloride (released by
hydrolysis of 2 and its monoadducts) at no point in the
reaction is high enough to make the anation of 2 significant.
The reaction between I and 3 corresponds to the subsystem
indicated with bold arrows. As previously described for the
reactions of II,[4] we firstly investigated this subsystem
separately, using a chloride-free medium and solid cis-
[Pt(NO3)2(NH3)2] as a source of 3. We then treated I with 2
and determined the concentration curves for the unreacted
oligonucleotide, the final chelate, and the sums of the chloro
and aqua monoadducts at both G and A (Figure 1). These
concentration curves were used to optimize the rate constants
k5�(2), k3�(2), k5�aq, and k3�aq (Table 1). The rate constants k5�(2)
and k3�(2) bear an additional error of approximately 20%,
because the concentration of the reactants was determined
spectrophotometrically, and is, therefore, imprecise. This
error was added to the standard deviations and is included
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Scheme 1.
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Figure 1. Experimental and calculated concentration curves for one run of
the reaction between 2 (ca. 0.025 m�) and I (ca. 0.1 m�) in 0.1� NaClO4 at
20 �C and pH 4.5� 0.1. I, � and ––; G-bound monoadducts (chloro and
aqua), � and ±±±; A-bound monoadducts (chloro and aqua), � and ±±±;
final chelate, � and ––.


in the values given in Table 1. (This error was not taken into
account in Table 1 of ref. [4].)


The rate constants for platination, aquation of the chloro
monoadducts, and chelation of the aqua monoadducts,
together with those determined previously for hairpin II, are
listed in Table 1.[4] The rate constants for platination of Iwith 3
are, within the error limits, identical to those found for II (this
is true for both adenine and guanine). The global platination
rate constants for the AG and GA sequences are approx-
imately three times smaller than those for the GG sequence.[4]


The individual rate constants for 3 are greater than for 2 ; by a
factor of approximately 15 for adenine, and between 50 and
150 and for guanine. Thus, our data show the expected trends
and are internally consistent. Comparison of the rate con-
stants obtained for the reaction of 2 with I (sequence GA) to
those with II (sequence AG) indicates that the values for
adenine are similar, whereas the rate constant for guanine of


GA is about half as large as that of AG. The differential
decrease of the individual rate constants when going from 3 to
2 could be due to two effects. Firstly, the relative accessibility,
which our previous analysis indicated to be a principal factor
in determining the relative reactivity of a given base,[29]


depends on the size of the attacking species, and the sizes of
2 and 3 are likely to be different. Secondly, the 6-amino group
of adenine could form a hydrogen bond to the chloride of 2 in
the transition state; this could explain why the rate constants
for adenine decrease to a lesser extent than for guanine.


The very small chelation rate constant of 0.000014 s�1


observed for the aqua monoadduct formed on the guanine
of GA indicates that this adduct has a half-life of approx-
imately 14 h at 20 �C. Steric factors, which seem to disfavor
chelation of a monoadduct by a 3�-purine (see the slow
chelation of the 5�-monoadducts at GG and AG sequences[4]),
and the inherently lower reactivity of adenine relative to
guanine could account for the slow chelation.


The rate constants for aquation of the monoadducts could
not be determined with precision. However, we were able to
determine the upper limits (Table 1), which indicated that
aquation of both GA monoadducts is markedly slower than
that of cis-[PtCl(NH3)2(dGuo)]� (1.4� 10�5 s�1).[30] Although
slow aquation of monoadducts has been observed for the AG
sequence (Table 1) and the 5�-G of GG,[4] the aquation of the
GA monoadduct adenine (k3�aq � 5� 10�7 s�1) is the slowest
ever observed for a chloro monoadduct of cisplatin. Unfortu-
nately, reference data is not available for the rates of
hydrolysis of platinum ± chloro complexes bound to adenine.
It is possible that hydrolysis of chloro complexes with a cis-
adenine is impeded relative to that of analogous guanine
complexes, because the chloro ligand can accept a hydrogen
bond from the NH2 group of adenine (as observed, e.g., in the
crystal structure of [PtCl3(9-methyladeninium)][31]), which, in
turn, would stabilize the chloro form of the adenine complex.
Similarly, the aqua ligand can donate a hydrogen bond to the
O6 atom of guanine.


Reaction between duplex III and the various forms of
cisplatin : Three sets of reactions between duplex III and
either form of cisplatin were performed. The first two sets
were run in NaClO4 without the addition of buffer and were
heated at 25 �C for 18 and 64 hours, respectively. In each set
the duplex was reacted with: 1) freshly dissolved cisplatin;
2) a 0.01� solution of cisplatin, which had been stirred for 24 h
with 1 equivalent of AgNO3; and 3) a 0.01� solution of
cisplatin, which had been stirred for 24 h with 2 equivalents of
AgNO3. The final mixtures (pH 3.8) were approximately
0.2m� in the duplex, 0.1m� in platinum, and 0.1� in NaClO4.
Solutions 1) and 3) contained only 1 and 3, respectively, while
solution 2) was enriched with 2 and contained smaller
amounts of both 1 and 3.[32] At pH 3.8, only 2.6% of 3
dissociates to give 4 (pKa� 5.37),[33] therefore, the consump-
tion of 3 during the reaction with DNA should not signifi-
cantly affect the pH. The third set (carried out only with 1 and
3) contained a 0.01� phosphate buffer (pH 7) and was
incubated for 18 hours at 25 �C. At this pH the equilibrium
between 3 and 4 lies completely on the side of 4. The top
strand, which contained only the AG and GA sequences as
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Table 1. Optimized rate constants for the reactions between the complexes 2 and 3,
and the oligonucleotides I and II[a] (standard deviations in parentheses include
errors in concentration measurements).


Platination [��1 s�1]
k5�(2) k3�(2) k5�(3) k3�(3)


0.09(4) 0.11(3) 9.6(5) 1.7(1)


0.08(3) 0.19(6) 1.5(3) 9.0(10)


Aquation [10�5 s�1] Chelation [10�3 s�1]
k5�aq k3�aq k5�c k3�c


� 0.3 � 0.05 0.014(1) 1.3(1)


0.26(6) 0.65(2) 0.3(3) 0.08(1)


[a] Reference [4].
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reactive sites (all the adenines of the top strand were replaced
by 7-deazaadenine), was radioactively labeled, whereas the
bottom strand was unlabeled. Initial 20% polyacrylamide gel
electrophoresis (PAGE), allowed the fraction containing the
top strand covalently bound to one equivalent of platinum to
be separated from the unplatinated and diplatinated top
strands (Figure 2). The band with the monoplatinated top


Figure 2. Fractionation by 20% denaturing PAGE of the products of the
reactions between III and 1, 2, or 3, according to the number (0, 1, or 2) of
equivalents of platinum bound to the top strand of III. Only the top strand
was radiolabeled. Unreacted III was used as a control (left lane). The
reactants were incubated in 0.1� NaClO4 for 18 h at 25 �C and pH 3.8.


strand was cut from the gel and analyzed by the Maxam ±
Gilbert sequencing reaction for guanine (Figure 3).[34] Since
platinated guanines do not react with dimethyl sulfate,[35] the
decrease in intensity of the band corresponding to a given


Figure 3. Analysis of the monoplatinated top strand fraction from the
reaction between III and 1, 2, or 3 using 20% denaturing PAGE. The
reactants were incubated in 0.1� NaClO4 for 18 h at 25 �C and pH 3.8. The
unreacted top strand of III was used as a control. NT: non-treated sample;
™�∫: DMS/piperidine followed by NaCN treatment; ™�∫: piperidine alone
followed by NaCN treatment.


guanine residue (with respect to the unplatinated top strand)
can be used to calculate the percentage of platination at this
site. The results are summarized in Table 2. They show that
the AG/GA platination ratio varies between 1.5 and 2.8.
There is no apparent correlation between the AG/GA ratios
and the incubation conditions or the type of platinum complex
used. Thus, the differences probably reflect experimental
errors. We conclude that the discrimination between the AG
and GA sites of III is approximately 2, irrespective of the pH
or the nature of the platinating species.


The Maxam ± Gilbert sequencing method cannot, a priori,
distinguish between a monoadduct at G and a diadduct (AG
or GA chelate). According to Figure 1, a significant propor-
tion of monoadducts could still be present for GA after 18 h at
25 �C (corresponding to about 25 h at 20 �C), but after 64 h at
25 �C (corresponding to about 90 h at 20 �C), this fraction
should be considerably smaller. For AG, the proportion of
monoadducts should be much smaller after 18 h, and insig-
nificant after 64 h.[4] As the monoadducts on the adenine of
GA could not be quantified by our method, the AG/GA ratio
given in Table 2 may have been overestimated. However, the
presence of a significant amount of monoadducts is unlikely,
because between 18 and 64 h of incubation neither the
proportion of platinated species, nor the AG/GA ratio
changed. Furthermore, the percentages of cleavage inhibition
at AG and GA sites (Table 2) add up to, independently of the
incubation time, a value close to 100% (since the two values
are determined separately, their sum can exceed 100%),
which suggests that the amount of monoadducts was indeed
negligible. Moreover, digestion of the platinated strand with
3�-exonuclease stopped almost exclusively at G7 and A14
(Table 2), showing that the platination of G13 seen in the
Maxam ± Gilbert sequencing arises from a G13�A14 cross-
link.[36] All these observations indicate that the values given in
the last column of Table 2 correspond to the ratio of intra-
strand AG�Pt and GA�Pt cross-links.


It is conceivable that in the denaturing, chloride-free
conditions favorable for intrastrand chelation,[37] which were
used in the separation of the monoplatinated species (Fig-
ure 2), most of the remaining monoadducts formed the
intrastrand cross-link.


Discussion


The present results suggest that TGAT and TAGT sequences
of duplex DNA are platinated with comparable rates. Com-
plex 3 does not significantly discriminate between the GA and
AG groups of hairpins I and II, and displays approximately a
two-fold preference for AG over GA upon reaction with
duplex III. Complex 2 reacts with the AG guanine of I about
two times faster than with the GA guanine of II (as judged
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Table 2. Relative inhibition of DMS/piperidine cleavage [%] by the binding of
cisplatin and its aqua forms to III, and 3�-exonuclease stops at the AG and GA sites.


Incubation Complex AG GA AG/GA
conditions cleavage[a] 3�-exo stop cleavage[a] 3�-exo stop


18 h 25 �C 1 62 G7 29 A14 2.1
pH 3.8 2 65 nd[b] 25 nd[b] 2.6
0.1� NaClO4 3 56 G7 35 A14/G13 1.6


64 h 25 �C 1 61 G7 27 A14 2.2
pH 3.8 2 68 G7 35 A14 1.9
0.1� NaClO4 3 56 G7 20 A14 2.8


18 h 25 �C 1 59 G7 22 A14 2.7
pH 7.0 4 55 G7 36 A14 1.5
0.01� phosphate


[a] % cleavage intensity with respect to that observed for the unplatinated III at the
same site. [b] nd� not determined.
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from the average rate constants shown in Table 1); however,
global platination rates for the whole dinucleotide are, within
experimental error, equal. For the reaction of enriched 2 with
III at pH 3.8, the final ratio (about 2) observed between the
AG and GA cross-links does not reflect the selectivity of 2
alone since: 1) the initial solution contains a substantial
amount of 3 ;[32] and 2) a portion of 2 reacts with III by
hydrolysis to give 3. Nevertheless, since pure 3 favors AG over
GA by approximately 2:1 (vide supra), we can conclude that
the net discrimination between AG and GA for 2 is also close
to 2. The aqua ± hydroxo species 4, generated from 3 at pH 7,
shows an AG/GA discrimination of about 1.5. Finally,
reactions with freshly dissolved 1, which proceed by successive
hydrolysis to give 2, and either 3 (pH 3.8) or 4 (pH 7), also
yielded, independently of the incubation conditions, AG/GA
ratios of about 2.


We would like to caution that the platination ratio of about
2 :1 was determined for AG and GA sites flanked by T
residues, and cannot be directly compared with the number of
AG ± Pt and GA ± Pt crosslinks obtained from platination of
random DNA. Our results nevertheless clearly indicate that
GA sites of duplex DNA are attacked by cisplatin to a
significant extent.


Our finding that the reactivity of TAGT and TGAT sites
towards 2 differs at most by a factor of about two contrasts
with the recent NMR spectroscopy study reported by
Hambley, Berners-Price et al., in which a 20 ± 50-fold dis-
crimination was found, depending on the data treatment.[5, 38]


The discrepancy between their data and ours (Table 1)
prompted us to investigate the intramolecular competition
between AG and GA groups embedded in similar local
environments within duplex III, whereby potential errors
originating from a comparison of the results of two different
experiments would be eliminated. In addition, we also
examined the effects that changes in pH and incubation time
had on the balance between AG�Pt and GA�Pt cross-links.
Our findings confirmed the results obtained for hairpins I and
II. The reasons for the disagreement between our results and
those of Hambley, Berners-Price et al. are not yet clear.
However, it should be noted that Hambley et al. used the
same methodology to investigate the reactions of AG and GA
containing DNA duplexes with the diaqua complex 3,[38] and
reported similar platination rates for GA and AG sites, in
contrast to the large difference they observed with the
complex 2. Since we have recently found that the sequence
dependence of platination rates for 3 can be explained on the
grounds of steric and electrostatic factors,[29] it appears
unlikely that 2 and 3 would show such different selectivities.
Our present results, on the other hand, which indicate at most
a twofold TAGT over TGAT discrimination both for 2 and 3,
agree with our kinetic model.[29] We wish to point out that the
7-deazaadenines of the top strand of III were all at least three
nucleotides away from the AG and GA sequences; therefore,
the contribution of these ™unnatural∫ bases to the electro-
static potential at the reacting sites was negligible.


In light of our results, one may wonder why no GA cross-
links were found in a number of previous studies that
quantified cisplatin ±DNA adducts.[7±10, 13, 18, 39±42] Firstly, this
could be due to the extremely long-lived GA monoadducts


(Figure 1); as a result of the monoadducts slowly converting
into diadducts, a proportion of the GA adducts might have
been quantified as monoadducts in some of the assays.
Secondly, GA adducts were never specifically targeted.
Workers quantifying digested DNA fragments by HPLC or
FPLC usually verified the identity of the Pt�AG fraction
either by NMR spectroscopy,[9] digestion and subsequent
deplatination,[10] co-elution with an authentic dinucleotide
(p)ApG cross-linked with the platinum complex,[40, 42] or by
using monoclonal antibodies raised against cis-
[Pt(NH3)2(pApG)].[13, 39, 43] Unfortunately, checks with au-
thentic samples of cis-[Pt(NH3)2(pGpA)] or with antibodies
raised against this species were not carried out. Therefore,
GA cross-links may have escaped detection. Thirdly, exonu-
cleases and polymerases may bypass the GA diadducts more
efficiently than GG and AG diadducts; however, we believe
that this is unlikely. We have shown in this study that the 3�-
exonuclease phosphodiesterase I from crotalus adamanteus
stops at both AG and GA cross-links. As far as DNA
polymerases are concerned, Comess et al. have shown that
some polymerases do bypass GG and AG platinum cross-
links,[44] but the differences (up to 16%) were not sufficient to
prevent a particular kind of cross-link from being detected.
Lastly, the exonuclease and polymerase mapping experi-
ments, which used only one cycle of primer extension,[16±18]


were not as sensitive as the later PCR-based methods;[19±25]


and the fraction of GA cross-links present may have been
below the detection limit. In addition, heat used for denatu-
ration during the PCR cycles may have contributed to a
complete conversion of the monoadducts to diadducts.


The fact that GA sequences of DNA are significantly
attacked by cisplatin raises the question whether cisplatin ±
GA adducts could be of biological importance. Individual
GG�Pt and AG�Pt intrastrand cross-links have been shown
to have differential cytotoxic and mutagenic effects in
bacteria.[45±47] The biological effects of GA ± Pt corsslinks
may be again different. Unfortunately, since the GA ±Pt
crosslinks have so far been considered as nonexistent, their
effects in vivo have never been tested. The fact that GA
monoadducts are long-lived (Figure 1) means that they may
have a biological role of their own, for instance, by covalently
trapping repair proteins[48] or other cellular factors. We
believe that the cellular processing of Pt ±DNA adducts on
GA sequences merits further investigation.


Experimental Section


Starting materials : The oligonucleotides were synthesized as ammonium
salts by the group of T. Huynh-Dinh (Institut Pasteur, Paris) (I) and by
Eurogentec, Inc. (III). The purity of each compound was checked by HPLC
or by gel electrophoresis. Approximate concentrations were evaluated
photometrically by using an average molar absorption coefficient (�260nm) of
8000 ��1cm�1 per nucleotide. Cisplatin was kindly provided by Johnson ±
Matthey. For the kinetic experiments with I, the solutions of cis-
[PtCl(NH3)2(H2O)]� (2)[49] were prepared as described previously. Solu-
tions of cis-[Pt(NH3)2(H2O)2]2� (3) were prepared by dissolving cis-
[Pt(NO3)2(NH3)2][50] in water. For the reaction with III, the solutions of 2
and 3 were prepared by stirring cisplatin for 24 h at ambient temperature
with 1 and 1.99 equivalents of AgNO3, respectively. Solutions of cisplatin
were prepared either from a powder (0.05 mmol), which was sonicated with
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H2O (0.5 mL) for 15 min, or by dissolving the powder in dimethyl sulfoxide
(DMSO) (50 �L) and diluting the resultant solution with H2O (450 �L)
(The complexes were diluted a further 100 times in the reaction mixtures,
therefore, the final DMSO concentration was 0.1%.) The preparation with
DMSO was chosen to match the solution composition used in the initial
work by Fichtinger-Schepman et al.[7] . T4-Polynucleotide kinase and [�32P]-
adenosine 5�-triphosphate (ATP) were purchased from Pharmacia Biotech,
dimethylsulfate (DMS) and piperidine were bought from Sigma, and NaCN
was supplied by Merck.


Kinetic analysis of the reactions of I with 2 and 3 : The reactions were
performed in 0.1� NaClO4 at pH 4.5� 0.1, as described previously for II.[4]


To avoid diplatination of the oligonucleotide and formation of hydroxide
dimers, the reaction solutions were approximately 0.1m� in I and 0.02 ±
0.08m� in 2 or 3. HPLC analysis and calculation of the rate constants was
conducted in the same manner as described for II,[4] except that for the data
analysis we employed the SCIENTIST program.[55] In Scheme 1, the rate
constants kPtaq (1.8� 10�5 s�1) and kPtan (6.43� 10�2 ��1 s�1), as well as k5�an


and k3�an (7.5� 10�2 ��1 s�1) were kept fixed.[51] The reaction system that
involved 3 (bold arrows in Scheme 1) was first investigated separately in
chloride-free solution and the rate constants k5�(3), k3�(3), k5�c , and k3�c were
determined. The reaction between I and 2 was then examined, and the
concentration curves for the starting oligonucleotide, the final chelate, and
for the sums of chloro and aqua monoadducts for 5� and 3� were
determined. These last were used to optimize the rate constants k5�(2),
k3�(2), k5�aq, and k3�aq , while keeping the previously determined values for
k5�(3), k3�(3), k5�c, and k3�c fixed. The values given in Table 2 are weighted
averages over at least two experiments.


Reactions of III : The top strand of III was 5�-end-radiolabeled by using
polynucleotide kinase and [�32P]ATP, and was purified using 20% PAGE.
The 5�-end-radiolabeled top strand of III was then mixed with an excess of
non-radiolabeled material and annealed with the bottom strand either in
0.11� NaClO4 acidified by HClO4, or in 0.011� phosphate buffer (pH 7).
The solution containing III (18 �L, ca. 0.22m�) was then mixed with a 1m�
solution of the platinum complex (2 �L). The final reaction mixtures were
approximately 0.2m� in III, 0.1m� in platinum, and 0.1� in NaClO4, and
had either a pH of 3.8 (NaClO4) or 7 (0.01� phosphate buffer). The
reaction mixtures were incubated for 18 or 64 h at 25 �C.


The platinated oligonucleotides were separated by 20% denaturing PAGE
[7� urea, 0.088� Tris-Borate pH 8.3, 2 m� ethylenediaminetetraacetic
acid (EDTA)] at room temperature. After elution from the gel and ethanol
precipitation, the material from each band was treated with DMS and
piperidine, under Maxam ±Gilbert sequencing conditions,[35, 52] in order to
determine the amount of oligonucleotide platinated on G7 or G13. The
oligonucleotides were then deplatinated by being heated with 1� NaCN for
18 h at 37 �C, and the subsequent products were precipitated. After
migration on a 20% polyacrylamide gel, the various spots were quantified
by means of a dynamic molecular phosphorimager, and the data was
processed with Imagequant software. As the N7-platinated guanines were
no longer reactive with DMS, the relative platination rates could be
deduced from the reduced intensity of the spots which corresponded to
cleavage at G7 and G13.[34]


In order to determine the platinum-binding sites, the PAGE band which
contained the top strand complexed with 1 equivalent of platinum was
examined by 3�-exonuclease digestion, because 3�-exonuclease stops at
platinum monoadducts and chelates.[53] The monoplatinated products were
incubated in 10 m� Tris-HCl buffer pH 8.0 in the presence of MgCl2 (2m�)
and tRNA (0.5 mgmL�1), with the 3�-exonuclease phosphodiesterase I,
derived from crotalus adamanteus venom (0.023 ± 0.046 unitmL�1, Wor-
thington Biochemical Corporation), for 30 min at 37 �C. The digested
mixture was run on a 20% denaturing gel to afford two major fragments.
Each of them was eluted from the gel, precipitated, and deplatinated by 1�
NaCN for 18 h at 37 �C. After precipitation, the deplatinated fragments
were migrated on 20% denaturing gel, and their migrations were compared
to the migrations of the fragments that were obtained by partial digestion
of the starting oligonucleotide with 3�-exonuclease at 0.0015 unitmL�1.
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Selective Catalysts for Asymmetric Epoxidation and Cyclopropanation
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Abstract: We report the use of three
enantiomerically pure and electronically
tuned ruthenium carbonyl porphyrin
catalysts for the asymmetric cyclopropa-
nation and epoxidation of a variety of
olefinic substrates. The D4-symmetric
ligands carry a methoxy, a methyl or a
trifluoromethyl group at the 10-position
of each of the 9-[anti-(1,2,3,4,5,6,7,8-
octahydro-1,4:5,8-dimethanoanthra-
cene)]-substituents at the meso-posi-


tions of the porphyrin. Introduction of
a CF3-substituent in this remote position
resulted in greatly improved catalyst
stability, and turnover numbers of up
to 7500 were achieved for cyclopropa-
nation, and up to 14200 for epoxidation,


with ee values typically �90% and
�80%, respectively. In one example,
the axial CO ligand at the ruthenium
was exchanged for PF3, resulting in the
first chiral ruthenium porphyrin with a
PF3 ligand reported to date. In cyclo-
propanations with ethyl diazoacetate,
the latter catalyst performed exceed-
ingly well, and gave a 95% ee in the case
of 1,1-diphenylethylene as substrate.


Keywords: asymmetric catalysis ¥
cyclopropanation ¥ epoxidation ¥
porphyrins ¥ ruthenium


Introduction


In organic synthesis, asymmetric epoxidation and cyclopro-
panation are very useful transformations of the C�C double
bond, and a number of highly efficient and selective catalyst
systems have been developed for both reaction types.[1±3] In
recent years, the potential of ruthenium porphyrins in these
fields has become evident: For example, in 1996 Gross et al.
reported the first application of the chiral, tartaric acid-
derived ruthenium porphyrin 1a in asymmetric olefin epox-
idation, 58% ee were achieved with styrene as substrate.[4, 5]


This ruthenium porphyrin 1a was also tested in the asym-
metric cyclopropanation of styrene with ethyl diazoacetate by
Simonneaux et al. in 1998, and ee values up to 52% were
reported.[6, 7] Recently, further improvement resulted from
using the phenyl- (1b) and in particular the 3-chlorophenyl-
substituted catalyst 1c : Enantiomeric excesses up to 83%
were achieved in the epoxidation of 4-chlorostyrene, and total
turnover numbers reached up to �500 (epoxidation of trans-
�-methylstyrene).[8] In 1997, both we[9, 10] and the group of
Che[11] reported the synthesis of the chiral ruthenium carbonyl
porphyrin 2a, starting from the corresponding D4-symmetric
porphyrin first described by Halterman et al.[12] The latter


ruthenium porphyrin 2a turned out to be an extremely active
and selective catalyst for the asymmetric cyclopropanation of
styrenes with ethyl diazoacetate: For example, in our hands,
styrene (3) gave a quantitative yield of the corresponding
cyclopropanes with a trans/cis ratio of 96:4, and with an ee of
the trans-product 4a of 91% (at 0 �C; 87% ee at 25 �C;
Scheme 1).[10] More than 1000 catalyst turnovers could easily
be achieved.[9, 10] In catalytic epoxidation, the ruthenium
porphyrin 2a allowed the conversion of for example 1,2-
dihydronaphthalene (5) to its epoxide 6 in 77% ee
(Scheme 1).[10] Again, catalyst loadings were in the range of
0.1 mol%.
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We reasoned that electronic fine-tuning of the porphyrin
ligand of 2amight allow a further increase in catalyst stability,
that is total turnover numbers, and also in selectivity.[13] We
herein report the synthesis of a new generation of chiral
ruthenium porphyrins 2b ± d that carry either a methoxy, a
methyl or a trifluoromethyl group in the 10-position of the
9-[anti-(1,2,3,4,5,6,7,8-octahydro-1,4:5,8-dimethanoanthracene)]-
meso-substituents (X in 2b ± d), together with the catalytic
performance of these materials. As it turned out, in particular
the CF3 substitution improved the catalyst stability tremen-
dously, and total turnover numbers of up to 7500 were
achieved for cyclopropanation, and up to 14200 for epox-
idation, with ee values typically in the range �90% and
�80%, respectively. These catalyst stabilities are the best
reported ever in homogeneous cyclopropanation, especially
in epoxidation. Furthermore, the X-ray crystal structure and
remarkable catalytic activity of the first chiral Ru ± porphyrin
carrying an axial PF3-group instead of CO (2e) is also
reported.


Scheme 1. Asymmetric epoxidation and cyclopropanation with the chiral
ruthenium porphyrin 2a as catalyst. DCPNO: 2,6-dichloropyridine-N-
oxide.


Results and Discussion


Synthesis of the ruthenium porphyrin catalysts : As shown in
Scheme 2, we prepared the chiral Ru ± porphyrins 2a ± d by
ruthenium insertion into the porphyrin ligands 8a ±d by using
[Ru3(CO)12] as the metal source and refluxing phenol as the
solvent, a method described by us before.[9] The porphyrins
8a ±dwere prepared from the aldehydes 7a ± d by the Lindsey
method.[15]


Consequently, the synthetic approach as a whole hinges on
the availability of the aldehydes 7a ±d in enantiomerically
pure form. First, for the preparation of the methoxy- and
methyl-substituted aldehydes 7b and 7c in racemic form, the
benzaldehyde derivative rac-7a served as the starting material
(Scheme 3).[12] Dakin oxidation/methylation or catalytic hy-
drogenation afforded the anisol and toluene derivatives rac-
9b and rac-9c, respectively.[16] The formylation of the
intermediates rac-9b,c was performed according to Rieche,
using Cl2CH-OCH3 in the presence of SnCl4.[17] For the
separation of the enantiomers of rac-7a ± c, acetalization with


Scheme 2. Preparation of the chiral ruthenium porphyrins 2a ± d from the
aldehydes 7a ± d.


Scheme 3. Conversion of the unsubstituted aldehyde rac-7a to the
methoxylated and methylated aldehydes rac-7b and rac-7c. *): racemic
mixture.


(R,R)-hydrobenzoin,[18] fractional crystallization and hydrol-
ysis proved successful. By this method, aldehyde 7a was
obtained in 60% overall yield from the racemic mixture.[19, 20]


Similarly, this method provided methoxy aldehyde ent-7b in
28% yield, methylated aldehyde 7c (22%) and its enantiomer
ent-7c (52%).[20] The enantiomeric purities of the aldehyde
products were generally �99% (GC, HPLC). Furthermore,
the absolute configurations of aldehydes 7a, ent-7b, ent-7c
and 7d were established unambiguously by X-ray structural
analyses of the intermediate crystalline (R,R)-hydrobenzoin
acetals.[16] In the case of trifluoromethylated aldehyde 7d, a
number of unsuccessful attempts were made to introduce the
CF3 substituent at the aldehyde stage, or to formylate a
trifluoromethylated precursor. Finally, the sequence shown in
Scheme 4 proved to be the most efficient one: First, themeso-
precursor 10[12] was iodinated to rac-11, followed by a
Rieche formylation to afford the iodo aldehyde rac-12 in
56% overall yield. When treated with (R,R)-hydrobenzoin in
the presence of PPTS, this material afforded 98% of the
diastereomeric acetals 13a and 13b. The copper-catalyzed
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trifluoromethylation of 13a,b with CF3-TMS[21] proceeded
smoothly and with an excellent yield of 14a,b (96%). Finally,
the separation of 14a by crystallization and hydrolysis
afforded the enantiomerically pure (�99%) aldehyde 7d.
Again, the absolute configuration of the aldehyde 7d was
established by X-ray crystallography of the acetal 14a.[16] As
summarized in Scheme 2, both the porphyrin synthesis and
the ruthenium insertion proceeded smoothly.


Scheme 4. Preparation of the trifluoromethylated aldehyde 7d from the
octahydro-bis-methano-anthracene 10. *): racemic mixture; a) PhI(OAc)2,
I2; b) SnCl4, Cl2CHOCH3; c) (R,R)-hydrobenzoin, PPTS; d) CF3-TMS,
CuI, KF; e) aq. HCl, (CH2O)n.


The X-ray crystal structure of the enantiomerically pure
tetrakis-trifluoromethylated ruthenium porphyrin 2d is
shown in Figure 1a. As expected from other crystal structures
of Ru ±porphyrins,[11] a CO molecule occupies one of the
(homotopic) axial positions of the Ru ± porphyrin, whereas a
molecule of the solvent methanol is coordinated to the other.
Furthermore, Figure 1a nicely demonstrates the ™chiral rim∫
on both perimeters of the porphyrin, composed of the
methano and ethano bridges of the meso-substituents.


For the generation of the ruthenium±PF3 ± porphyrin 2e,
treatment of CO±porphyrin 2a with PF3 at atmospheric
pressure resulted in quantitative conversion. The X-ray
crystal structure of this novel chiral Ru ± porphyrin is shown
in Figure 1b. Again, one of the axial positions at the
ruthenium ion is occupied by the PF3 ligand, whereas the
other one is occupied by a solvent molecule, in this case
acetonitrile.


Catalytic asymmetric cyclopropanation : A screening of
various types of olefins (i.e., terminal, E- and Z-di- and
trisubstituted, etc.) revealed that terminal olefins are the
substrates of choice for the ruthenium porphyrin catalysts
presented here. Our results obtained in the asymmetric
cyclopropanation of various terminal olefins with ethyl
diazoacetate in the presence of the catalysts 2a ± d and 2e
are summarized in Table 1. Generally, 0.1 mol% of catalyst
(relative to olefin) were employed, and a slight excess of the
diazoacetate (1.1 equiv). We generally found that the trans-
cyclopropanes are formed preferentially. With styrene (3) as


Figure 1. X-ray crystal structure of the ruthenium porphyrin a) 2d and
b) chiral ruthenium-PF3-porphyrin 2e. a) The upper axial coordination site
is occupied by a CO molecule, whereas the lower one carries a methanol
molecule. b) The upper axial coordination site is occupied by a PF3 mo-
lecule, whereas the lower one carries an acetonitrile molecule.


substrate, trans/cis ratios are generally better than 95:5, and
enantiomeric excesses of the trans-product reached up to
93%. The latter result (Table 1, entry 7) was achieved with the
tetrakis-CF3-substituted catalyst 2d and represents the best ee
value achieved so far in the Ru ±porphyrin catalyzed asym-
metric cyclopropanation of styrene.[8, 22] The determination of
the total turnover numbers of the Ru ±porphyrins ent-2c and
2d revealed that these catalysts perform 5500 and 7200
cyclopropanation cycles, respectively. Overall, the tetrakis-
CF3-substituted Ru ± porphyrin 2d performs best (Table 1,
entries 6,7).


With �-methylstyrene as substrate, the trans-selectivity of
the Ru ± porphyrins 2a ± e is somewhat less pronounced.
Nevertheless, enantiomeric excesses of the trans-products
were generally �90%. Again, the tetrakis-CF3-substituted
Ru ± porphyrin 2d showed the best catalytic activity, with
basically quantitative conversion of the substrate olefin within
5 h at 25 �C (Table 1, entry 12). As expected, a further increase
in enantioselectivity (up to 94%) was achieved by lowering
the reaction temperature (�18 �C; Table 1, entry 14).


In the case of styrene as substrate, the absolute config-
urations of the product cyclopropanes could readily be
assigned based on literature data.[25] However, no such data
appeared to be available for the cyclopropanation products of
�-methylstyrene. We therefore analyzed the corresponding
cyclopropane configurations as follows. First, the mixture of
stereoisomers obtained from a [Cu(acac)2]-catalyzed cyclo-
propanation of �-methylstyrene with ethyl diazoacetate was
separated into the racemic mixtures of the trans- and cis-
isomers by preparative HPLC on silica gel. The individual
enantiomers were then obtained by preparative HPLC on
Chiralpak AD, and all four stereoisomeric cyclopropane
esters were converted to the (S)-phenethylamides. One of the
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diastereomeric phenethylamides of both the trans-and the cis-
cyclopropanes was analyzed by X-ray crystallography. By this
procedure, two X-ray crystal structures allowed the assign-
ment of all four of the cyclopropane absolute configurations
(see Experimental Section).


Our results obtained with 1,1-diphenylethylene as substrate
are summarized in entries 15 ± 20 of Table 1. Among the
carbonyl complexes 2a ± d, again the tetrakis-CF3-substituted
Ru ± porphyrin 2d performed best, both in terms of rate and
enantioselectivity. However, it is interesting to note that the
ruthenium±PF3 ± porphyrin 2e (Table 1, entries 19, 20) shows
characteristics significantly different from its CO counterpart
(Table 1, entry 15): Whereas the reaction rate of the PF3-


complex 2e is about one half of that of the CO-complex 2a,
the enantioselectivity of the former catalyst is significantly
higher (94 vs 77%: Table 1, entries 15, 19). In the case of the
2a, we could show both by NMR- and in situ IR spectroscopy
that addition of diazo acetate resulted in rapid loss of the
CO ligand and formation of the carbene complex.[23] We
therefore assume that in the case of 2e, the phosphine ligand
does not dissociate, and that a pseudo-octahedral ruthenium
species acts as a carbene carrier (as opposed to a five-
coordinated Ru complex in the case of 2a).[10, 23] This assump-
tion is in accord with the known higher stability of other
(achiral) Ru ± porphyrin complexes of PF3 compared with
their CO analogues.[24]
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Table 1. Catalytic cyclopropanation of olefins with ethyl diazoacetate.[a]


Olefin Catalyst T [�C] Conversion of
olefin [%][c]


trans/cis (% de)[c] ee trans [%][c] ee cis [%][c]


1 2a 25 80 96:4 (92) 87 (1S,2S) 14 (1S,2R)


2 ent-2a 0 [b] 95:5 (90) 91 (1R,2R) 27 (1R,2S)
3 ent-2b 25 81 96:4 (92) 90 (1R,2R) 31 (1R,2S)
4 ent-2c 25 83 96:4 (92) 89 (1R,2R) 11 (1R,2S)
5 ent-2c 0 72 98:2 (96) 92 (1R,2R) 19 (1R,2S)
6 2d 25 94 97:3 (94) 89 (1S,2S) � 1
7 2d 0 70 96:4 (92) 93 (1S,2S) 7 (1S,2R)
8 2e 25 81 96:4 (92) 87 (1S,2S) 14 (1S,2R)


9 2a 25 79 66:34 (32) 90 (1S,2S) 38 (1S,2R)


10 ent-2b 25 76 68:32 (36) 91 (1R,2R) 43 (1R,2S)
11 ent-2c 25 81 67:33 (34) 91 (1R,2R) 46 (1R,2S)
12 2d 25 � 98 69:31 (38) 91 (1S,2S) 36 (1S,2R)
13 2e 25 78 66:34 (32) 90 (1S,2S) 38 (1S,2R)
14 2e � 18[d] 73 73:28 (45) 94 (1S,2S) 53 (1S,2R)


15 2a 25 91 ± 77 (S)


16 ent-2b 25 76 ± 77 (R)
17 2c 25 86 ± 76 (S)
18 2d 25 98 ± 82 (S)
19 2e 25 56 ± 94 (S)
20 2e � 18[d] 18 ± 95 (S)


21 2a 25 20 86:14 (72) 46 (1S,2S) 9[e]


22 ent-2b 25 15 85:15 (70) 40 (1R,2R) � 2[e]


23 ent-2c 25 20 82:18 (64) 39 (1R,2R) � 2[e]


24 2d 25 30 85:15 (70) 46 (1S,2S) 4[e]


25 2e 25 42 99.5:0.5 (99) 82 (1S,2S) 6[e]


26 2e 25 98 70:30 (40) 83[e] 43[e]


27 2e � 18[d] 85 62:38 (24) 76[e] 20[e]


[a] Typical reaction conditions: substrate olefin/DAE/catalyst 1000:1100:1 in 1,2-dichloroethane; DAE was added over a period of 5 h by means of a syringe
pump. [b] Styrene/DAE/catalyst 1000:660:1; DAE was added over a period of 2 h by means of a syringe pump; olefin conversion based on DAE consumed
was quantitative. [c] Conversions and ratios of stereoisomers were determined by capillary GC as described in the Supplement. Relative and absolute
configurations were determined as described in the text. [d] Catalyst loading was 0.2 mol% relative to olefin. [e] Absolute configuration not determined.
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Entries 21 ± 27 of Table 1 summarize our evaluation of the
catalysts 2a ± e in the asymmetric cyclopropanation of non-
conjugated terminal olefins (1-octene, entries 21 ± 25) and
enol ethers (�-trimethylsiloxystyrene, entries 6, 27). Whereas
all CO-complexes (2a ±d) afforded trans/cis ratios in the
range of 85:15 and only moderate ee values (39 ± 46%) in the
case of 1-octene, almost perfect diastereoselectivity (trans/cis
99.5:0.5) resulted from the use of the PF3 ± porphyrin 2e, with
an ee of the trans-cyclopronane of 82% (Table 1, entry 25).
This result again indicates that the carbene carriers generated
from the porphyrins 2a (axial CO) and 2e (axial PF3) are not
identical, that is the PF3 ligand remains bound to the
ruthenium ion. Finally, in the case of �-trimethylsiloxystyrene,
the Ru ±PF3 catalyst afforded a trans/cis-ratio of about 2:1,
and moderate ee values of �80% (Table 1, entries 26, 27).
Please note that with this particular substrate, the diastereo-
and enantioselectivities decrease when the reaction temper-
ature is lowered from 25 to �18 �C.


Our results obtained with phenyl diazomethane as the
carbene source and with styrene (entry 1) and �-methylstyr-
ene (entry 2) as substrates are summarized in Table 2.
Whereas the trans/cis selectivities are only moderately in
favor of the trans-diastereomers in both cases, the trans-
cyclopropane from �-methylstyrene was formed with excel-
lent enantioselectivity (96% ee).


Finally, for the determination of the total turnover number
(TTN), one equivalent of the ruthenium porphyrin catalysts
ent-2c and 2d was exposed to a mixture of 10000 equiv
styrene and 16250 equiv ethyl diazoacetate in 1,2-dichloro-
ethane at room temperature. Again, the CF3-substituted
catalyst 2d proved best: After 72 h, 75.2% of the olefin were
converted to cyclopropane(s), that is 7520 catalyst turnovers
had occurred.


Catalytic asymmetric epoxida-
tion : Our results obtained in
epoxidation catalysis are sum-
marized in Table 3. We em-
ployed the so-called Hirobe -
conditions, that is 2,6-dichloro-
pyridine N-oxide (2,6-
DCPNO) as the oxygen donor
(1.1 equiv relative to olefin) in
benzene at room tempera-
ture.[26] Typically, catalyst load-
ings of 0.1 mol% (relative to
olefin) were used. We were
delighted to see that styrene
(3) was epoxidized at a turn-
over rate of almost 400h�1, and
with �80% enantiomeric ex-
cess. These results were ach-
ieved with the trifluoromethy-
lated catalyst 2d (Table 3, en-
try 3).


For the determination of the
total turnover number (TTN),
one equivalent of the rutheni-
um porphyrin catalyst 2d was


exposed to a mixture of 30000 equiv styrene and 33000 equiv
2,6-DCPNO in benzene at room temperature. Again, the CF3-
substituted catalyst 2d proved best: The epoxidation finally
stalled at 47.3% conversion of olefin to epoxide, that is 14200
catalyst turnovers had occurred. We attribute the outstanding
stability of the catalyst 2d to the electron withdrawing effect
of the four CF3 substituents. In other words, the general
competition of oxygen transfer versus oxidative destruction of
the catalyst is shifted in favor of the former. By the same
token, the higher electrophilicity of the oxygen donor (i.e.,
Ru-oxo species) results in higher turnover rates. With 1,2-
dihydronaphthalene as substrate (Table 1, entries 4 ± 8), up to
83% ee were observed. In the case of the non-conjugated
olefin 1-octene (Table 1, entries 9 ± 12), the turnover frequen-
cy became fairly low (ca. 2h�1), and the enantiomeric excesses
of the product epoxides dropped to less than 40%. Obviously,
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Table 2. Cyclopropanation of styrene and �-methylstyrene with phenyl
diazomethane, using the ruthenium porphyrin 2e as catalyst.[a]


Olefin Conversion trans/cis ee trans ee cis
of olefin [%][b] (% de)[b] [%][b] [%][b]


1 6 51:49 (2) 72 (1R,2R) ±


2 45 83:17 (66) 96 (n.d.) 34 (n.d.)


[a] Typical reaction conditions: substrate olefin/phenyl diazomethane/
catalyst 500:800:1 in 1,2-dichloroethane at 25 �C. [b] See footnote [c] of
Table 1.


Table 3. Catalytic asymmetric epoxidation of olefins using 2,6-dichloropyridineN-oxide (2,6-DCPNO) as oxygen
donor.[a]


Olefin Catalyst Reaction Yield of Turnover ee of
time [h] epoxide [%][b] frequency [h�1] epoxide [%][c]


1 ent-2b 2.5 82[d] 328 76 (R)


2 ent-2c 2.5 78[d] 312 76 (R)
3 2d 2.5 97[d] 388 79 (S)


4 2a[e] 48 85 ± 71 (1R,2S)


5 ent-2b 7.5 66[f] 88 80 (1S,2R)
6 2c 7.5 63[f] 85 77 (1R,2S)
7 ent-2c 7.5 70[f] 94 78 (1S,2R)
8 2d 7.5 89[f] 118 83 (1R,2S)


9 2a 45 10 2 21 (R)


10 ent-2b 45 8 2 36 (S)
11 2c 45 9 2 22 (R)
12 2d 45 16 4 18 (R)


[a] Typical reaction conditions: substrate olefin/2,6-DCPNO/catalyst 1000:1100:1 in benzene, room temperature.
[b] Yield of epoxide determined by capillary GC, using bromobenzene or 1,2-dibromobenzene as internal
standard. [c] ee determined by capillary GC as described in the Experimental Section. [d] After 20 h, an epoxide
yield� 98% was observed. [e] Chromatographically purified material. [f] After 70 h, an epoxide yield� 98% was
observed.
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electron-rich olefins are the substrates of choice for our
ruthenium±porphyrin catalysts.


We routinely purified our ruthenium±porphyrins by re-
crystallization prior to use as catalysts. In one case (Table 3,
entry 4), we employed the catalyst 2a without recrystallisa-
tion, that is chromatographically pure material. As shown in
Table 3, this catalyst required about six-fold longer reaction
times. The time course of this reaction showed the typical lag
phase, also reported by Groves et al. (data not shown).[27] It
has been proposed that the lag phase is due to oxidative
catalyst activation. On the other hand, our observation
suggests that oxidative removal of some inhibitory impuri-
ty–which is no longer present in recrystallized material–
may as well account for the induction period.


Conclusion


In summary, we have synthesized a new and electronically
tuned generation of ruthenium porphyrin catalysts and have
shown their outstanding performance in cyclopropanation
and epoxidation. Clearly, fourfold introduction of the electron
withdrawing CF3 substituent provides the most reactive (i.e.,
electrophilic) catalyst. Besides impressive enantioselectivities,
the latter ruthenium porphyrin 2d is unmatched with respect
to catalyst stability, that is total turnover numbers achieved.


Experimental Section


General : Optical rotations were measured at 589 nm using a Propol
polarimeter (Dr. W. Kernchen) from Optik-Elektronik-Automation, or a
Perkin ±Elmer polarimeter 343plus. In HPLC analysis, the sense of optical
rotation was determined using the Chiralizer instrument from IBZ
Messtechnik GmbH. Analytic HPLC data were obtained using a Merck
Hitachi L-6200A intelligent pump with Merck L-7000 interface, L-7250
autosampler, L-7300 column oven, L-7100 pump, L-4500 diode array
detector and D7000 HSM software V3.1. The following columns have been
used for analytical HPLC separation: LiChroSpher Si60 (Merck, 5 �m,
250� 4 mm); Chiralpak AD (Daicel, 5 �m, 250� 4.6 mm); Supersphere 60
RP-Select B (Merck, 5 �m, 125� 4 mm); Chiralcel OJ-R (Daicel, 5 �m,
150� 4.6 mm). Preparative HPLC separations were performed using a
Merck NovaPrep 200 pump with L-7400 UV detector and TurboPrep
software V2.41. The following columns have been used for preparative
HPLC separation: LiChroSorb Si60 (Merck, 12 �m, 25� 5 cm); Chiralpak
AD (Daicel, 20 �m, 50� 5 cm). Analytical and preparative HPLC separa-
tions were carried out at 25 �C. Capillary GC data were obtained using a
Hewlett-Packard HP 6890 Series GC System with flame ionization detector
and HP-ChemStation software revised version A.05.01. The following
columns have been used for analytical GLC separation: HP-1, Hewlett-
Packard, crosslinked methyl silicon gum, 25 m, nitrogen as carrier gas; �-
CD1, Macherey-Nagel, heptakis-(2,6-di-O-methyl-3-O-pentyl)-�-cyclodex-
trin, 25 m, He as carrier gas; CB1, Chrompak, Chirasil-Dex CB, 25 m, He as
carrier gas. GC analysis with a mass sensitive detector was performed using
a Hewlett ± Packard HP 6890 Series GC System with a HP 5973 detector,
HP-ChemStation software G1701 AA V3.0 and a Hewlett Packard HP-5
crosslinked silicon gum column, 25 m, He as carrier gas. High resolution
mass spectroscopy (HR-MS) was carried out on a Finnigan MAT 900S
instrument with ES ion source and PEG as reference substances. Nuclear
magnetic resonance spectra were recorded on Bruker AC250, AC300,
DPX300 or DRX500 instruments. The chemical shift � (ppm) is referenced
against the solvent signal, the multiplicity is recorded as follows: br s (broad
singlet), s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet),
coupling constants in Hz. The assignment of the signals is based on 2-D
experiments. Infrared spectra (IR) were obtained on a Perkin ±Elmer 1600


Series FT-IR and a Perkin ±Elmer 1000 Paragon FT-IR instrument with
Spectrum V. 1.5 software, the intensity of the absorptions are reported as
follows: w (weak), m (medium), s (strong). Elemental analysis was
performed using an Elementar CHN-Analysator Vario EL instrument.
X-ray structures were obtained using a Nonius Kappa CCD instrument
with Denzo software. The structural calculations were performed with
ShelXS86 and refined with ShelXL93 software. Melting points were
obtained in open capillary tubes and are corrected.


Solvents and reagents for the catalytic studies were purchased from Fluka
AG and used as received. Solvents for the analytical HPLC were purchased
from Rathburn Chemicals or Acros Chemicals, and used as received.
Solvents for flash chromatography or preparative HPLC were dried and
distilled according to standard procedures. �-Trimethylsiloxystyrene[28] and
phenyldiazomethane[29] were prepared according to the literature proce-
dures.


General procedure a) for the catalytic cyclopropanation of olefins with
ethyl diazoacetate and the ruthenium porphyrin catalysts 2a ± e at 25 �C
(0 �C): A 15 mL Schlenk tube was charged with the catalyst (315 nmol,
1 equiv, see Table 4), the olefin (315 �mol, 1000 equiv) and dry 1,2-
dichloroethane (2 mL) under an argon atmosphere. A solution of ethyl
diazoacetate (36 �L, 40 mg, 347 �mol, 1100 equiv) in dry 1,2-dichloro-
ethane (2 mL) was added continuously while stirring at 25 �C (0 �C) within
5 h by means of a syringe pump. After the addition was complete,
bromobenzene or 1,2-dibromobenzene (internal standard, 315 �mol,
1000 equiv) was added and a small sample of the crude product was
analyzed by GC or HPLC.


General procedure b) for the catalytic cyclopropanation of olefins with
ethyl diazoacetate and the ruthenium porphyrin catalyst 2e at �18 �C : A
15 mL Schlenk tube was charged with the catalyst 2e (840 �g, 630 nmol,
1 equiv), the olefin (315 �mol, 500 equiv) and dry 1,2-dichloroethane
(2 mL) under an argon atmosphere. A solution of ethyl diazoacetate
(36 �L, 40 mg, 347 �mol, 550 equiv) in dry 1,2-dichloroethane (2 mL) was
added continuously while stirring at �18 �C within 5 h by means of a
syringe pump. After the addition was complete, bromobenzene or 1,2-
dibromobenzene (internal standard, 315 �mol, 500 equiv) was added and a
small sample of the crude product was analyzed by GC or HPLC.


General procedure c) for the determination of the total turnover number of
the catalytic cyclopropanation of styrene with ethyl diazoacetate and the
ruthenium porphyrin catalysts : A 25 mL Schlenk flask was charged with
the catalyst (666 nmol, 1 equiv), styrene (759 �L, 687 mg, 6.66 mmol,
10000 equiv) and dry 1,2-dichloroethane (5 mL) under an argon atmos-
phere. A solution of ethyl diazoacetate (1.138 mL, 1.235 g, 10.82 mmol,
16250 equiv) in dry 1,2-dichloroethane (15 mL) was added continuously
while stirring at 25 �C within 3 d by means of a syringe pump. After the
addition was complete, bromobenzene (internal standard, 300 �L, 447 mg,
2.85 mmol, 4278 equiv) was added and a small sample of the crude product
was analyzed by GC.


General procedure d) for the catalytic cyclopropanation of olefins with
phenyl diazomethane and catalyst 2e : A 15 mL Schlenk tube was charged
with catalyst 2e (0.82 mg, 630 nmol, 1 equiv), the olefin (315 �mol,
500 equiv) and dry 1,2-dichloroethane (2 mL) under an argon atmosphere.
A solution of phenyl diazomethane (60 mg, 504 �mol, 800 equiv) in dry 1,2-
dichloroethane (2 mL) was added continuously while stirring at 25 �C
within 5 h by means of a syringe pump. After the addition was complete,
dibromobenzene or dibenzyl ether (internal standard, 315 �mol, 500 equiv)
was added and a small sample of the crude product was analyzed by GC.


General procedure e) for the catalytic cyclopropanation of olefins with
[Cu(acac)2] as catalyst : A Schlenk tube was charged with the olefin,
[Cu(acac)2] (5.2 mg per mmol olefin, 4 mol%) and dry 1,2-dichloroethane
(1 mL per mmol olefin) under an argon atmosphere. A solution of the diazo
compound (1.1 equiv) in dry 1,2-dichloroethane (5 mL) was added


Chem. Eur. J. 2003, 9, 4746 ± 4756 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4751


Table 4. Catalyst loadings used for the cyclopropanation reactions.


Catalyst 2a 2b 2c 2d 2e


mass [�g]
(315 nmol) 400 438 418 486 420
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continuously while stirring at 25 �C within 15 h by means of a syringe pump.
After the addition was complete, the solvent was removed by rotary
evaporation, and the crude products were purified by Kugelrohr distillation
under reduced pressure.


General procedure f) for the amidation of the ethyl cyclopropanecarbox-
ylates with (S)-(�)-1-phenylethylamine : A 50 mL Schlenk tube was
charged with a solution of (S)-(�)-1-phenylethylamine (496 mg, 3.9 mmol,
5.0 equiv) in absolute n-hexane (10 mL) under an argon atmosphere. To the
stirred solution, 1.6� n-butyllithium (2.2 mL, 3.5 mmol, 4.5 equiv) in
absolute n-hexane (5 mL) was added dropwise at �78 �C. After 30 min, a
solution of the ethyl cyclopropanecarboxylate (0.78 mmol, 1.0 equiv) in dry
n-hexane (10 mL) was added, and the stirred suspension was allowed to
reach room temperature overnight. Saturated aqueous ammonium chloride
solution (10 mL) was added. The organic layer was separated, and the
aqueous layer was extracted with n-hexane (2� 10 mL). The combined
organic phases were washed with saturated sodium bicarbonate solution
(2� 10 mL), water (10 mL), and dried over Na2SO4. After filtration, the
solution was concentrated to a volume of a few mL. The desired amides
crystallized within a few days at 4 �C. The purity of the product was checked
by analytical HPLC.


General procedure g) for the catalytic epoxidation of olefins with 2,6-
dichloropyridine-N-oxide and the ruthenium porphyrin catalysts 2a ± d : A
15 mL Schlenk flask was charged with the catalyst (315 nmol, 1 equiv, see
Table 5), the olefin (315 �mol, 1000 equiv), 1,2-dibromobenzene (internal
standard, 74 mg, 38 �L, 315 �mol, 1000 equiv) and dry benzene (2 mL)
under an argon atmosphere. 2,6-Dichloropyridine-N-oxide (55 mg,
347 �mol, 1100 equiv) was added. The solution was stirred at 25 �C, until
no further conversion of the olefin could be observed by GC analysis.


General procedure h) for the determination of the total turnover number
of the catalytic epoxidation of styrene with 2,6-dichloropyridine-N-oxide
and the ruthenium porphyrin catalysts : A 5 mL Schlenk flask was charged
with the catalyst (314.4 nmol, 1 equiv), styrene (982 mg, 1.084 mL,
9.432 mmol, 30000 equiv), 1,2-dibromobenzene (internal standard,
743 mg, 380 �L, 3.151 mmol, 10022 equiv) and dry benzene (2 mL) under
Ar. 2,6-Dichloropyridine-N-oxide (1.701 g, 10.375 mmol, 33000 equiv) was
added. The mixture was stirred at 25 �C, until no further conversion of the
olefin could be observed by GC analysis.


Asymmetric cyclopropanation, GC- and HPLC analysis


Cyclopropanation of styrene with ethyl diazoacetate : GC-column CB1,
helium 1.2 mLmin�1 (constant flow modus), injector 250 �C (pulsed split
modus), detector (FI 250 �C, oven: 80 �C; 5 �Cmin�1 114 �C (40 min),
5 �Cmin�1 120 �C (1 min), 20 �Cmin�1 160 �C (2 min):


styrene �R� 3.4 min


1,2-dibromobenzene �R� 10.5 min


(1S,2R)-ethyl 2-phenylcyclopropanecarboxylate �R� 35.3 min


(1R,2S)-ethyl 2-phenylcyclopropanecarboxylate �R� 38.5 min


(1R,2R)-ethyl 2-phenylcyclopropanecarboxylate �R� 39.7 min


(1S,2S)-ethyl 2-phenylcyclopropanecarboxylate �R� 41.0 min


Cyclopropanation of �-methylstyrene with ethyl diazoacetate : GC-column
CB1, helium 1.3 mLmin�1 (constant flow modus), injector 250 �C (pulsed
split modus), detector (FID) 250 �C, oven: 80 �C; 5 �Cmin�1 110 �C
(30 min), 5 �Cmin�1 120 �C (5 min), 20 �Cmin�1 160 �C (2 min):


�-methylstyrene �R� 3.4 min


1,2-dibromobenzene �R� 10.5 min


(1R,2S)-ethyl 2-methyl-2-phenylcyclopropanecarboxylate �R� 29.2 min


(1S,2R)-ethyl 2-methyl-2-phenylcyclopropanecarboxylate �R� 31.3 min


(1S,2S)-ethyl 2-methyl-2-phenylcyclopropanecarboxylate �R� 36.6 min


(1R,2R)-ethyl 2-methyl-2-phenylcyclopropanecarboxylate �R� 37.6 min


Cyclopropanation of 1,1-diphenylethylene with ethyl diazoacetate : GC-
column CB1, helium 1.2 mLmin�1 (constant flow modus), injector 250 �C
(pulsed split modus), detector (FID) 250 �C, oven: 80 �C; 5 �Cmin�1 115 �C
(10 min), 5 �Cmin�1 125 �C (10 min), 20 �Cmin�1 140 �C (5 min), 20 �Cmin�1


160 �C (5 min):


1,2-dibromobenzene �R� 10.4 min


1,1-diphenylethylene �R� 30.3 min


(1R��(1S��ethyl 2,�-diphenylcyclopropanecarboxylate �R� 40.0 min.


analytical HPLC-column Chiralcel OJ-R, isopropanol/acetonitrile/water
75:10:15 (0.4 mLmin�1), UV/Vis array detector and optical rotation
detector (Chiralyser), tR based on Chiralyser detection:


(�)-(1R)-ethyl 2,2-diphenylcyclopropanecarboxylate �R� 15.8 min


(�)-(1S)-ethyl 2,2-diphenylcyclopropanecarboxylate �R� 24.6 min


Cyclopropanation of 1-octene with ethyl diazoacetate : GC-column CB1,
helium 1.2 mLmin�1 (constant flow modus), injector 250 �C (pulsed split
modus), detector (FID) 250 �C, oven: 80 �C, 5 �Cmin�1 95 �C (55 min),
5 �Cmin�1 120 �C (5 min), 20 �Cmin�1 160 �C (2 min):


1-octene �R� 1.7 min


1,2-dibromobenzene �R� 18.1 min


cis-ethyl 2-(n-hexyl)-cyclopropanecarboxylate �R� 51.3 min


(cis major enantiomer obtained in catalysis with (1S)-configurated Ru ±
porphyrins)


cis-ethyl 2-(n-hexyl)-cyclopropanecarboxylate �R� 54.0 min


(cis major enantiomer obtained in catalysis with (1R)-configurated Ru ±
porphyrins)


(1R,2R) ethyl 2-(n-hexyl)-cyclopropanecarboxylate �R� 57.6 min


(1S,2S) ethyl 2-(n-hexyl)-cyclopropanecarboxylate �R� 58.7 min


Cyclopropanation of �-trimethylsiloxystyrene with ethyl diazoacetate : GC-
column �-CD1, helium 100 kPa (constant pressure modus), injector 200 �C
(split modus), detector (FID) 200 �C, oven: 76 �C:


�-trimethylsiloxystyrene �R� 11.3 min


1,2-dibromobenzene �R� 17.7 min


(�)-cis-ethyl 2-trimethylsiloxy-cyclopropanecarboxylate �R� 332.1 min


(cis major enantiomer obtained in catalysis with (1R)-configurated
Ru ± porphyrins)


(�)-cis-ethyl 2-trimethylsiloxy-cyclopropanecarboxylate �R� 362.8 min


(cis major enantiomer obtained in catalysis with (1S)-configurated
Ru ± porphyrins)


(�)-trans-ethyl 2-trimethylsiloxy-cyclopropanecarboxylate �R� 430.9 min


(trans major enantiomer obtained in catalysis with (1R)-configurated
Ru ± porphyrins)


(�)-trans-ethyl 2-trimethylsiloxy-cyclopropanecarboxylate �R� 441.7 min


(trans major enantiomer obtained in catalysis with (1S)-configurated
Ru ± porphyrins)


Cyclopropanation of styrene with phenyl diazomethane : GC-column CB1,
helium 1.4 mLmin�1 (constant flow modus), injector 250 �C (pulsed split
modus), detector (FID) 250 �C, oven: 80 �C (3 min), 10 �Cmin�1 123 �C
(73 min), 10 �Cmin�1 150 �C (5 min), 20 �Cmin�1 200 �C (2 min):


styrene �R� 4.0 min


cis-1,2-diphenylcyclopropane �R� 45.0 min


dibenzyl ether �R� 60.6 min


(1S,2S)-1,2-diphenylcyclopropane �R� 74.7 min


(1R,2R)-1,2-diphenylcyclopropane �R� 75.9 min


Analytical HPLC-column Chiralpak AD, UV/Vis-array-detector and
optical rotation detector (Chiralyser); before each run, the column was
flushed with n-hexane/isopropanol 9:1 (0.7 mLmin�1); 7 min before sample
injection, the solvent was switched to pure n-hexane (0.7 mLmin�1),
retention times are based on Chiralyser detection:


(�)-(1R,2R)-1,2-diphenylcyclopropane �R� 7.4 min


(�)-(1S,2S)-1,2-diphenylcyclopropane �R� 9.8 min


Cyclopropanation of �-methylstyrene with phenyl diazomethane : GC-
column �-CD1, helium 100 kPa (constant pressure modus), injector 200 �C
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(split modus), detector (FID) 200 �C, oven: 80 �C (5 min), 20 �Cmin�1


108 �C


�-methylstyrene �R� 2.3 min


1,2-dibromobenzene �R� 8.5 min


(�)-cis-1-methyl-1,2-diphenylcyclopropane �R� 36.1 min


(cis major enantiomer obtained in catalysis with (1R)-configurated
Ru ± porphyrins)


(�)-cis-1-methyl-1,2-diphenylcyclopropane �R� 40.4 min


(cis major enantiomer obtained in catalysis with (1S)-configurated
Ru ± porphyrins)


(�)-trans-1-methyl-1,2-diphenylcyclopropane �R� 66.6 min


(trans major enantiomer obtained in catalysis with (1R)-configurated
Ru ± porphyrins)
(�)-trans-1-methyl-1,2-diphenylcyclopropane �R� 67.2 min


(trans major enantiomer obtained in catalysis with (1S)-configurated
Ru-porphyrins)


Asymmetric epoxidation, GC-analysis


Epoxidation of styrene : GC-column CB1, helium 1.1 mLmin�1 (constant
flow modus), injector 200 �C (pulsed split modus), detector (FID) 250 �C,
oven: 76 �C (33 min), 10 �Cmin�1 115 �C (3 min), 20 �Cmin�1 180 �C:


styrene �R� 6.3 min


(S)-styrene oxide �R� 28.8 min


(R)-styrene oxide �R� 31.2 min


1,2-dibromobenzene �R� 37.8 min


Epoxidation of 1,2-dihydronaphthalene : GC-column CB1, helium
1.4 mLmin�1 (constant flow modus), injector 250 �C (pulsed split modus),
detector (FID) 250 �C, oven: 110 �C (30 min), 20 �Cmin�1 150 �C (5 min),
20 �Cmin�1 200 �C (2 min):


1,2-dihydronaphthalene �R� 6.5 min


1,2-dibromobenzene �R� 7.2 min


(1S,2R)-1,2-epoxy-1,2,3,4-tetrahydronaphthalene �R� 21.3 min


(1R,2S)-1,2-epoxy-1,2,3,4-tetrahydronaphthalene �R� 23.6 min


Epoxidation of 1-octene : GC-column CB1, helium 1.5 mLmin�1 (constant
flow modus), injector 200 �C (pulsed split modus), detector (FID) 250 �C,
oven: 68 �C (17 min), 10 �Cmin�1 120 �C (4 min), 30 �Cmin�1 200 �C:


1-octene �R� 2.7 min


(R)-1,2-epoxyoctane �R� 14.8 min


(S)-1,2-epoxyoctane �R� 15.1 min


1,2-dibromobenzene �R� 23.3 min


Determination of the relative and absolute configurations of the cyclo-
propanes obtained from the reaction of �-methylstyrene and ethyl
diazoacetate


Cyclopropanation of �-methylstyrene with [Cu(acac)2] and ethyl diazo-
acetate : �-Methylstyrene (7.4 g, 8.2 mL, 63.0 mmol) was cyclopropanated
according to the GP d) with ethyl diazoacetate (7.9 g, 7.3 mL, 69.3 mmol,
1.1 equiv) and [Cu(acac)2] (660 mg, 2.52 mmol, 0.04 equiv). After workup,
the mixture of the stereoisomers was obtained as a colorless liquid (8.4 g,
41.0 mmol, 65%). The diastereomers were separated via preparative
HPLC on a LiChroSorb Si60 column. The two pairs of enantiomers were
then separated via preparative HPLC on a Chiralpak AD column. All four
cyclopropanes could be obtained in pure form (GC).


Mixture of all four stereoisomers: b.p. 73 �C (0.4 mbar); GC-MS column
HP-5, He 1.0 mLmin�1 (constant flow modus), Injector 250 �C (split
modus), oven: 100 �C (5 min), 20 �Cmin�1 200 �C (15 min), 20 �Cmin�1


280 �C (10 min), �R� 8.7 min (cis, m/z : 204, 175, 159, 147, 131, 115, 103,
91, 77), �R� 9.1 min (trans, m/z : 204, 175, 159, 147, 131, 115, 103, 91, 77);
analytical HPLC LiChroSpher Si 60, n-hexane/dichloromethane 70:30
(0.5 mLmin�1), �R� 22.0 min (trans), �R� 37.2 min (cis); preparative
HPLC LiChroSorb Si 60, n-hexane/dichloromethane 70:30 (60 mLmin�1),
�R� 12.2 min (trans), �R� 16.2 min (cis); analytical HPLC Chiralpak AD,
n-hexane (0.5 mLmin�1), �R� 12.2 min [(�)-trans-(1S,2S)], �R� 14.2 min
[(�)-trans-(1R,2R)], �R� 27.3 min [(�)-cis-(1S,2R)], �R� 29.2 min [(�)-cis-
(1R,2S)]; preparative HPLC Chiralpak AD, n-hexane (60 mLmin�1), �R�
19.2 min [(�)-cis-(1S,2R)], �R� 27.5 min [(�)-trans-(1R,2R)], �R� 30.7 min
[(�)-cis-(1S,2R)], �R� 33.1 min [(�)-cis-(1R,2S)].


trans-Enantiomers: 1H NMR (300 MHz, CDCl3): � �7.41 ± 7.14 (m, 5H,
aryl-H), 4.24 ± 4.11 (m, 2H, CH2CH3), 1.95 (dd, 3Jcis� 8.3 Hz, 3Jtrans�
6.1 Hz, 1H, HC), 1.51 (s, 3H, q-C-CH3), 1.44 ± 1.38 (m, 2H, H2C), 1.29 (t,
3J� 7.1 Hz, 3H, CH2CH3); 13C NMR (75 MHz, CDCl3): � �172.2
(carboxyl-C), 145.9 (aryl-C), 128.4 (aryl-C), 127.3 (aryl-C), 126.4 (aryl-C),
60.5 (OCH2), 30.6 (benzyl-C), 27.8 (CH), 20.8 (CH2), 19.9 (q-C-CH3), 14.4
(OCH2-CH3); (1S,2S)-isomer: elemental analysis calcd (%) for C13H16O2


(204.26): C 76.44, H 7.90; found: C 76.16, H 7.83; (1S,2S)-isomer: [�]20D �
�286� (CHCl3, c� 0.328).


cis-Enantiomers: 1H NMR (300 MHz, CDCl3): � �7.41 ± 7.14 (m, 5H, aryl-
H), 3.88 ± 3.63 (m, 2H, CH2CH3), 1.88 (dd, 3J� 7.7, 3J� 5.4 Hz, 1H, HC),
1.76 (dd, 3J� 7.7 Hz, 2J� 4.6 Hz, 1H, CHH�cis), 1.45 (s, 3H, q-C-CH3), 1.13
(dd, 3J� 5.4, 2J� 4.6 Hz, 1H, CHH�trans), 0.92 (t, 3J� 7.1 Hz, 3H, CH2CH3);
13C NMR (75 MHz, CDCl3): � �171.2 (carboxyl-C), 141.9 (aryl-C), 128.7
(aryl-C), 128.1 (aryl-C), 126.6 (aryl-C), 60.0 (OCH2), 32.0 (benzyl-C), 28.5
(CH), 28.5 (q-C-CH3), 19.4 (CH2), 13.9 (CH2-CH3); (1S,2R)-isomer:
elemental analysis calcd (%) for C13H16O2 (204.26 gmol�1): C 76.44, H
7.90; found: C 76.15, H 7.81; (1S,2R)-isomer: [�]20D ��61� (c� 0.614,
CHCl3); (1R,2S)-isomer: elemental analysis calcd (%) for C13H16O2


(204.26 gmol�1): C 76.44, H 7.90; found: C 76.14, H 7.84.


Preparation of trans-(1S,2S)-2-methyl-2-phenylcyclopropane-(1S�)-(1-phe-
nylethyl)-carboxamide : (1S,2S)-Ethyl 2-methyl-2-phenylcyclopropanecar-
boxylate (80 mg, 392 �mol, 1 equiv) was amidated with (S)-(�)-1-phenyl-
ethylamine (237 mg, 252 �L, 1.96 mmol, 5 equiv) according to procedure
e). The amide was obtained as colorless crystals (39 mg, 140 �mol, 36%).
M.p. 123 �C (n-hexane); analytical HPLC Supersphere 60 RP-Select B,
methanol/water 70:30 (0.3 mLmin�1), �R� 13.7 min; 1H NMR (300 MHz,
CDCl3): �� 7.48 ± 7.14 (m; 10H, aryl-H), 5.89* (br s; 1H, NH), 5.25 ± 5.10
(m; 1H, CH-NH), 1.67 (dd, 3Jcis� 8.3, 3Jtrans� 5.8 Hz; 1H, CH-CONH), 1.53
(s; 3H, q-C-CH3), 1.50 (d, 3J� 7.0 Hz; 3H, CH-CH3), 1.49 (dd, 3J� 5.8 ,
2J� 4.8 Hz; 1H, CHH�cis), 1.33 (dd, 3J� 8.3, 2J� 4.8 Hz; 1H, CHH�trans);
13C NMR (75 MHz, CDCl3): � �169.4 (s; amide-C), 146.2 (aryl-C), 143.3
(aryl-C), 128.6 (aryl-C), 128.4 (aryl-C), 127.3 (aryl-C), 126.5 (aryl-C), 126.2
(aryl-C), 126.2 (aryl-C), 49.1 (NH-C), 30.9 (CH-CO), 28.7 (q-C-CH3), 22.0
(CH-CH3), 19.6 (CH2), 18.8 (q-C-CH3); IR (neat): �� �� 3277 (m), 3056 (w),
3024 (w), 2971 (w), 2925 (w), 2869 (w), 1635 (s), 1600 (w), 1539 (s), 1493 (s),
1444 (m), 1433 (m), 1397 (m), 1375 (w), 1301 (w), 1232 (m), 1116 (w), 1083
(w), 1068 (w), 1027 (w), 970 (w), 950 (w), 920 (w), 903 (w), 843 (w), 761 (m),
696 cm�1 (s); HR-MS (ESI, �m� 0.005): m/z : calcd for: 302.152; found:
302.152 [M�Na]� . The chemical shift of the amide N-H resonance strongly
depends on the water content of the CDCl3. Due to the hindered rotation
around the amide bond, more than one amide proton signal may be
detected.


Preparation of trans-(1R,2R)-2-methyl-2-phenylcyclopropane-(1S�)-(1-
phenylethyl)-carboxamide : (1R,2R)-Ethyl 2-methyl-2-phenylcyclopropa-
necarboxylate (160 mg, 783 �mol, 1 equiv) was amidated with (S)-(�)-1-
phenylethylamine (474 mg, 504 �L, 3.92 mmol, 5 equiv) according to
procedure e). The amide was obtained as colorless crystals (90 mg,
322 �mol, 41%), the purity of the amide was confirmed by HPLC analysis.
The relative configuration of the product was determined by X-ray analysis.
M.p. 124 �C (n-hexane); analytical HPLC Supersphere 60 RP-Select B,
methanol/water 70:30 (0.3 mLmin�1), �R� 13.3 min; NMR and IR data are
indistinguishable from the data of the trans-(1S,2S)-isomer; HR-MS (ESI,
�m� 0.005): m/z : calcd for: 302.152; found: 302.152 [M�Na]� .


Preparation of cis-(1S,2R)-2-methyl-2-phenylcyclopropane-(1S�)-(1-phe-
nylethyl)-carboxamide : (1S,2R)-Ethyl 2-methyl-2-phenylcyclopropanecar-
boxylate (50 mg, 245 �mol, 1 equiv) was amidated with (S)-(�)-1-phenyl-
ethylamine (148 mg, 158 �L, 1.22 mmol, 5 equiv) according to procedur-
e e). The amide was obtained as colorless crystals (33 mg (118 �mol, 48%).
M.p. 149 �C (n-hexane); analytical HPLC Supersphere 60 RP-Select B,
methanol/water 70:30 (0.25 mLmin�1), �R� 17.5 min; 1H NMR (300 MHz,
CDCl3): �� 7.39 ± 7.18 (m; 8H, aryl-H), 7.11 ± 7.04 (m; 2H, aryl-H), 5.42*
(br s; 1H, NH), 4.95 ± 4.81 (m; 1H, CH-NH), 1.86 (dd, 3Jcis� 8.2, 3Jtrans�
5.6 Hz; 1H, CH-CONH), 1.65 (dd, 3J� 5.6 Hz, 2J� 5.0 Hz; 1H, CHH�cis),
1.44 (s; 3H, q-C-CH3), 1.29 (d, 3J� 6.8 Hz; 3H, CH-CH3), 1.33 (dd, 3J�
8.2 Hz, 2J� 5.0 Hz; 1H, CHH�trans); 13C NMR (75 MHz, CDCl3): � �170.0
(s; amide-C), 142.8.2 (aryl-C), 141.3 (aryl-C), 128.9 (aryl-C), 128.5 (aryl-C),
128.5 (aryl-C), 127.3 (aryl-C), 126.9 (aryl-C), 126.2 (aryl-C), 48.7 (NH-C),
31.2 (q-C-CH3), 30.2 (CH-CO), 28.6 (q-C-CH3), 20.8 (CH-CH3), 18.9
(CH2); IR (neat): �� � 3271 (m), 3056 (w), 3024 (w), 2966 (w), 2922 (w), 2865
(w), 1640 (s), 1601 (w), 1539 (s), 1494 (s), 1444 (m), 1395 (w), 1376 (w), 1257
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(m), 1212 (m), 1131 (w), 1114 (w), 1087 (w), 1068 (w), 1026 (w), 981 (w), 896
(w), 862 (w), 844 (w), 757 (m), 696 cm�1 (s); HR-MS (ESI, �m� 0.005):
m/z : calcd for 302.152; found: 302.152 [M�Na]� . *) see previous para-
graph.


Preparation of cis-(1R,2S)-2-methyl-2-phenylcyclopropane-(1S�)-(1-phe-
nylethyl)-carboxamide : (1R,2S)-Ethyl 2-methyl-2-phenylcyclopropanecar-
boxylate (50 mg, 245 �mol, 1 equiv) was amidated with (S)-(�)-1-phenyl-
ethylamine (148 mg, 158 �L, 1.22 mmol, 5 equiv) according to (e). The
amide was obtained as colorless crystals (24 mg, 86 �mol, 35%), the purity
of the amide was confirmed by HPLC analysis. The relative configuration
of the product was determined by X-ray analysis. M.p. 192 �C (n-hexane);
analytical HPLC Supersphere 60 RP-Select B, methanol/water 70:30
(0.25 mLmin�1), �R� 16.4 min; NMR and IR data are undistinguishable
from the data of the cis-(1S,2R)-isomer; HR-MS (ESI, �m� 0.005): m/z :
calcd for 302.152; found: 302.153 [M�Na]� .


Determination of the relative configurations of the cyclopropanes obtained
from the reaction of �-trimethylsiloxy styrene with ethyl diazoacetate


�-Trimethylsiloxy styrene (3.0 g, 15.6 mmol, 1.0 equiv) was cyclopropanat-
ed according to the general procedure d) with ethyl diazoacetate (2.0 g,
1.8 mL, 17.2 mmol, 1.1 equiv) and [Cu(acac)2] (164 mg, 624 �mol,
0.04 equiv). After workup, the mixture of the stereoisomers was obtained
as a colorless liquid (1.4 g, 5.0 mmol, 32%). The stereoisomers were
separated or enriched, respectively, via preparative HPLC on a Chiralpak
AD column. The amidation following GP e) afforded the ring opened �-
keto amide exclusively. An assignment of the absolute configuration of the
cyclopropanes was thus not possible. The relative configuration was
assigned by NMR experiments. GC-MS column HP-5, helium 1.0 mLmin�1


(constant flow modus), Injector 250 �C (split modus), oven: 100 �C (5 min),
20 �Cmin�1 200 �C (15 min), 20 �Cmin�1 280 �C (10 min), �R� 10.4 min
(trans,m/z : 278, 249, 205, 159, 131, 105, 73), �R� 10.7 min (cis,m/z : 278, 249,
205, 159, 131, 105, 73); analytical HPLC LiChroSpher Si 60, n-hexane/
dichloromethane 70:30 (1.0 mLmin�1), �R� 29.8 min (trans), �R� 33.2 min
(cis); analytical HPLC Chiralpak AD, n-hexane (0.6 mLmin�1), �R�
13.1 min [(�)-trans], �R� 15.4 min [(�)-cis], �R� 19.5 min [(�)-cis], �R�
20.4 min [(�)-trans]; preparative HPLC Chiralpak, n-hexane
(60 mLmin�1), �R� 27.1 min [(�)-trans], �R� 30.2 min [(�)-cis], �R�
31.5 min [(�)-trans], �R� 33.7 min [(�)-cis].


trans-Enantiomers: 1H NMR (300 MHz, CDCl3): �� 7.46 ± 7.19 (m; 5H,
aryl-H), 3.87 ± 3.76 (m; 2H, CH2CH3); 2.25 (dd, 3Jcis� 9.1, 3Jtrans� 7.0 Hz;
1H, CH), 1.94 (dd, 3Jtrans� 7.0, 2J� 5.9 Hz; 1H, CHH�cis), 1.48 (dd, 3Jcis� 9.1,
2J� 5.9 Hz; 1H, CHH�trans), 0.93 (t, 3J� 7.0 Hz; 3H, CH2CH3), �0.08 (s;
9H, Si(CH3)3); 13C NMR (75 MHz, CDCl3): �� 173.9 (carboxyl-C), 136.6
(aryl-C), 129.0 ± 125.0 (aryl-C; an assignment of the 13C NMR signals of the
aryl carbon atoms was not possible due to their low intensity; their
approximate chemical shifts were obtained from 2D-experiments), 65.4
(benzyl-C), 60.2 (OCH2), 30.4 (CH), 19.3 (CH2), 14.2 (OCH2-CH3), 0.7
(Si(CH3)3).


cis-Enantiomers: 1H NMR (300 MHz, CDCl3): �� 7.51 ± 7.20 (m; 5H, aryl-
H), 4.16 (q; 3J� 7.2 Hz; 2H, CH2CH3), 1.99 ± 1.87 (m; 2H, CH, CHH�cis),
1.64 (dd, 3Jcis� 8.1, 2J� 5.3 Hz; 1H, CHH�trans), 1.23 (t, 3J� 7.2 Hz; 3H,
CH2CH3), 0.04 (s; 9H, Si(CH3)3; 13C NMR (75 MHz, CDCl3): �� 169.1
(carboxyl-C), 142.8 (aryl-C), 129.0 ± 125.0 (aryl-C, an assignment of the
13C NMR signals of the aryl carbon atoms was not possible due to their low
intensity. Their approximate chemical shifts were obtained from 2D-
experiments.), 63.5 (benzyl-C), 60.6 (OCH2), 31.1 (CH), 20.2 (CH2), 14.4
(OCH2-CH3), 0.8 (Si(CH3)3).


Cyclopropanation of 1,1-diphenylethylene with [Cu(acac)2] and ethyl
diazoacetate : 1,1-Diphenylethylene (3.1 g, 3.0 mL, 17.0 mmol, 1.0 equiv)
was cyclopropanated according to the general procedure (d) with ethyl
diazoacetate (2.1 g, 2.0 mL, 18.7 mmol, 1.1 equiv) and [Cu(acac)2] (178 mg,
680 �mol, 0.04 equiv). After workup, the product was obtained as a
colorless liquid (2.5 g, 9.3 mmol, 55%). The enantiomers were separated
via preparative HPLC on a Chiralpak AD column. Racemic mixture: b.p.
95 �C (0.4 mbar); GC-MS column HP-5, helium 1.0 mLmin�1 (constant
flow modus), Injector 250 �C (split modus), oven: 100 �C (5 min),
20 �Cmin�1 200 �C (15 min), 20 �Cmin�1 280 �C (10 min), �R� 14.7 min
(m/z : 266, 237, 192, 178, 165, 115, 91); analytical HPLC Chiralpak AD, n-
hexane (0.5 mLmin�1), �R� 31.0 min [(�)-S], �R� 32.6 min [(�)-R]; prep-
arative HPLC Chiralpak AD, n-hexane (70 mLmin�1), �R� 22.1 min [(�)-
S], �R� 29.4 min [(�)-R]; 1H NMR (300 MHz, CDCl3): �� 7.40 ± 7.15 (m,


10H, aryl-H), 4.00 ± 3.85 (m, 2H, CH2CH3), 2.54 (dd, 3Jcis� 8.1, 3Jtrans�
5.9 Hz; 1H, CH), 2.17 (dd, 3Jtrans� 5.9, 2J� 4.9 Hz; 1H, CHH�cis), 1.58 (dd,
3Jcis� 8.1 Hz, 2J� 4.9 Hz; 1H, CHH�trans), 1.00 (t, 3J� 7.1 Hz; 3H, CH2CH3);
13C NMR (75 MHz, CDCl3): �� 170.6 (carboxyl-C), 144.8 (aryl-C), 140.2
(aryl-C), 129.7 (aryl-C), 128.4 (aryl-C), 128.2 (aryl-C), 127.6 (aryl-C), 126.9
(aryl-C), 126.5 (aryl-C), 60.4 (CH2CH3), 39.8 (benzyl-C), 29.0 (CH), 20.1
(CH2), 14.0 (CH2CH3); (1S)-enantiomer: elemental analysis calcd (%) for
C13H16O2 (266.13 gmol�1): (1S)-enantiomer: C 81.17, H 6.81; found: C
80.81, H 6.72; (1S)-isomer: [�]20D ��180� (c� 0.512, CHCl3).


Determination of the absolute configurations of the cyclopropanes
obtained from the reaction of 1,1-diphenylethylene with ethyl diazoacetate


Preparation of (1S)-2,2-diphenylcyclopropane carboxylic acid : A 50 mL
flask was charged with (1S)-ethyl 2,2-diphenylcyclopropanecarboxylate
(220 mg, 827 �mol), potassium hydroxide (0.5 g, 10.6 mmol), water (5 mL)
and methanol (35 mL). The mixture was stirred at room temperature for
12 h. Conc. HCl (2 mL) and water (10 mL) were added and the mixture was
extracted three times with a total of 150 mL dichloromethane. The
collected extracts were washed twice with water (20 mL) and dried over
magnesium sulfate. Evaporation of the solvent afforded the free acid as a
colorless solid (173 mg, 726 �mol, 88%). The absolute configuration of the
acid was determined by correlation of the optical rotation with literature
data.[30] M.p. 141 �C (dichloromethane); 1H NMR (300 MHz, CDCl3): ��
7.35 ± 7.12 (m; 10H, aryl-H), 2.57 (dd, 3Jcis� 8.0, 3Jtrans� 5.9 Hz; 1H, CH),
2.17 (dd, 3Jtrans� 5.9, 2J� 4.8 Hz; 1H, CHH�cis), 1.58 (dd, 3Jcis� 8.0, 2J�
4.8 Hz; 1H, CHH�trans); 13C NMR (75 MHz, CDCl3): �� 176.5 (carboxyl-
C), 144.5 (aryl-C), 129.6 (aryl-C), 128.5 (aryl-C), 128.4 (aryl-C), 127.6 (aryl-
C), 127.1 (aryl-C), 126.7 (aryl-C), 41.0 (benzyl-C), 28.5 (CH), 20.7 (CH2);
elemental analysis calcd (%) for C16H14O2 (238.28 gmol�1): C 80.65, H 5.92;
C 80.15, H 6.01, [�]20D � � 221� (c� 0.329, CHCl3).


Determination of the relative and absolute configurations of the cyclo-
propanes obtained from the reaction of 1-octene with ethyl diazoacetate


Preparation of enantiomerically enriched (1S,2S)-2-(n-hexyl)-cyclopro-
pane carboxylic acid : A catalytic cyclopropanation of 1-octene was carried
out with catalyst 2e, and the reaction product was purified by Kugelrohr
distillation (b.p. 110 �C at 2 mbar) and chromatography on silica gel (n-
hexane) [purity � 97%, �99% de, 82% ee (GC), sense of optical rotation
(�)]. A 50 mL flask was charged with this enantiomerically enriched
(1S,2S)-2-(n-hexyl)-diphenylcyclopropane carboxylic ethyl ester (50 mg,
252 �mol), potassium hydroxide (0.2 g, 4.25 mmol), water (5 mL) and
methanol (15 mL). The mixture was stirred at room temperature for 12 h.
Concentrated hydrochloric acid (1 mL) and water (20 mL) were added and
the mixture was extracted three times with a total of 60 mL dichloro-
methane. The collected extracts were washed twice with water (10 mL) and
dried over magnesium sulfate. Evaporation of the solvent afforded the free
acid as a colorless oil (38 mg, 223 �mol, 89%). The trans-configuration of
the major product was assigned by NMR experiments, and correlation of
the data with those of a pure sample of the trans-enantiomers, obtained by
palladium catalyzed cyclopropanation of trans-ethyl non-2-enoate with
CH2N2. The absolute configuration of the acid was determined by
correlation of the sense of optical rotation with literature data.[31]
1H NMR (300 MHz, CDCl3): �� 1.44 ± 1.16 (m; 13H, cyclopropyl-CHH�cis,
cyclopropyl-CH, n-alkyl-H), 0.90 ± 0.82 (m; 3H, CH3), 0.78 ± 0.72 (m; 1H,
cyclopropyl-CHH�trans) [chemical shifts from 2D-data for the trans-acid:
1.42, 1.33, 1.32, 1.29, 1.28, 1.26, 1.21, 0.87, 0.76; for the cis-acid: 1.66, 1.55,
1.32, 1.30, 1.29, 1.28, 1.26, 1.06, 0.94, 0.87 ]; 13C NMR (75 MHz, CDCl3): ��
180.9 (carboxyl-C), 33.0 (n-alkyl-CH2), 31.8 (n-alkyl-CH2); 29.0 (n-alkyl-
CH2), 28.9 (n-alkyl-CH2), 24.1 (C6H13-CH), 22.6 (n-alkyl-CH2), 20.0 (CH-
COOH), 16.4 (cyclopropyl-CH2), 14.1 (CH3) [chemical shifts for the cis-
acid: �� 179.5 (carboxyl-C), 33.0 (n-alkyl-CH2), 31.8 (n-alkyl-CH2); 29.5
(n-alkyl-CH2), 26.9 (n-alkyl-CH2), 23.2 (C6H13-CH), 22.6 (n-alkyl-CH2),
18.0 (CH-COOH), 14.4 (cyclopropyl-CH2), 14.1 (CH3); (1S,2S)-isomer:
[�]20D ��16� [c� 0.369, CHCl3 (effective concentration of pure (1S,2S)-
enantiomer, the real concentration of the enantiomeric mixture (82% ee,
�99% de) was 450 mg per 100 mL)].


Determination of the relative and absolute configurations of the cyclo-
propanes obtained from the reaction of styrene with phenyl diazomethane


Styrene (1.0 g, 1.1 mL, 9.6 mmol, 1.0 equiv) was cyclopropanated according
to the GP d) with phenyl diazomethane (1.3 g, 10.6 mmol, 1.1 equiv) and
[Cu(acac)2] (124 mg, 384 �mol, 0.04 equiv). After workup, the mixture of
the stereoisomers was obtained as a colorless liquid (0.65 g, 3.4 mmol,
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35%). The stereoisomers were then separated or enriched, respectively, via
preparative HPLC on a Chiralpak AD column. The relative configurations
of the cyclopropanes were assigned by NMR-experiments. The absolute
configuration of the trans-products was assigned by correlation of the sense
of optical rotation with literature data.[32] GC-MS column HP-5, helium
1.0 mLmin�1 (constant flow modus), Injector 250 �C (split modus), oven:
100 �C (5 min), 20 �Cmin�1 200 �C (15 min), 20 �Cmin�1 280 �C (10 min),
�R� 10.0 min (cis, m/z : 194, 179, 165, 115), �R� 10.8 min (trans, m/z : 194,
179, 165, 115), analytical HPLC Chiralpak AD, n-hexane (0.6 mLmin�1),
�R� 14.2 min [(�)-(1R,2R)], �R� 14.5 min [(�)-(1S,2S)], �R� 18.7 min cis-
meso ; preparative HPLC Chiralpak AD, n-hexane (70 mLmin�1), �R�
16.8 min [(�)-(1R,2R)], �R� 19.2 min [(�)-(1S,2S)], �R� 24.5 min [cis-
meso].


trans-Enantiomers: 1H NMR (300 MHz, CDCl3): � �7.39 ± 7.29 (m; 4H,
aryl-H), 7.29 ± 7.17 (m; 6H, aryl-H), 2.23 (t, 3J� 7.0 Hz; 2H, CH), 1.51 (t,
3J� 7.0 Hz; 2H, CH2; 13C NMR (75 MHz, CDCl3): �� 142.4 (aryl-C), 128.3
(aryl-C), 125.7 (aryl-C), 125.6 (aryl-C), 27.9 (CH), 18.1 (CH2).


cis-Enantiomers: 1H NMR (300 MHz, CDCl3): �� 7.18 ± 7.14 (m; 4H, aryl-
H), 7.14 ± 7.09 (m; 2H, aryl-H), 7.03 ± 6.98 (m; 4H, aryl-H), 2.54 (dd, 3Jcis�
8.5 Hz, 3Jtrans� 6.5 Hz; 2H, CH), 1.52 ± 1.33 (m; 2H, CH2); 13C NMR
(75 MHz, CDCl3): �� 138.3 (aryl-C), 128.9 (aryl-C), 127.5 (aryl-C), 125.5
(aryl-C), 24.1 (CH), 11.3 (CH2).


Determination of the relative configurations of the cyclopropanes obtained
from the reaction of �-methylstyrene with phenyl diazomethane


�-Methylstyrene (10.0 g, 11.1 mL, 85.0 mmol, 1.0 equiv) was cyclopropa-
nated according to the general procedure (d) with phenyl diazomethane
(11.1 g, 93.5 mmol, 1.1 equiv) and [Cu(acac)2] (898 mg, 3.4 mmol,
0.04 equiv). After workup, the mixture of the stereoisomers was obtained
as a colorless liquid (4.7 g, 23 mmol, 27%). The relative configurations
were assigned by NMR experiments. GC-MS column HP-5, helium
1.0 mLmin�1 (constant flow modus), Injector 250 �C (split modus), oven:
100 �C (5 min), 20 �Cmin�1 200 �C (15 min), 20 �Cmin�1 280 �C (10 min),
�R� 10.3 min (cis, m/z : 208, 193, 178, 130, 115, 91), �R� 11.2 min, (trans,
m/z : 208, 193, 178, 130, 115, 91); analytical HPLC Chiralpak AD, n-hexane
(0.3 mLmin�1), �R� 13.3 min [(�)-cis], �R� 13.9 min [(�)-cis], �R�
15.0 min [(�)-trans], �R� 16.1 min [(�)-trans].


trans-Enantiomers: 1H NMR (300 MHz, CDCl3): �� 7.43 ± 7.18 (m; 10H,
aryl-H), 2.40 (dd, 3Jcis� 8.7, 3Jtrans� 6.2 Hz; 1H, CH), 1.44 (dd, 3Jcis� 8.7,
2J� 5.1 Hz; 1H, CHH�cis), 1.23 (dd, 3Jtrans� 6.2, 2J� 5.1 Hz; 1H, CHH�trans),
1.11 (s; 3H, CH3); 13C NMR (75 MHz, CDCl3): � �147.8 (aryl-C), 139.1
(aryl-C), 129.1 (aryl-C), 128.3 (aryl-C), 128.1 (aryl-C), 126.9 (aryl-C), 126.0
(aryl-C), 125.7 (aryl-C), 31.4 (CH), 26.9 (q-cyclopropyl-C), 21.0 (CH3), 18.6
(CH2).


cis-Enantiomers: 1H NMR (300 MHz, CDCl3): �� 7.19 ± 6.96 (m; 8H, aryl-
H), 6.76 ± 6.71 (m; 2H, aryl-H), 2.21 (dd, 3Jcis� 8.6, 3Jtrans� 5.8 Hz; 1H,
CH), 1.53 (s; 3H, CH3), 1.49 (dd, 3Jtrans� 5.8, 2J� 5.8 Hz; 1H, CHH�cis), 1.25
(dd, 3Jcis� 8.6, 2J� 5.8 Hz; 1H, CHH�trans); 13C NMR (75 MHz, CDCl3): ��
142.3 (aryl-C), 139.8 (aryl-C), 129.9 (aryl-C), 127.9 (aryl-C), 127.5 (aryl-C),
127.4 (aryl-C), 125.8 (aryl-C), 125.0 (aryl-C), 31.1 (q-cyclopropyl-C), 31.1
(CH), 29.6 (CH3), 19.7 (CH2).


Details of the X-ray crystal structure analyses


Crystal data for 2d : C89H72F12N4ORu ¥CH3OH ¥ 1.5H2O, M�
1601.64 gmol�1, red crystals from chloroform/methanol, 0.25� 0.20�
0.10 mm, orthorhombic, a� 17.021(1), b� 28.006(1), c� 15.840(1) ä, V�
7550.8(7) ä3, space group P21212, Z� 4, �calcd� 1.409 gcm�3, 	�
0.293mm�1, 
range 1.29 to 25.00�, 13204 measured reflections, 13204
independent reflections, refinement method: full-matrix least-squares on
F 2, 1000 parameter, goodness-of-fit on F 2� 1.046, final residuals R1�
0.0945 and �R2� 0.2069 for 9792 observed reflections with I� 2�(I).


Crystal data for 2e : C84H76F3N4PRu ¥CH3CN ¥C6H6, M� 1449.69 gmol�1,
red crystals from benzene/acetonitrile, 0.20� 0.15� 0.15 mm, monoclinic,
a� 9.727(1), b� 27.357(1), c� 14.753(1) ä, �� 107.057(10)�, V�
3753.1(5) ä3, space group P21, Z� 2, �calcd� 1.283 gcm�3, 	� 0.288mm�1,

 range 1.44 to 25.00�, 230644 measured reflections, 12873 independent
reflections, refinement method: full-matrix least-squares on F 2, 910
parameter, goodness-of-fit on F 2� 1.021, final residuals R1� 0.0667 and
�R2� 0.1590 for 9842 observed reflections with I� 2�(I).


Crystal data for trans-(1R,2R)-2-methyl-2-phenylcyclopropane-(1S�)-(1-
phenylethyl)-carboxamide (15): C19H21NO, M� 279.38 gmol�1, colorless


needles from n-hexane, 0.20� 0.15� 0.15 mm, monoclinic, a� 10.782(1),
b� 5.244(1), c� 14.916(1) ä, �� 109.45(1)�, V� 795.23(18) ä3, space
group P21, Z� 2, �calcd� 1.167 gcm�3, 	� 0.071mm�1, 
 range 1.45 to
31.11�, 3568 measured reflections, 2088 independent reflections, refinement
method: full-matrix least-squares on F 2, 275 parameter, goodness-of-fit on
F 2� 1.193, final residuals R1� 0.0560 and �R2� 0.1053 for 1319 observed
reflections with I� 2�(I).


Crystal data for cis-(1R,2S)-2-methyl-2-phenylcyclopropane-(1S�)-(1-phe-
nylethyl)-carboxamide (16): C19H21NO, M� 279.38 gmol�1, colorless nee-
dles from n-hexane, 0.20� 0.15� 0.12 mm, tetragonal, a� 13.586(1), c�
18.236(1) ä, V� 3366.0(4) ä3, space group I41, Z� 8, �calcd� 1.103 gcm�3,
	� 0.067mm�1, 
 range 1.87 to 26.98�, 11662 measured reflections, 3223
independent reflections, refinement method: full-matrix least-squares on
F 2, 276 parameter, goodness-of-fit on F 2� 1.103, final residualsR1� 0.0469
and �R2� 0.0629 for 1794 observed reflections with I� 2�(I).


Crystal data for (1S)-diphenylcyclopropane carboxylic acid (17): C16H14O2,
M� 238.28 gmol�1, colorless needles from dichloromethane, 0.20� 0.15�
0.15 mm, monoclinic, a� 11.959(1), b� 9.803(1), c� 11.931(1), ��
113.01(1)�, V� 1287.4(2) ä3, space group P21/c, Z� 4, �calcd� 1.229 gcm�3,
	� 0.080mm�1, 
 range 1.85 to 27.00�, 3073 measured reflections, 1626
independent reflections, refinement method: full-matrix least-squares on
F 2, 219 parameter, goodness-of-fit on F 2� 1.063, final residualsR1� 0.0480
and �R2� 0.1154 for 1182 observed reflections with I� 2�(I).


All data were collected on a Nonius KappaCCD diffractometer (MoK�


radiation � 0.71073 ä at 293(2) K, graphite monochromator /� scans).
The structures were solved using direct methods (SHELXS-97, G. M.
Sheldrick, Program for the Solution of Crystal Structures, University of
Gˆttingen (Germany), 1997), followed by full-matrix least squares refine-
ment with anisotropic thermal parameters for Ru, Ph, F, C and O and
isotropic parameters for H, (SHELXL-97, G. M. Sheldrick, Program for the
Refinement of Crystal Structures, University of Gˆttingen (Germany),
1997).


CCDC-210099 (2d), -210100 (2e), -210101 (trans-(1R,2R)-2-methyl-2-
phenylcyclopropane-(1S�)-(1-phenylethyl)-carboxamide) (15), -210102
(cis-(1R,2S)-2-methyl-2-phenylcyclopropane-(1S�)-(1-phenyl-ethyl)-car-
boxamide) (16), -210103 ((1S)-diphenylcyclopropane carboxylic acid) (17)
contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB21EZ, UK; (fax: (�44)1223-336-033; or e-mail :
deposit@ccdc.cam.ac.uk).
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Unusual Iron(���) Ate Complexes Stabilized By Li ±� Interactions


Garry Mund,[a] Dragoslav Vidovic,[a] Raymond J. Batchelor,[a] James F. Britten,[b]
Rajendra D. Sharma,[a] Colin H. W. Jones,[a] and Daniel B. Leznoff*[a]


Abstract: Several iron(���) complexes
incorporating diamidoether ligands are
described. The reaction between
{Li2[RN(SiMe2)]2O} and FeX3 (X�Cl
or Br; R� 2,4,6-Me3Ph or 2,6-iPr2Ph)
form unusual ate complexes, {FeX2-


Li[RN(SiMe2)]2O}2 (2, X�Cl, R�
2,4,6-Me3Ph; 3, X�Br, R� 2,4,6-
Me3Ph; 4, X�Cl, R� 2,6-iPr2Ph) which
are stabilized by Li ±� interactions.
These dimeric iron(���) ± diamido com-
plexes exhibit magnetic behaviour char-
acteristic of uncoupled high spin (S� 5³2)


iron(���) centres. They also undergo hal-
ide metathesis resulting in reduced
iron(��) species. Thus, reaction of 2 with
alkyllithium reagents leads to the for-
mation of iron(��) dimer {Fe[Me3PhN-
(SiMe2)]2O}2 (6). Similarly, the previous-
ly reported iron(���) ± diamido complex
{FeCl[tBuN(SiMe2)]2O}2 (1) reacts with


LiPPh2 to yield the iron(��) dimer {Fe[t-
BuN(SiMe2)]2O}2 but reaction with
LiNPh2 gives the iron(��) product
{Fe2(NPh2)2[tBuN(SiMe2)]2O} (5). Some
redox chemistry is also observed as side
reactions in the syntheses of 2 ± 4, yield-
ing THF adducts of FeX2: the one-
dimensional chain [FeBr2(THF)2]n (7)
and the cluster [Fe4Cl8(THF)6]. The
X-ray crystal structures of 3, 5 and 7
are described.


Keywords: ate complexes ¥ diamido
ligands ¥ iron ¥ magnetic properties
¥ Moessbauer spectroscopy


Introduction


Amido donors are versatile ligands due to their ease of steric
and electronic modification (via the nitrogen substituent) and
are ideal for the stabilization of high-oxidation state metal
centres due to their strong �-donating ability.[1] In particular,
multidentate amido ligands have been shown to be excellent
for the stabilization of high-valent diamagnetic organometal-
lic systems, such as for ZrIV and TiIV-based alkene polymer-
ization catalysts.[2±4] However, chelating diamido ligands have
rarely been used with paramagnetic first-row transition
metals[5±8] despite the expectation of very different chemistry
compared with the classical monodentate M[NR2]x sys-
tem.[9±11] We herein report a series of unusual dinuclear
diamido iron(���) ate complexes stabilized by Li ±� interac-
tions that have very different Mˆssbauer and magnetic
properties when compared to the related lithium-free com-
plexes that were recently reported.[12] As seen in the literature,
ate complexes are not observed often in late transition-metal
chemistry.[13] Although the suffix ™ate∫ has been applied to


many polyatomic anions in inorganic nomenclature (e.g.
[Zn(OH)4]2�, tetrahydroxozincate(��))[14] the term ate has also
more specifically been used to describe complexes that retain
MX (M� alkali metal, X� halide) in metathesis reactions
involving alkali metal salts and metal halides. Most of the
reported examples of ate complexes contain lanthanides,[15±17]


actinides[15, 18] or early transition metals.[16, 19]


Results and Discussion


Synthesis and structure of the ate complexes : The reaction of
FeX3 with Li2[RNON][8] gives ate complexes of the general
formula {FeX2Li[RN(SiMe2)]2O}2 (2, X�Cl, R� 2,4,6-
Me3Ph; 3, X�Br, R� 2,4,6-Me3Ph; 4, X�Cl, R� 2,6-
iPr2Ph), which are soluble in hexanes. The 1H NMR spectra
of all reported iron(���) complexes have broad, shifted peaks
consistent with their paramagnetism. The UV/Vis spectra of
2 ± 4 show an absorption band (likely LMCT) that shifts
towards higher energy with chloride to bromide substitution
(Table 1). The single crystal X-ray structure of 3 reveals a
dimeric ate complex which is shown in Figure 1 with selected
interatomic distances and bond angles detailed in Table 2; the
X-ray structure of 4 is very similar. The unusual core of the
structure consists of two iron atoms, four halides and two
lithium atoms, the latter of which are stabilized by Li ±�
interactions via the aryl rings on the amido groups. The Li1�C
distances of 2.481(9) ± 2.532(11) ä and short Li1�Ct distance
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Figure 1. Molecular structure of 3 (ORTEP view, 33% probability
ellipsoids are shown; methyl groups on aryl ring excluded for clarity).


of 2.077 ä (Ct� centre of aromatic ring) in 3 are indicative of
�6-coordination.[20] This significant interaction may facilitate
the formation of the ate complexes. The iron(���) centres have
a pseudotetrahedral geometry; each is coordinated to two
amido and two bridging halide ligands. The Fe�N distances of
1.877(5) and 1.905(4) ä are shorter than the 1.918(4) ä found
in trigonal-planar Fe[N(SiMe3)2]3,[10] or the 1.951(6) ä in
trigonal bipyramidal FeBr2[N(SiMe2CH2PPh2)2].[21] The Fe�O
distance of 3.330 ä in 3 is much longer than that observed in
previously reported {FeCl[tBuN(SiMe2)]2O}2 (1) (Fe�O:
2.597(4) ä), thus precluding any interaction between the
ether donor of the ligand backbone and the corresponding
iron atom.


Magnetic properties of 2 ± 4 : The temperature (T) depend-
ence of the magnetic susceptibility (�M) of 2 ± 4 were
measured on crystalline samples from 2 to 300 K (Table 1).
The �eff vs T plot for 2 is shown in Figure 2. The room
temperature �eff value of 5.9 BM per iron atom agrees well
with the spin-only value for five unpaired electrons


Figure 2. Plot of magnetic moment (�eff) per iron vs temperature (K) for
{FeCl2Li[Me3PhN(SiMe2)]2O}2 (2 ; �) and {Fe2(NPh2)2[tBuN(SiMe2)]2O}
(5 ; �).


(5.92 BM). The �eff values of 2 ± 4 are essentially temperature
independent until approximately 20 K, indicative of minimal
coupling between the iron atoms of the dimer (Fe ± Fe 6.251 ä
in 3). Below 20 K, 2 ± 4 show zero-field splitting effects which
cause a drop in the magnetic moment.[22] Hence, these
ate complexes are examples of molecular high-spin tetrahe-
dral iron(���) systems. There are noticeably few tetrahedral
iron(���) complexes in the literature. [FeI([D5]pyridine)(N-
RArf)2] (R�C(CD3)2CH3, Arf� 2,5-C6H3FMe)[23] and the
thiourea iron(���) iodide complex FeI3[SC(NMe2)2][24] are two
other examples. However, a large number of systems con-
taining the high-spin, tetrahedral [FeX4]� anion are well
known.[25, 26] This geometry and spin state is also prominent in
many solid-state[27] and bioinorganic systems.[28]


The most relevant comparison to this series of ate com-
plexes is the spin-admixed non-ate dimeric iron(���) complex
1.[12] Spin admixture is a rare form of magnetic behaviour in
which there is a quantum mechanical mixing of the S� 5³2 and
S� 3³2 spin states through spin-orbit coupling, generating a
new discrete spin state.[29] Presumably, the reason for the
formation of the ate complexes 2 ± 4 are the Li ±� interactions
that become available only when the tert-butyl groups are
replaced by aromatic aryl groups on the amido donor. As a
result, 1 is structurally quite different than the ate complexes.
Since LiCl is retained in 2 ± 4 and is included as part of the
bridge between iron atoms, the Fe ± Fe distance is very long
compared to 1 (6.251 ä in 3 vs 3.4784(20) ä in 1). This is
reflected in the fact that the �eff of 1 drops significantly from
4.5 BM at 300 K to 3.0 BM at 50 K (indicative of antiferro-
magnetic coupling between the iron atoms of the dimer),
while 2 ± 4 show temperature independent behaviour through-
out this temperature region. Furthermore, the ate complexes
exhibit a pseudotetrahedral geometry about the iron atoms,
with effective C2v symmetry, whereas the iron(���) centres in 1
have a distorted trigonal bipyramidal geometry and display
much lower symmetry. In addition, the oxygen atom of the
ligand backbone in 1 is weakly bound to the iron centres
whereas in 2 ± 4 no such interaction exists.


Mˆssbauer spectra : The Mˆssbauer spectra of 2 ± 4 were
measured on crystalline samples at 4.2 K. The Mˆssbauer
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Table 1. Room temperature magnetic moments per iron centre, Mˆssbauer
parameters (and error values) at 4.2 K and visible absorption bands for 1 ± 5.


Compound �eff �EQ � UV/Vis
B.M. [mms�1] [mms�1] [nm] (�, ��1 cm�1)


{FeCl[tBuN(SiMe2)]2O}2 (1) 4.5 3.52(2) � 0.25(2) 484 (4060)
{FeCl2Li[Me3PhN(SiMe2)]2O}2 (2) 5.9 1.72(3) � 0.32(3) 508 (2700)
{FeBr2Li[Me3PhN(SiMe2)]2O}2 (3) 6.1 1.72(5) � 0.28(5) 414 (1980)
{FeCl2Li[iPr2PhN(SiMe2)]2O}2 (4) 6.2 1.82(4) � 0.27(4) 410 (3400)
{Fe2(NPh2)2[tBuN(SiMe2)]2O} (5) 4.5 1.36(5) � 0.70(5) 530 (1100)


Table 2. Selected interatomic distances [ä] and bond angles [�] for
{FeBr2Li[Me3PhN(SiMe2)]2O}2 (3).


Fe1�N1 1.905(4) Si1�O1 1.625(4)
Fe1�N2 1.877(5) Si2�O1 1.632(4)
Fe1�Br1 2.4601(11) N2-Fe1-N1 108.1(2)
Fe1�Br2 2.4313(11) N2-Fe1-Br2 112.44(10)
Fe�Fe 6.251 N1-Fe1-Br2 114.47(12)
Fe1�O1 3.330 N2-Fe1-Br1 117.11(12)
Si1�N1 1.734(5) N1-Fe1-Br1 107.01(13)
Si2�N2 1.737(5) Br2-Fe1-Br1 97.54(4)


Si1-O1-Si2 138.9(3)
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spectrum of 2 is shown in Figure 3 and the Mˆssbauer
parameters of 1 ± 4 are shown in Table 1. Iron(���) complexes
are usually characterized by small positive isomer shifts, with
high spin complexes showing small (or even zero) quadrupole


Figure 3. Mˆssbauer spectrum of 2 at 4.2 K.


splittings.[30] The isomer shift (�) of 3 is �0.28� 0.05 mms�1


(vs �-Fe foil), consistent with an iron(���) centre (Table 1).[26, 31]


The �EQ of 1.72� 0.05 mm s�1 observed in 3 is much larger
than the values normally seen for tetrahedral high spin
iron(���).[26] This is likely due to the considerable distortion
from cubic symmetry in 2 ± 4 (C2v vs Td), thereby producing an
electric field gradient at the iron atom. For comparison, both
[Et4N]�[FeX4]� and [Et4N]�[FeCl2Br2]� show a single line
resonance at 77 K. Despite the non-cubic symmetry (C2v)
about the iron atom in the latter,[32] the minor difference in
bonding between the chloride and bromide is not sufficient to
generate a significant gradient whereas in 2 ± 4 there is a
considerable difference in bonding between the halide and
amide.


However, 2 ± 4 still show significantly smaller quadrupole
splittings than the characteristically extremely large[33] �EQ


observed for spin-admixed 1 (�EQ� 3.52� 0.02 mms�1).[12]


The structural differences described above between 1 and
2 ± 4 can account for the different spin states observed. The
four-coordinate, pseudotetrahedral geometry of the ate com-
plexes leads to pure high-spin (S� 5³2) systems as spin
admixture cannot occur, whereas the five-coordinate trigonal
bipyramidal geometry of 1 permits the deviation from an S�
5³2 state and subsequently results in spin-admixture.


Reaction of 1 with LiNPh2 and LiPPh2 : Preliminary reactions
indicate that both ate and non-ate iron(���) diamidoether
complexes are reactive towards halide metathesis but often
with unusual consequences. The reaction of non-ate 1 with
LiNPh2 resulted in halide substitution and concomitant
generation of LiCl, however, a reduced iron(��) species was
found to be the final product. The crystal structure of dimeric
{Fe2(NPh2)2[tBuN(SiMe2)]2O} (5) is shown in Figure 4 with
selected interatomic distances and bond angles in Table 3. The
iron atoms are each bound to the two amido groups of the
diamidoether ligand and the -NPh2 group. The bridging Fe ± N
distances range from 2.042(2) to 2.072(2) ä and are compa-
rable to those found in the iron(��) ± amido complex {Fe[t-
BuN(SiMe2)]2O}2.[5] However, in 5 the iron centres are


Figure 4. Molecular structure of 5 (ORTEP view, 50% probability
ellipsoids are shown; tert-butyl groups simplified for clarity).


bridged by only one diamidoether ligand–the reduction of
FeIII to FeII most likely results in the oxidation of the other
diamidoether ligand from 1. The Fe1 ± Fe2 distance of
2.5795(6) ä is shorter than in the structurally related
[Fe(NR2)2]2 complexes (2.663 ä, R� SiMe3; 2.715 ä, R�
Ph) possibly due to the chelating or less steric nature of the
ligand.[11] The oxygen atom of the ligand backbone is
associated with only one of the iron atoms (Fe1�O1
3.188(2) ä, Fe2�O1 2.587(2) ä).


Unlike the 1H NMR of the iron(���) complexes, 5 gives
relatively sharp peaks. The 1H NMR spectrum of 5 shows five
shifted peaks assignable to the tert-butyl (�7.69 ppm), the
silylmethyl groups (�0.66 ppm) and the ortho, meta and para
protons (�15.62, 10.50, �5.61 ppm) of the -NPh2 groups,
respectively. The alternating shift pattern in the phenyl rings is
a feature that is often observed in paramagnetic 1H NMR
spectra. Note that in solution, the silylmethyl and tert-butyl
protons in 5 are equivalent; thus, the silylether donor must be
oscillating rapidly between the two iron centres in a fluxional
process at room temperature, yielding an average signal.


The room temperature �eff value of 4.5 BM per iron for 5,
typical for high-spin iron(��), gradually decreases to 2.3 BM at
2 K, indicative of weak antiferromagnetic coupling between
the two iron atoms (Figure 2); there is no maximum in the �M


versus T data and thus the very weak coupling was not
modeled. Finally, the Mˆssbauer spectrum of 5 shows a
doublet with an isomer shift typical of high spin iron(��)
(Table 1).[26, 30, 34]


Reaction of 1 with LiPPh2 instead of LiNPh2 quantitatively
yielded a different reduced product: the previously observed
phosphorus-free amido-bridged dimeric iron(��) complex
{Fe[tBuN(SiMe2)]2O}2.[5] The identity of this product was
confirmed by X-ray crystallography and by comparison with
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Table 3. Selected interatomic distances [ä] and bond angles [�] for
{Fe2(NPh2)2[tBuN(SiMe2)]2O} (5).


Fe1�Fe2 2.5795(6) Si1�O1 1.645(2)
Fe2�O1 2.587(2) Si2�O1 1.650(2)
Fe1�N1 2.059(2) N1-Fe1-N2 95.21(9)
Fe1�N2 2.064(2) N1-Fe2-N2 95.48(9)
Fe2�N1 2.072(2) N1-Fe1-N3 136.7(1)
Fe2�N2 2.042(2) N2-Fe1-N3 128.1(1)
Fe1�N3 1.926(2) N1-Fe2-N4 132.5(1)
Fe2�N4 1.924(2) N2-Fe2-N4 131.8(1)
Si1�N1 1.750(2) Si1-O1-Si2 141.14(13)
Si2�N2 1.750(3)
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the sharp but paramagnetically shifted 1H NMR spectrum of
an independently prepared sample of {Fe[tBuN(SiMe2)]2O}2.


Reactivity of the ate complexes : Despite the presence of Li ±
� interactions, the ate complexes 2 ± 4 also appear susceptible
to halide metathesis. The reaction of ate-complex 2 with a
variety of alkyllithium reagents (e.g. MeLi, Me3SiCH2Li) gave
a change in colour from dark orange to dark red at low
temperature, perhaps indicative of the formation of an
iron(���) ± alkyl. However, warming to room temperature
resulted in reduction to the halide-free, amido-bridged
dimeric iron(��) complex {Fe[Me3PhN(SiMe2)]2O}2 (6). This
dimer was prepared independently by reaction of FeCl2 with
{Li2[2,4,6-Me3PhN(SiMe2)]2O} for comparison. These metal
systems are among the few that have been shown to be easily
reduced when reacted with other �-donor anions.[35] Further
substitution chemistry of these complexes is under investiga-
tion.


A different redox reaction was observed to a much smaller
degree as a competing side reaction in the initial synthesis of
2 ± 4 from FeX3 and the dilithiodiamido ligand, which
increased with the electron-withdrawing character of the
amide. Thus, no side product is observed in the synthesis of
tBu amido-substituted 1 and only small amounts for 2,4,6-
Me3Ph or 2,6-iPr2Ph amido-substituted 2 ± 4 are generated.[36]


However, reaction of the electron-withdrawing diamidoether
ligand {Li2[3,5-(CF3)2PhN(SiMe2)]2O}[8] with FeX3 resulted in
complete reduction to iron(��) products, which were identified
as THF adducts of FeX2. Specifically, a linear one-dimen-
sional chain of the form [FeBr2(THF)2]n (7) (Figure 5) was


Figure 5. Chain structure of 7 (ORTEP view, 50% probability ellipsoids
are shown).


isolated from the FeBr3-containing reaction (selected intera-
tomic distances and bond angles are listed in Table 4). The
iron atoms in 7 have a pseudo-octahedral geometry; each iron
atom is coordinated to four bromine atoms and two THF
molecules. The iron atoms of the chain are bridged by the
bromine atoms with Fe�Br distances of 2.6754(4) and
2.6833(4) ä. In addition, [Fe4Cl8(THF)6][37] was isolated from


the FeCl3-containing reaction. Although lithium amides are
known in the literature with regards to their ability to reduce
organic molecules,[38] their reduction of metal halides has not
been widely reported.


Conclusion


Dimeric iron(���) ± diamido complexes of the type {FeX2-


Li[RN(SiMe2)]2O}2 were synthesized, giving rise to unusual
transition metal ate complexes that are stabilized by Li ±�
interactions. These complexes are tetrahedral and high-spin in
comparison with the five-coordinate spin admixed, tert-butyl
system 1. They are reactive in halide metathesis with other �-
donor anions, despite the presence of Li ±� interactions but
result in reduced iron(��) products. The reactivity of related
diamidoether complexes is currently under investigation.


Experimental Section


General : All experiments were carried out under an atmosphere of dry,
oxygen-free dinitrogen by means of standard Schlenk or glovebox
techniques. The glovebox used was a Mbraun Labmaster 130 equipped
with a solvent purification system and a �35 �C freezer. Diethyl ether
(Et2O) and tetrahydrofuran (THF) were predried over sodium wire and
were freshly distilled under a dinitrogen atmosphere by using sodium/
benzophenone and potassium/benzophenone, respectively. Hexanes and
toluene were passed through the solvent purification system connected to
the glovebox. [D6]Benzene was distilled from sodium benzophenone and
stored under dinitrogen. [tBuNH(SiMe2)]2O,[5, 6, 12] [2,4,6-Me3PhNH(Si-
Me2)]2O,[8] [2,6-iPr2PhNH(SiMe2)]2O,[8] [3,5-(CF3)2PhNH(SiMe2)]2O,[8]


{Fe[tBuN(SiMe2)]2O}2[5] and {FeCl[tBuN(SiMe2)]2O}2[12] were prepared as
previously described. All other reagents were bought from commercial
sources and used as received. The variable temperature magnetic
susceptibility of crystalline samples were measured over the range 2 ±
300 K and at a field of 10000 G using a Quantum Design (MPMS) SQUID
magnetometer. The sample holder, made of PVC, was specifically designed
to possess a constant cross-sectional area. UV/Vis spectra were recorded on
a HP-8452A diode array spectrophotometer. 1H NMR Spectra were
conducted on a 400 MHz Bruker AMX instrument. Mass Spectra were
measured using a HP-5985 GC-MS EI/CI instrument operating at 70 eV.
Elemental analysis (C, H, N) was conducted by Mr. Miki Yang of Simon
Fraser University.


{FeCl2Li[Me3PhN(SiMe2)]2O}2 (2): Awhite powder of [2,4,6-Me3PhNH(Si-
Me2)]2O (0.5 g, 1.25 mmol) was dissolved in Et2O (20 mL) and two
equivalents of 1.6� nBuLi in hexanes (1.56 mL, 2.5 mmol) were added
dropwise at �78 �C. After being stirred for 2 h at room temperature, the
resulting solution was added dropwise to anhydrous FeCl3 (0.2 g,
1.25 mmol) in Et2O (40 mL) at �78 �C, yielding a dark orange/red solution.
After 2 h of being stirred at room temperature, the solvent was removed in
vacuo, the residue was extracted in hexanes and filtered through Celite.
Analytically pure product was obtained from refrigeration of this solution
at �35 �C followed by collection of the resulting crystals (0.62 g, 80%) on a
fine frit. 1H NMR (400 MHz, C6D6, 25 �C): �� 151 (br), 135 (br), 28 (br);
elemental analysis calcd (%) for C22H34N2Cl2FeLiOSi2: C 49.63, H 6.44, N
5.26; found: C 49.50, H 6.77, N 4.88.


{FeBr2Li[Me3PhN(SiMe2)]2O}2 (3): A procedure analogous to the synthesis
of 2 was used with [2,4,6-Me3PhNH(SiMe2)]2O (0.5 g, 1.25 mmol), 1.6�
nBuLi in hexanes (1.56 mL, 2.5 mmol) and anhydrous FeBr3 (0.37 g,
1.25 mmol). Single crystals of 3 suitable for X-ray analysis were obtained
from the slow evaporation of a hexanes solution (0.61 g, 69%). 1H NMR
(400 MHz, C6D6, 25 �C): �� 152 (br), 120 (br), 27 (br); elemental analysis
calcd (%) for C22H34N2Br2FeLiOSi2: C 42.53, H 5.52, N 4.51; found: C
42.19, H 5.61, N 4.27.


{FeCl2Li[iPr2PhN(SiMe2)]2O}2 (4): A procedure analogous to the synthesis
of 2 (and 3) was used with [2,6-iPr2PhNH(SiMe2)]2O (0.5 g, 1.03 mmol),
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Table 4. Selected interatomic distances [ä] and bond angles [�] for
[FeBr2(THF)2]n (7).


Fe�Br1 2.6754(4) Fe1�Fe1[i] 3.981(1)
Fe�Br1[ii] 2.6833(4) Fe1[i]-Br1-Fe1 95.949(14)
Fe1�O1 2.133(3) Br1-Fe1-Br1[ii] 84.051(14)


[i] ��1�x, y, z. [ii] ��x, 1� y, 1� z.
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1.6� nBuLi in hexanes (1.23 mL, 2.06 mmol) and anhydrous FeCl3 (0.17 g,
1.03 mmol). Refrigeration of a hexanes solution at �35 �C gave dark
crystals of 4 (0.64 g, 88%). 1H NMR (400 MHz, C6D6, 25 �C): � �119 (br),
21 (br), �105 (br); elemental analysis calcd (%) for C28H46N2Cl2FeLiOSi2 ¥
C6H14: C 58.11, H 8.61, N 3.98; found: C 58.19, H 8.54, N 3.89.


{Fe2(NPh2)2[tBuN(SiMe2)]2O} (5): The purple powder {FeCl[tBuN(Si-
Me2)]2O}2 (1) (0.2 g, 0.27 mmol) was dissolved in Et2O (20 mL) and a
solution of LiNPh2 (0.096 g, 0.55 mmol) in Et2O (10 mL) was added
dropwise at �78 �C. A dark violet colour developed upon warming to room
temperature. After being stirred overnight at room temperature, the
solvent was removed in vacuo, the product was extracted in hexanes and
filtered through Celite. Slow evaporation of a hexanes solution yielded
large block crystals of 5 (0.17 g, 87%). 1H NMR (400 MHz,C6D6, 25 �C):
�� 10.50 (s, 8H; m-Ph), �0.66 (s, 12H; SiMe2), �5.61 (s, 4H; p-Ph), �7.69
(s, 18H; C(CH3)3), �15.62 (s, 8H; o-Ph); MS (70 eV, CI): m/z : 723 [M�],
552 [M��NPh2]; elemental analysis calcd (%) for C36H50N4Fe2OSi2: C
59.83, H 6.97, N 7.75; found: C 59.70, H 6.73, N 7.78.


{Fe[Me3PhN(SiMe2)]2O}2 (6): A white powder of [2,4,6-Me3PhNH(Si-
Me2)]2O (0.71 g, 1.78 mmol) was dissolved in THF (20 mL) and two
equivalents of 1.6� nBuLi in hexanes (2.20 mL, 3.55 mmol) were added
dropwise at �78 �C. After being stirred for 2 h at room temperature, the
resulting solution was added dropwise to anhydrous FeCl2 (0.225 g,
1.78 mmol) in Et2O (40 mL) at �78 �C, yielding a dark yellow solution.
After 2 h of being stirred at room temperature, the solvent was removed in
vacuo, the residue was extracted in toluene and filtered through Celite. A
powder of 6 precipitated upon refrigeration of this solution at �35 �C,
which was washed with hexanes (0.31 g, 40%). 1H NMR (400 MHz, C6D6,
25 �C): ��42, 34, 30, 27, 22, 7.42, 2.27, 0.35, �21, �31, �50, �54; elemental
analysis calcd (%) for C22H34N2FeOSi2: C 58.13, H 7.54, N 6.16; found: C
57.79, H 7.42, N 5.94.


[FeBr2(THF)2]n (7): The dark brown oil [3,5-(CF3)2PhNH(SiMe2)]2O (1.0 g,
1.7 mmol) was dissolved in Et2O (20 mL) and two equivalents of 1.6�
nBuLi in hexanes (2.13 mL, 3.4 mmol) were added dropwise at �78 �C.
After being stirred for 2 h at room temperature, the resulting solution was
added dropwise to anhydrous FeBr3 (0.50 g, 1.7 mmol) in Et2O (40 mL) at
�78 �C, yielding a dark brown solution. After being stirred overnight at
room temperature, the solvent was removed in vacuo, the residue was
extracted in hexanes and filtered through Celite. Crystals of 7 suitable for
X-ray analysis were obtained from refrigeration of a THF/hexanes solution
at�35 �C. Elemental analysis calcd (%) for C8H16Br2FeO2: C 26.70, H 4.48;
found: C 20.65, H 2.89. The poor analysis is likely due to the partial
evaporation of THF.


Reaction of 1 with LiPPh2 to give {Fe[tBuN(SiMe2)]2O}2 : The dark purple
powder 1 (0.2 g, 0.55 mmol) was dissolved in Et2O (20 mL) whereupon a
solution of LiPPh2 (0.105 g, 0.55 mmol) in Et2O (10 mL) was added
dropwise at �78 �C. An immediate colour change to dark brown/green
occurred. After 2 h of being stirred at room temperature, the solvent was
removed in vacuo, the residue was extracted in hexanes and filtered
through Celite. Single crystals of {Fe[tBuN(SiMe2)]2O}2 were grown from
refrigeration of this solution at �35 �C (0.16 g, 89%). 1H NMR of
independently prepared {Fe[tBuN(SiMe2)]2O}2 gave the same NMR
fingerprint. 1H NMR (400 MHz, C6D6, 25 �C): �� 15.58 (s, 3H; SiMe),
10.57 (s, 3H; SiMe), 6.18 (s, 9H; C(CH3)3), 3.07 (s, 3H; SiMe), 2.72 (s, 3H;
SiMe), 0.15 (s, 9H; C(CH3)3).


Reaction of 2 with MeLi to give {Fe[Me3PhN(SiMe2)]2O}2 (6): An NMR
tube was charged with the red/orange powder 2 (0.020 g, 0.056 mmol) and
dissolved in [D8]toluene (0.5 mL). To this was added 1.6� MeLi in Et2O
(0.07 mL, 0.11 mmol). The 1H NMR spectrum of this sample gave the same
NMR fingerprint as independently prepared 6.


X-ray crystallographic analyses of 3, 5, and 7: See Table 5 for crystal data.
Selected interatomic distances and bond angles for 3, 5, and 7 are found in
Tables 2 ± 4, respectively. Suitable crystals for 3, 5, and 7 were mounted in a
capillary under N2 (glovebox) and analyzed on the following instruments:
For 3, a P4 Bruker diffractometer equipped with a Bruker SMART 1 K
CCD area detector (employing the program SMART)[39] and a rotating
anode utilizing graphite-monochromated MoK� radiation (�� 0.71073 ä).
Data processing was carried out by use of the SAINT program,[40] while the
program SADABS[41] was utilized for the scaling of diffraction data, the
application of a decay correction and an empirical absorption correction
based on redundant reflections. The structure of 3 was solved by using the


direct-methods procedure in the Bruker SHELXTL program library[42] and
refined by full-matrix least-squares methods on F 2. All non-hydrogen
atoms were refined using anisotropic thermal parameters. For 5 and 7, data
was collected on a Enraf-Nonius CAD4 diffractometer. The programs used
for all absorption corrections, data reduction and structure solutions of 5
and 7 were from the NRCVAX Crystal Structure System.[43] The structures
were refined using CRYSTALS.[44] All diagrams were made using Ortep-
3.[45]


For 7, because the angle � differed little from 90�, and the refined structure
in P21/n displays approximate mmm symmetry, the possibility that the
crystal was actually orthorhombic was re-considered. Rmerge� 0.085 for
crystal point group mmm (681 equivalent observed reflections), whereas
Rmerge� 0.033 for crystal point group 2/m (231 equivalent observed
reflections) using the same absorption-corrected data. In the space group
Pmnn, the structure could be refined to RF� 0.037, for 46 refined
parameters and 624 observed reflections, using the merged data. In this
model, possible disorder was evident in the very large U11 for the C-atoms
of the THF ligand (which all lie in the mirror plane at�� 0.5). The same
level of agreement could be obtained using split isotropic carbon and
hydrogen atom sites (39 refined parameters). On the other hand, in P21/n,
the stable refinement (RF� 0.036, for 62 refined parameters and 1008
observed reflections) produces a structure in which the puckering and
packing of the THF ligands and the thermal motion of all atoms is most
reasonable. Therefore, the P21/n model is reported here, even though this
assignment is not conclusive. Further investigation to resolve this possible
ambiguity was considered unwarranted.


CCDC-198661 (3), -198662 (5) and -207311 (7) contain the supplementary
crystallographic data (excluding structural factors) 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 on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(�44)1223 ± 336 ± 033; or e-mail : deposit@ccdc.cam.ac.uk).
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Table 5. Crystal data for 3, 5 and 7.


3 5 7


empirical formula C44H68Br4Fe2Li2N4O2Si4 C36H50Fe2N4OSi2 C8H16Br2FeO2


formula weight 1242.60 722.69 359.87
T [K] 153(2) 293 293
� [ä] 0.71073 0.71073 0.71073
crystal system monoclinic triclinic monoclinic
space group P21/c P1≈ P21/n
a [ä] 16.887(7) 10.4168(25) 3.9807(7)
b [ä] 10.983(4) 10.6957(20) 7.5170(15)
c [ä] 15.899(5) 17.467(3) 18.262(4)
� [�] 90.00 95.131(16) 90.00
� [�] 108.952(12) 97.971(18) 90.086(17)
	 [�] 90.00 100.711(17) 90.00
V [ä3] 2789.1(17) 1880.5(6) 546.5(2)
Z 2 2 2

calcd [gcm�3] 1.480 1.277 2.187
� [mm�1] 3.51 0.87 8.59
F(000) 1260 766 352
crystal size [mm3] 0.60� 0.20� 0.12 0.5� 0.4� 0.4 0.3� 0.25� 0.2
� range [�] 2 ± 27.54 2 ± 25.06 2 ± 29.06
refls collected 36744 7389 1575
indep refls 18354 6660 1464
data/parameters 18354/298 4386/409 1008/62
R indices
[I� x�(I)][a]


R(F 2) 0.0495
wR(F 2) 0.0979
RF 0.0312 0.0358
RWF 0.0330 0.0392


[a] (x� 2 for 3, x� 2.5 for 5 and 7).
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Mˆssbauer analyses of 1 ± 5 : The crystalline samples used for Mˆssbauer
spectroscopy were loaded into teflon holders in a glovebox. Samples were
stored in liquid nitrogen prior to spectra collection. The Mˆssbauer
experiments were recorded using a Harwell Instruments constant accel-
eration drive coupled to a MSA 200 attenuator and a MWG 200 signal
generator. The detector was a Reuter-Stokes Kr/CO2 proportional counter
and a 25 mCi 57Co/Rh source was used. Spectra were recorded at 77 and
4.2 K. The spectrometer was routinely calibrated using iron foil as the
standard.
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Hydrogen Adsorption in Carbon Nanostructures: Comparison of Nanotubes,
Fibers, and Coals


H. Gijs Schimmel,[a] Gordon J. Kearley,[a] Marije G. Nijkamp,[b] Cornelis T. Visser,[b]
Krijn P. de Jong,[b] and Fokko M. Mulder*[a]


Abstract: Single-walled carbon nano-
tubes (SWNT) were reported to have
record high hydrogen storage capacities
at room temperature, indicating an in-
teraction between hydrogen and carbon
matrix that is stronger than known
before. Here we present a study of the
interaction of hydrogen with activated
charcoal, carbon nanofibers, and SWNT
that disproves these earlier reports. The
hydrogen storage capacity of these ma-
terials correlates with the surface area of
the material, the activated charcoal
having the largest. The SWNT appear


to have a relatively low accessible sur-
face area due to bundling of the tubes;
the hydrogen does not enter the voids
between the tubes in the bundles. Pres-
sure ± temperature curves were used to
estimate the interaction potential, which
was found to be 580� 60 K. Hydrogen
gas was adsorbed in amounts up to


2 wt % only at low temperatures. Mo-
lecular rotations observed with neutron
scattering indicate that molecular hy-
drogen is present, and no significant
difference was found between the hy-
drogen molecules adsorbed in the differ-
ent investigated materials. Results from
density functional calculations show
molecular hydrogen bonding to an ar-
omatic C�C bond that is present in the
materials investigated. The claims of
high storage capacities of SWNT related
to their characteristic morphology are
unjustified.


Keywords: carbon ¥ density func-
tional calculations ¥ hydrogen
adsorption ¥ physisorption ¥ single
walled nanotubes


Introduction


The importance of hydrogen as a future energy carrier is
generally acknowledged. The advantages of a hydrogen-based
economy would be its sustainable and environmentally
friendly character. Apart from factors concerning the en-
ergy-efficient production of hydrogen as well as cost-effective
use of hydrogen in fuel cells, the application of hydrogen as an
energy carrier is limited by hydrogen storage problems.
Storage of hydrogen is either too expensive, too heavy, takes
too much volume and/or is unsafe. Therefore hydrogen
storage in new materials and devices is an active field for
research worldwide. Storage of hydrogen in new forms of
carbon materials attracted worldwide interest when Dillon
et al. published 5 ± 10 wt % hydrogen storage in single-walled


carbon nanotubes (SWNT).[1] Subsequently claims of high
hydrogen storage capacities at room temperature and pres-
sures higher than 100 bar in graphitic nanofibers (GNF) and
lithium- and potassium-doped multiwalled carbon nanotubes
were made.[2±4] However, more recently several reports that
falsify these claims have appeared.[5±8] Despite considerable
effort, computations do not support those high storage
capacities on the basis of physisorption processes.[9±14]


Recently we reported adsorption capacities in the range
0 ± 2.5 wt % at low temperatures and ambient pressure in
various nanostructured carbon samples.[15] The process re-
sponsible for storage under the low-temperature ambient-
pressure conditions is clearly physisorption.[16, 17] An impor-
tant yet unanswered question is how the strength of the
interaction resulting in physisorption varies between carbon-
based materials with different topologies. Herein, we report
on a study of the interactions between hydrogen and different
carbon materials ranging from activated charcoal to single
walled carbon nanotubes. In our measurements the rotation of
a hydrogen molecule is used as a sensitive probe for the
presence of the molecule and for interactions between surface
and adsorbed hydrogen molecules at the microscopic/molec-
ular level. These results are compared to macroscopic
adsorption measurements as well as first-principles calcula-
tions.
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Experimental Section and Principles


Materials: Four different materials have been investigated in this study:
Two activated carbons: AC Norit 990293 (NAC) and AC Norit GSX
(GSX), a �fishbone� carbon nano-fiber sample (GNF), and a sample
consisting of single-walled carbon nanotubes (SWNT). Activated carbons
are highly micro- and mesoporous carbon materials. Steam-activated
carbons have been prepared from raw materials (e.g. peat, lignite, coal) and
carbonized and reacted with steam at 1000 �C. In this way some of the
carbon atoms are removed by gasification, which yields a very porous
structure.


Graphitic nanofibers were grown by using a fixed-bed reactor. Nickel
particles on a silica support (Aerosil 200) dissociate methane, forming
hydrogen and carbon atoms that dissolve in the nickel particle. These
carbon atoms diffuse through the nickel catalyst particle to form a carbon
nanofiber. The silica support was removed in a refluxed boiling KOH
solution. In the same manner a treatment with HNO3 was used to remove
the Ni particles.[18] The nanofibers used in this investigation had a fishbone
arrangement of the graphite planes with respect to the fiber axis. The
diameter of these fibers ranges between 20 and 30 nm, with an average of
25 nm. We loaded these fishbone fibers with 0.2 wt % Pd nanoparticles
using ion-exchange from a Pd(NH3)4Cl2 solution.[19] This was done to open
up the possibility to have atomic H in the sample, that may possibly even
intercalate in between the graphite layers as has been speculated by
others.[2±4]


The single-walled carbon nanotubes were obtained commercially (from
Carbon Nanotechnologies Incorporated, Houston, USA). The nanotubes
were produced by the HiPCo process in which Fe(CO)5 decomposes in a
CO atmosphere.[20] Our sample contains 17.5 wt %, or less than 5 at%, of
leftover iron catalyst particles. The sample was characterized by X-ray
diffraction, which showed no sharp peaks, indicating that no crystalline
form of graphite or iron was present. Mˆssbauer spectroscopy revealed that
the leftover catalyst particles are almost exclusively present in the form of
Fe3C. Transmission electron microscopy was used to investigate the
diameter of the nanotubes and the iron carbide particles. The carbon
nanotubes are packed with a smallest repetition distance of about 1.25 nm,
indicating that the size of the tubes is around 1.25 nm, whereas the iron
carbide particles are larger, with diameters up to 4 nm. The surface area of
the relatively low number of massive iron carbide particles is much smaller
than that of the nanotubes, and any adsorption of H2 on these particles can
therefore not be observed.


Adsorption measurements : Samples were loaded in aluminum containers
and mounted in a closed cycle refrigerator. The samples were evacuated to
below 1 mPa while heated to 323 K for at least 12 h. Adsorption isotherms
were recorded by opening a valve to a known volume of hydrogen gas with
a known pressure, waiting for equilibrium and measuring the pressure, and
repeating this procedure up to 1 bar. Temperature ± pressure curves were
measured inside the same system.


Inelastic neutron scattering : The samples under investigation were loaded
in aluminum sample chambers, mounted into a cryogenic system and
evacuated to below 1 mPa while heated to 323 K for at least 12 h. The
sample thickness was such that up to 10 % of the neutrons was scattered by
the nuclei of the sample when hydrogen was loaded. The samples were
cooled to 3.6 K and a background measurement was performed on the
evacuated sample. Then the sample was heated to 77 K and hydrogen was
loaded up to a pressure of 1 bar. This temperature and pressure were
chosen because these are the reference conditions in our previous work.
When insufficient hydrogen had been adsorbed for a good neutron
spectrum, filling was continued at 1 bar at a temperature that was lowered
by a few degrees (this enhances the adsorption capacity considerably). In
this manner 100 ± 200 mL STP H2 was adsorbed in the sample, sufficient for
recording an accurate neutron spectrum in a reasonable time. The
hydrogen loaded sample was then cooled down to 3.6 K and a spectrum
was recorded. Note that we can exclude the possibility of having measured
on solid hydrogen because the hydrogen adsorbs already completely at
50 K (i.e. the hydrogen vapor pressure is always much lower than the
equilibrium vapor pressure for liquid or solid hydrogen).


The measurements were performed on the time-of-flight spectrometer
RKS at the 2 MW nuclear reactor in Delft (The Netherlands). This
spectrometer uses two choppers and a rotating pyrolitic graphite mono-


chromator to produce a pulsed, mono-energetic beam. The incident energy
of the neutron beam was selected to be 157.3 cm�1. The scattered neutrons
are detected by an array of detectors giving a momentum transfer range of
0.2 ± 3.5ä�1 and their arrival time is recorded. The time-of-flight of the
neutrons were transformed into energies and the structure factor S(Q,�)
was obtained by multiplying with ki/kf and by normalizing on the incident
beam monitor. To improve statistics the spectra were summed over the
momentum transfer Q so that the average value of the spectra is 1.6 ä.
Scattering of the sample without hydrogen was subtracted from the
spectrum of the hydrogen-loaded sample. In order not to extract too much
of the �empty sample spectrum�, corrections were made for the small
screening of the scattering of the sample holder and carbon sample by the
hydrogen in the loaded sample. In this way only the scattering of hydrogen
is visible in the corrected spectra. All experiments were performed at a
temperature of 3.6 K. These low temperatures are needed because at
higher temperatures the thermal energy of the hydrogen molecules appears
to enable them to move along the surface, giving unwanted broadening of
the spectra.
To be able to observe a possible decrease in elastic scattering with time,
each spectrum was divided into 5 ± 10 sub-runs. Such decrease in elastic
scattering could result from the slow conversion of ortho- to para-hydrogen
because ortho-hydrogen scatters approximately 40 times more than para-
hydrogen (see below for explanation).


Theoretical calculations : To understand the experimental results we
performed density functional theory calculations using Dmol3. We used
the numerical basis set DND (double numerical with d functions) and the
Perdew Wang local correlation density functional.
The hydrogen molecule as a probe


Due to its diatomic nature, hydrogen can rotate around two axes. The
possible energies EJ of the rotation of the hydrogen molecule are quantized
and are labelled by the rotational quantum number J. For a hydrogen
molecule that is free to rotate (this is in good approximation the case in
solid hydrogen[21]) the energies of the rotational levels are given by EJ�
J(J� 1)B. The rotational constant B, can be evaluated with the formula (1),
in which �h is Planck×s constant divided by 2�, mp is the mass of the protons,
and R is the distance between the protons.[21]


B� 2�h2


mpR
2 (1)


From the experimental value of B, 59.3 cm�1 (7.35 meV),[21] we can evaluate
the difference between the two lowest rotational states (J� 0 and J� 1):
119 cm�1 (or �170 K). It is important to note here that the rotational
transition only occurs for molecular hydrogen, that is atomic hydrogen
bonded to a carbon plane does not show this transition.
Because the two protons in a H2 molecule are fermions, their overall
wavefunction should be antisymmetric under exchange of the two nuclei.
Rotational states with even values of J, have a symmetric spatial
eigenfunction and the spin eigenfunction needs to be antisymmetric to
achieve an overall antisymmetric wavefunction. This antisymmetric spin
eigenfunction is a singlet spin state with nuclear spin 0. Odd values of J
have an antisymmetric spatial eigenfunction, and conversely a symmetric
spin part of the wavefunction (a triplet state with nuclear spin 1). Hydrogen
in rotational states with odd values of J is called ortho-hydrogen, whereas
hydrogen in rotational states with even values of J is denoted para-
hydrogen. At high temperatures (e.g. room temperature) the ratio of ortho-
to para-hydrogen molecules is 3 to 1. At temperatures much lower than
170 K the lowest rotational state J� 0 is energetically favorable. However
the conversion from ortho- to para-hydrogen can be extremely slow
because it involves a change of the total nuclear spin from 1 to 0. The
presence of paramagnetic catalysts or impurities as in our samples can
speed up the conversion from days to less than hours. The neutron cross-
section of ortho- and para-hydrogen are rather different (ortho :
80barn molecule�1, para : 1.8 barn molecule�1). Care should be taken in
the experiment to observe if the ortho-para conversion is complete or not.
It may also be noted that atomic hydrogen has a large cross section
(80 barn atom�1).
When a hydrogen molecule is adsorbed on a surface or in a cavity, the
potential it feels may not be isotropic because of the atomic nature of any
surface, and this may hinder the rotation of the adsorbed hydrogen
molecule. Then spherical symmetry is broken, causing the triplet J� 1 level
to split. Such splitting contains information on the symmetry of the site at
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which hydrogen is adsorbed. An example was observed by e.g. Fitzgerald
et al. for hydrogen molecules in interstitial sites in solid C60.[22]


If the molecular hydrogen electron cloud is severely altered because it
takes part in a bond with the surface, the distance between the protons
increases due to reduced electronic screening. (This H�H bond lengthening
effect is also known as bond activation.[23]) This leads to a smaller value of
the rotational constant B (see [Eq. (1)]). Such effects of bond elongation
were illustrated by Eckert and co-workers with experiments on different
metal complexes having a dihydrogen ligand (the so-called Kubas
compounds). They found that the separation of the lowest two rotational
levels of the dihydrogen ligand is smaller in complexes where the
dihydrogen ligand molecule was more tightly bound, and the larger
proton ± proton bond lengths found in this way were confirmed by neutron
diffraction.[23]


For weakly bonded molecules, as is the case in physisorption by van der
Waals interaction, no significant electron density is transferred to the
adsorbent or is used to form the bond. Thus it is not expected that large
shifts of the rotational constant B will occur. The hydrogen molecules can
then be described as (almost) free quantum-mechanical rotors. In contrast,
for more strongly bound chemisorbed molecular hydrogen in for example
zeolites a strong shift of the J� 1 level can be observed.[24]


With the neutron experiments presented here we are able to discriminate
between molecular and atomic hydrogen on the basis of the presence of the
rotational transition and the strongly different neutron scattering cross
sections. Furthermore under the assumption that the rotational level may
be stronger split for stronger bound hydrogen, the value of the splitting
gives an indication of the strength of the bond experienced by the hydrogen
molecule. This should then also be in agreement with the adsorption energy
found from the adsorption measurements. These methods will provide a
means to investigate if the high storage capacity claims for carbon
nanofibers and carbon nanotubes can be supported or not by a hydrogen-
matrix interaction that is much stronger or of a different nature than found
in other carbons.


Results


Pressure- and temperature-dependent hydrogen adsorption:
All of these samples were tested for hydrogen storage
capacity at 77 K and 1 bar. For the SWNT this was the first
time that this was determined, while for the other compounds
the adsorbed amounts (obtained volumetrically) under these
conditions were the same as we found previously.[15] Figure 1


Figure 1. Hydrogen adsorption capacity for activated charcoal (Norit
GSX) as a function of hydrogen pressure. The line is a fit with a Langmuir
adsorption isotherm. The hydrogen surface coverage �0.8 at P� 1 bar.


shows the amount of adsorbed hydrogen as a function of
hydrogen pressure for Norit GSX. The experimental curve
follows the Langmuir isotherm (solid line in Figure 1) given


by Equation (2), in which � is the coverage of the adsorbent
surface, K is the equilibrium constant, and P is the pressure.
From the Langmuir isotherm a coverage of approximately 0.8
was derived.


�� KP


1 � KP
(2)


We modified this model to get the temperature dependence
of the pressure of the gas above a surface. Introducing the rate
of adsorption, �a, which is proportional to the number of
molecules hitting a vacant adsorption site we get
Equation (3), where T is the temperature of the system and
(1� �) is the fraction of unoccupied adsorption sites.


�a�
P
�


T
(1��) (3)


We used the fact that the density of a gas is proportional to
the pressure, whereas the average gas molecule velocity is
proportional to


�
T. The rate of desorption, �d, is propor-


tional to a frequency, f, at which the surface atoms vibrate
(this frequency is of the order of 1013 Hz) and the Boltzmann
distribution factor, giving Equation (4), where Had is the
enthalpy of adsorption, k is the Boltzmann constant, and � is
the fraction of occupied adsorption sites.


�� fe
�Had


kT � (4)


Combining these two gives Equation (5), in which C is a
constant.


P�Cf
�


Te
�Had


kT
�


1 � �
(5)


When the volume of the gas phase is small, we can assume
the fractional coverage � to be constant in the temperature
range investigated. For two samples (SWNT and NAC) we
recorded the pressure as a function of the sample temperature
during cooling. The pressure of hydrogen gas above Norit
GSX during warming was also measured. These measure-
ments are presented in Figure 2. The least-squares fit on the
GSX data with the model derived above is shown in the figure.
Results from these fits are given in Table 1. From the errors
associated with the fitted values of the adsorption potentials,


Figure 2. Temperature ± pressure curves for SWNT (circles), Norit AC
990293 (triangles), and Norit GSX (squares). The line is a fit with the model


P�C�
�


Te
�Had


kT through the measured curve for Norit GSX. Using this
model the adsorption energies were obtained (580� 60 K).
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we conclude that the adsorption potential is 580� 60 K or 5�
0.5 kJ mol�1. The review article of Vidali et al. on potentials of
physical adsorption gives a well depth of 51.7 meV for
graphite, which equals 600 K or 5 kJ mol�1,[25] in agreement
with our results. Clearly the value of Dillon et al. of
19.6 kJ mol�1 for hydrogen adsorbed onto single-walled
carbon nanotubes is not reproduced.[1]


The macroscopic measurements show that hydrogen ad-
sorption on carbon surfaces as a function of hydrogen
pressure already starts to saturate at 1 bar at a temperature
of 77 K (see Figure 1). The sites at which the hydrogen
molecules adsorb under the experimental conditions in this
work will be commensurate with the carbon hexagons in the
matrix.[26] The layout of these sites is hexagonal with a
distance between reflections planes of 3.69 ä,[26] correspond-
ing to a density of one hydrogen site per every three hexagons.
This low density of sites explains how a coverage of 80 % can
be found from the Langmuir isotherm. On geometrical
grounds, using a site area based on the hydrogen molecular
size of 0.142 nm2 only, a coverage of about 34 % is derived.[15]


It is known that at higher fillings (attainable using lower
adsorption temperatures) an incommensurate hydrogen layer
is formed with such a much higher packing.[26]


Inelastic neutron scattering results : Figure 3 shows the
measured spectra for the four different carbon materials.
Table 1 lists the results from least squares fits of the peaks
with a Gaussian peak profile. The Gaussian peak profile was
chosen because it is a good description of the resolution
function of the instrument at these energy transfers. The
determination of the absolute position of the peaks is
influenced by systematic errors due to uncertainties in the
neutron incident energy and path lengths in the instrument.
We estimate this error to be 2 %, which is 2 cm�1, of the
neutron energy loss. The fitted peak positions show that a shift
of the rotational transition energy cannot be observed within
experimental accuracy. The peak widths are comparable with
the experimental resolution, which was determined to be
11 cm�1 (full width at half maximum) from a gauge measure-
ment on solid hydrogen. No splitting of the J� 1 level due to
hindering of the rotation was observed.


The intensities in the elastic peak (zero-energy transfer) are
much lower than the rotational transition peak. This excludes
the presence of molecular ortho-hydrogen and of atomic
hydrogen in significant amounts, because scattering cross-


Figure 3. Neutron energy loss spectra of hydrogen adsorbed in Norit
AC990293 (triangles), single-walled carbon nanotubes (circles), Norit GSX
(squares), and graphitic nanofibers(diamonds). The data are normalized on
the incident number of neutrons on the sample. The (mostly elastic)
scattering of the sample without hydrogen has been subtracted (see text)
which makes that only the scattering by hydrogen is visible. The graphitic
nanofibers adsorb even after extra filling a very small amount of hydrogen,
resulting in a very weak peak.


sections for both are larger than for the transition of J� 0 to
J� 1. Furthermore, the elastic peak intensity compared to the
inelastic peak intensity is as expected for the scattering by the
para-hydrogen in the samples. Also when observing the
spectra of the samples as a function of time (obtained from the
different subruns for each spectrum) it was clear that the
conversion of ortho- to para-hydrogen was already completed
during the few hours of cooling. This is caused by the
enhanced nuclear relaxation induced by the paramagnetic
catalyst residuals (SWNT, GNF) or impurities (NAC, GSX).


Because the elastic peak intensity is so small this leaves no
room for atomic hydrogen (having a large neutron cross-
section) to be present in any significant amount. The
assumption that a part of the reversible hydrogen storage is
via the formation of atomic hydrogen and hydrogenation of
the carbon is therefore not supported by the results. This
contrasts with the assumptions in some recent theoretical
works.[9] Also in the Pd loaded sample there is no sign of
enhanced H2 take-up due to the formation of atomic H (the
Pd itself will absorb hydrogen up to PdH0.6 , but the concen-
tration is too low to observe).


The J� 1 rotational peak is in the same position in carbon
materials that have completely different topologies: the
highly regular curved sheets of carbon in SWNTs, conical
curved carbon sheets in fishbone nanofibers, and highly
porous activated carbons. Evidently the conclusion has to be
that the morphology of the carbon surfaces has little effect on
the rotation potentials for hydrogen. This would also indicate
that the bonds responsible for the adsorption are similar in the
different materials, in agreement with the macroscopic
adsorption data. The claims for large adsorption capacities
in SWNTs can now be discarded both on the basis of
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Table 1. Properties of the materials investigated. V is the volume at
standard temperature and pressure (1 bar and 295 K) of hydrogen stored in
1 g of material at 77 K and 1 bar, SBET is the BET surface area (the value for
SWNT is from ref. [31]) Had is the enthalpy of adsorption derived from
pressure ± temperature curves and p is the peak position in the neutron
spectra due to the rotational transition.


NAC GSX SWNT GNF


V [mL STP] 238 160 60 20
SBET [m2 g�1] 2200 933 380 196
Had [K] 513 576 525 ±
p [cm�1] 119 120 119 117
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macroscopic adsorption data and microscopic interaction
strength×s.


Discussion INS results : Here we will compare our neutron
results on the SWNT with the three other types of sample as
well as with results found by others in C60


[22] and single-walled
nanotube containing samples.[27, 28] This comparison will give
an answer to where the hydrogen molecules are located in the
SWNT sample.


It is important to note that SWNT form bundles of many
aligned tubes during the production process.[29] On our sample
we found that the X-ray diffraction pattern showed a peak at a
momentum transfer of 0.536 ä�1. This corresponds to a plane
distance of 1.17 nm, and assuming a close packing of the tubes,
the average tube ± tube distance is 1.35 nm. This is close to the
minimum distance between tubes that we measured using
TEM (1.25 nm). We will use the X-ray value of 1.35 nm
because it may represent a better average tube ± tube distance
for the bulk of the sample.


It is sometimes suggested that the hydrogen molecules go in
the interstitial channels of the nanotube bundles. In that case
the number of available hydrogen sites will be very large
compared to that where hydrogen adsorbs on the outer
surface of the bundles only. In C60 hydrogen indeed enters
such interstitial sites. Fitzgerald et al. used a pressure of
130 bar to load hydrogen in C60 at room temperature, after
which the hydrogen was frozen in the lattice at 150 K. The
position of the hydrogen molecules on the interstitial sites in
C60 was determined by neutron diffraction methods.[22] There
are two types of sites (or voids) available for H2: one with a
diameter of 2.26 ä and one with a diameter of 4.12 ä. Only
the last site was shown to accommodate H2 up to 40 %, the
first site is not occupied at all. The fact that the H2 does not
enter the smaller site was explained by the size of the
H2 molecule being too large, it has a diameter of 2.9 ä. The
J� 1 level of hydrogen in the occupied sites was shifted
downwards to 14.35 meV (115.7 cm�1), and also split[22] by
0.7 meV (6 cm�1). This indicates a significantly larger change
in the rotational energy levels and also interaction of the
hydrogen with the C60 matrix than in any of the samples
measured by us. Such splittings and shifts would have been
observed in our experiments. The fact that we find peaks that
within error bars are not shifted with respect to solid
hydrogen, shows that indeed hydrogen is very weakly
disturbed by the bond to the surface of all of the carbon
materials under investigation. This indicates a weak bond,
which is supported by the macroscopic measurements.


Inelastic neutron spectra in samples containing soot and
20 ± 30 wt % or 50 vol% of single-walled carbon nanotubes
have been published before by Brown et al.[27] and Ren
et al. ,[28] respectively. These samples contained significant
amounts (80 ± 70 wt % and 50 vol%, respectively) of amor-
phous and nanocrystalline carbon as well as metal nano-
particles. Especially the nanostructured carbon is problematic
in this respect because its surface area will be non-negligible,
making significant amounts of hydrogen adsorption possible.
Their experiments used pressures as high as 110 bar to load
the sample container with the sample with hydrogen. After
this initial loading the sample was cooled to 25 K, where the


hydrogen source was disconnected. Subsequently the cells
were evacuated at about 25 K to remove any non-adsorbed
hydrogen. It may be noted that this loading procedure is
rather different from ours, because we used just 1 bar at 77 K
to adsorb the hydrogen. However, we obtained in a reprodu-
cible manner similar or higher adsorbed hydrogen amounts
for the SWNT. Both articles report the inelastic (unsplit) peak
due to the hydrogen molecular rotor. The peak position was
found to be close to the value for the free H2, the elastic peak
was not clearly shown.


Combining the results and comparing with the situation for
C60, we may state that H2 does not enter the interstitial
channels of the SWNT sample, and the reason why may be
illustrated in Figure 4. The diameter of the interstitial


Figure 4. Schematic graph of the consequence of the stacking of nanotubes
in bundles with tube ± tube distances of 1.35 nm. The interstitial channel
between the bundles is indicated to be too small for hydrogen molecules
(2.1 ä versus 2.9 ä).


channels between nanotubes of 1.35 nm diameter is 2.1 ä,
which is too small for hydrogen molecules to enter. It is even
smaller than the void in C60 of 2.26 ä which is not occupied by
H2 either. Furthermore the inelastic neutron data show no
difference between the four different types of nanostructured
carbon samples. Because the size of the channel between the
SWNTs is much smaller (2.1 ä) than the void in C60 (4.12 ä)
one would expect at least a similar but likely a larger influence
on the spectra of the adsorption in the channels. Clearly this is
not the case and we therefore have to exclude that significant
amounts of H2 adsorbs in the interstitial channels. It may also
be noted that Talapatra et al. reported that smaller gases like
He and Ne did not enter the interstitial channels either.[29]


Calculations : The materials all have aromatic rings in their
graphite structure. The fact that the different samples give the
same results for the interaction potentials raises the hypoth-
esis that the characteristic van der Waals bonding can be
modelled by only taking into account a carbon hexagon
structure with its delocalized electrons.


As a check we performed DFT calculations using Dmol3.
We used the numerical basis set DND (double numerical with
d functions) and the Perdew Wang local correlation density
functional. First we optimized the position of a hydrogen
molecule above a small piece of graphite built from four
carbon hexagons (Figure 5). The position with lowest energy
for the hydrogen molecule was 2.91 ä above a central C�C
bond. Then we turned the hydrogen molecule stepwise by
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Figure 5. The graphite surface and the hydrogen molecule in their
minimum energy position. The hydrogen molecule is located right above
the center of the C�C bond. From this configuration the energy was
calculated by using DFT when the hydrogen molecule was turned around.


180 � and evaluated the potential energy each 20 �. In this way
we obtained an estimate of the barrier for rotation for the
adsorbed molecule. The barrier we find is indeed very small
and is within computational accuracy consistent with the
experiments.


We conclude that different forms of carbon are essentially
the same for hydrogen molecules as long as they possess the
characteristic aromatic carbon rings. Thus the amount of
hydrogen storage is governed by the number of accessible
aromatic C�C bonds in the sample, which is related to the
surface area. The morphology of the adsorption sites on more
than one C�C bond length is less important.


Discussion


From this study some perspectives for hydrogen storage using
physisorption onto graphite surfaces can be evaluated. It
appears that these materials will not meet the goals set by the
Department of Energy of the US (6.5 wt %) under moderate
conditions such as room temperature and pressures up to
10 bar. This can be concluded from the interaction energy
which is around 580 K (5 kJ mol�1) (which means that at room
temperature virtually no hydrogen adsorbs) and from the fact
that even a single graphite sheet needs to be covered for 80 %
by hydrogen molecules on both sides to meet the goals.


An ideal hydrogen storage material using physisorption
would have an interaction potential around 2500 K
(�20 kJ mol�1) and a very high surface area (�2000 m2g�1).
In this way the residence time at room temperature for
adsorbed molecules is comparable with hydrogen adsorbed on
graphite at 77 K. Optimizing the surface area and hydrogen
pressure could then in principle lead to a material capable of
storing 6.5 wt % of hydrogen at room temperature and
moderate pressures. However, at present there is no indica-
tion as how to realize such a high interaction potential in a
material with a high specific surface area.


Recent experiments on carbon materials by G. Gundiah
and co-workers showed hydrogen storage capacities in the
range of 0.2 wt % to 3.7 wt % at 300 K and 140 bar.[30] To
compare these results with ours, we have to extrapolate the
use of Equation (5) to a temperature of 300 K. We take the
coverage � to be the same for both temperatures, meaning the
same amount of storage. Further we assume the frequency f
and the adsorption enthalpy Had� 580 K to be constant. With
these assumptions we estimate that a pressure of 530 bar at
300 K will give similar storage capacities as 1 bar at 77 K. In
our work we found a hydrogen storage capacity for SWNT of
60 mL STP per g, which equals 0.54 wt%. The ratio of the


estimated pressure (530 bar) and the pressure used by
Gundiah et al. (140 bar) is comparable to the ratio in hydro-
gen storage capacities (0.54 wt % versus 0.2 wt % for un-
treated SWNT). Their results for untreated SWNT therefore
support the findings presented in this work.


Conclusions


We report a study of microscopic aspects of physisorption of
hydrogen on carbon surfaces with several nano-morphologies.
From the isotherms and temperature dependent pressure
measurements we conclude that the interaction between a
hydrogen molecule and a carbon surface is 580� 60 K or 5�
0.5 kJ mol�1. However, at room temperature and ambient
pressure the residence time is very short, leading to negligible
adsorption. Inelastic neutron scattering experiments reveal
that molecular H2 is present and that the splitting of the
ground and excited level of the molecular hydrogen rotor is
essentially the same as for free hydrogen in all investigated
carbon materials. No sign of a strong bond of the hydrogen
molecule with the substrate was found in any of the materials.
This finding compared to H2 loaded interstitially in C60, and
the low adsorption quantities, rule out the possibility that H2


adsorbs in the narrow interstitial channels between the
nanotubes. The bond of hydrogen to carbon does not depend
on the topology of the surface. The only thing that counts then
is the amount of surface accessible by hydrogen. This surface
area appears to be largest in the activated carbons. The
SWNTs form bundles and this aggregation apparently se-
verely limits the accessible surface. Results of DFT calcu-
lations confirm that the hydrogen molecule is weakly bound
to a C�C bond where it experiences only a small barrier for
rotation.
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Photoresponsive Supramolecular Systems: Self-Assembly of Azodibenzoic
Acid Linear Tapes and Cyclic Tetramers


Felaniaina Rakotondradany, M. A. Whitehead, Anne-Marie Lebuis, and
Hanadi F. Sleiman*[a]


Abstract: A new strategy to effect pho-
toinduced control over molecular self-
assembly is reported. This strategy uses
the reversible trans ± cis photoisomeri-
zation of a novel azobenzene system,
where the trans- and cis-forms self-
assemble into dramatically different
higher-order structures. The trans-azo-


benzene form of this molecule associates
into infinite hydrogen-bonded linear


tapes, while the cis-azobenzene form
undergoes hydrogen-bonded self-assem-
bly into cyclic tetramers. This results in a
second level of association, where the
cis-hydrogen-bonded supramolecular
cycles ultimately form long, rod-like
aggregates through stacking interac-
tions.


Keywords: azobenzene ¥ hydrogen
bonds ¥ photochromism ¥ self-
assembly ¥ supramolecular chemis-
try


Introduction


Molecular self-assembly has recently emerged as one of the
most efficient methods to create new materials with con-
trolled physical and chemical properties.[1] In particular,
hydrogen-bonded self-assembly has generated an impressive
range of structures, such as helices,[1] linear tapes,[1, 2] cyclic
arrays[1, 2d, 3] and three-dimensional objects.[1, 4] An especially
attractive goal is to use external stimuli, such as electrical,
chemical or optical signals to control the self-assembly
process.[1±11] In particular, photoswitchable units have been
incorporated in a variety of supramolecular systems,[5±11] such
as peptides,[5] DNA,[6] dendrimers,[7] molecular hosts[8] as well
as macromolecular and liquid crystalline structures.[9, 10] These
systems have almost exclusively relied on the photoswitching
of a molecule between two distinct states,[5±8] or on using the
reversible photoisomerization of a chromophore to pattern a
surrounding polymer or liquid crystal matrix.[9, 10]


We here report a new strategy to effect photochemical
control over molecular self-assembly, by using photorespon-
sive azobenzene units 1 and 2 as supramolecular building
blocks (Scheme 1). This results in the light-driven switching of


a material between two dramatically different nanoscale
morphologies.[11] The trans-azobenzene form of these mole-
cules 1 associates into infinite hydrogen-bonded linear tapes,
while the cis-azobenzene form 2 undergoes hydrogen-bonded
self-assembly into cyclic tetramers, which then further asso-
ciate to form long, rod-like aggregates.


In the design of molecule 1, the photoswitchable azoben-
zene unit is incorporated in the main chain, and two hydrogen
bonding carboxylic acids are para to the N�N linkage.
Dicarboxylic acids, such as isophthalic and terephthalic acid
derivatives have been shown to associate into discrete
hexameric rosettes and linear tapes, respectively.[3a,b] The
azobenzene units in molecule 1 can undergo a reversible
trans ± cis photoisomerization.[12] In the trans-isomer 1, the two
carboxylic groups are expected to be aligned, and they can
thus undergo hydrogen-bonding self-assembly into linear
aggregates. On the other hand, in the photogenerated cis-
form 2, the carboxylic acids are expected to be oriented in a
near perpendicular fashion, thus they can self-assemble into
cyclic structures (Scheme 1). Building block 1 also incorpo-
rates two long alkoxy chains ortho to the azo group, in order to
sterically favor the formation of discrete, cyclic structures
once converted to the cis-form 2.[3]


Results and Discussion


Theoretical calculations : To validate the above assumptions,
we first investigated the geometry of cis-p-azodibenzoic acid
as a model compound by semiempirical PM3,[13a,b] density
functional theory (B3LYP[13c]/6-31G*), as well as ab initio
(HF/6-31G*) molecular orbital calculations.[13] These consis-
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tently showed similar C�N�N bond angles for this building
block, and an orientation of 82� between the carboxylic acid
groups. We then proceeded to perform PM3 calculations,
using the unsubstituted p-azodibenzoic acid, as well as o-
bis(methoxy)azodibenzoic acid as model compounds, in order
to estimate the most stable supramolecular structures from
trans-1 and cis-2. PM3 enthalpies and Gibbs free energies of
reaction at 298 K were calculated for the formation of open
and closed oligomers from monomeric trans- and cis-azodi-
benzoic acids (Table 1).[14]


These calculations indicated that the trans-azodibenzoic
acid self-assembles most favorably into linear tapes (Fig-
ure 1), while cis-azodibenzoic acid is most likely to form cyclic
structures (Figure 2).[15] Comparison of the closed aggregates
indicated that the cyclic tetramer shown in Figure 2 is
thermodynamically more stable than both the pentameric
and hexameric rosettes[16] (see Table 1). These calculations
also suggested that the formation of closed structures from
azodibenzoic acid trimers might be difficult. Consequently, as
expected from our design, PM3 calculations predict that trans-
azodibenzoic acid forms oligomeric linear tapes, whereas cis-
azodibenzoic acid 2 associates into cyclic structures; this
suggests that the self-assembly of 1 can be reversibly photo-
induced between dramatically different structures. Notably
this study is one of a few examples of the use of semiempirical
calculations to fully optimize a supramolecular assembly.[17]


Synthesis and self-assembly of
trans-azodibenzoic acid 1:
Scheme 2 outlines the synthesis
of 1 from 3-hydroxy-4-nitro-
benzoic acid (3). Carboxylic
acid 3 was first protected in
acidic media to give ester 4,
which was then treated with a
stoichiometric amount of 1-bro-
modecane under mild basic
conditions. The resulting ether
5 was deprotected under reflux
in 1:1 KOH/MeOH, then re-
duced using zinc dust under
basic conditions. The desired
azodibenzoic acid 1 was isolat-
ed by chromatography of the
corresponding methyl ester, fol-
lowed by hydrolysis under basic
conditions.[14]


We first studied the hydro-
gen-bond self-assembly behav-
ior of trans-azodibenzoic acid 1.
Vapor pressure osmometry
(VPO) measurements were car-
ried out in CH2Cl2, using benzil
(MW� 210) as the molecular
weight standard.[18] The calcu-
lated y intercept of the plot of
VPO molecular weight versus
concentration was found to
match the origin, and the calcu-
lated association constants of


dimer, trimer, tetramer, and so on were nearly equal.[14] This
indicates that 1 does not form discrete aggregates, but rather
oligomeric linear chains. Single crystals of trans-1 were grown
by evaporation of a DMF solution, and the X-ray structure is
shown in Figure 3.[19] Diacid 1 does indeed form an extended
hydrogen-bonded network of linear tapes, confirming the
PM3 calculations and the VPO results. In addition, these
tapes pack together through their long alkyl substituents to
form infinite parallel sheets (Figure 3b and c). This high
crystallinity of the trans-1 monomer is also observed in its
powder diffraction (XRD) pattern (see Figure 5a).


Reversible photoisomerization of trans-azodibenzoic acid 1 to
the cis-form 2 : The propensity of trans-1 to undergo reversible
photoisomerization was then examined by UV/Vis and
1H NMR spectroscopy. Irradiation of samples of trans-1 at
�� 300 nm results in a decrease in the two UV/Vis absorption
maxima at 321 and 387 nm, with an isobestic point around
286 nm, and the appearance of a new peak at 250 nm
corresponding to cis-2 (Figure 4). In [D6]DMSO, this photo-
isomerization results in distinct 1H NMR signals for trans-1
and cis-2, and a 1:1.3 trans ± cis photostationary state can be
reached after 2 h of irradiation. Kinetic studies were carried
out on the thermal conversion of cis-azodibenzoic acid 2 to
trans-1, using both UV/Vis and 1H NMR in DMSO,[14] and an
activation enthalpy �H�� 84.9� 2.5 kJmol�1 and entropy
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Scheme 1. Hydrogen bond self-assembly of trans-1 and cis-2 azodibenzoic acid.
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Figure 2. PM3 optimized geometry of the square formed from cis-
azodibenzoic acid.


�S���72.8� 8.0 Jmol�1K�1 were obtained. These results
were similar to previously obtained parameters for ortho-
alkyl azobenzenes.[20] The conversion of cis-2 to trans-1 was
complete in 1 h at 70 �C. These studies thus demonstrate the


ready formation of cis-2 via
photochemical isomerization
of 1, and its facile thermal
conversion to trans-1.


In DMSO, trans-1 and cis-2
are expected to exist in their
monomeric form, therefore the
kinetics involve the isomeriza-
tion of monomeric cis-2 to
monomeric trans-1. However,
in a non-competitive solvent
such as chloroform, trans-1
and cis-2 should associate into
hydrogen-bonded structures.
Thus, the kinetics in chloroform
should reflect the interconver-
sion between self-assembled su-
pramolecular structures of cis-2
and trans-1, and are expected to
differ for this reaction from the
results obtained in CH3OH or
DMSO. The photoisomeriza-
tion behavior (�� 300 nm) of
cis-2 to trans-1 in CDCl3 was
compared with that in
[D6]DMSO and CD3OD, using
1H NMR spectroscopy at a
range of temperatures (20 to
�30 �C). While the photosta-
tionary state was rapidly
reached upon photolysis of cis-
2 in all solvents even at low
temperatures (ca. 5 min), the
cis ± trans photoisomerization
rate was nearly double in
[D6]DMSO and [D4]methanol
than in CDCl3. This is consis-
tent with the need for dissocia-
tion of the hydrogen-bonded
supramolecular structure
formed by cis-2 in CDCl3, prior
to its reisomerization to trans-1.


Scheme 2. Synthesis of 2,2�-bis(decyloxy)-4,4�-azodibenzoic acid 1.
a) Conc. H2SO4, MeOH, reflux, 48 h; b) 1-C10H21Br, anhydrous K2CO3,
DMF, N2 atmosphere, 80 �C, 24 h; c) KOH pellets, 1:1 MeOH/H2O, reflux,
4 h; d) Zn dust (1.6 equiv), 30% aq. NaOH, 24 h; Zn dust (1.4 equiv),
water, 3 d.
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Table 1. PM3 standard enthalpies and Gibbs free energy of the self-assembly as a function of the hydrogen-
bonded aggregate formed with the trans- and the cis-azodibenzoic acids at 298 K. These energies were obtained
by substracting the cumulated energies of the n monomers involved in the self-asssembly of the compound from
the energy of the formed complex.


Hydrogen-bonded �Hr
0 �Gr


0


aggregates [kcalmol�1] [kcalmol�1]


trans-1
linear tape n� 6 � 24.46 � 11.24


cis-2
linear tape n� 6 � 39.55 31.25


cis-2
trimer n� 3 � 15.27 12.71


cis-2
cyclic tetramer n� 4 � 30.87 8.62


cis-2
cyclic pentamer n� 5 � 37.42 15.34


cis-2
cyclic hexamer n� 6 � 43.72 19.49


Figure 1. PM3 optimized geometry of a linear hexameric tape formed from trans-azodibenzoic acid.
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Figure 3. a) X-ray single crystal data showing the hydrogen-bonded tapes formed by trans-1. b) Sheets formed upon aggregation of these tapes (top view).
c) Sheets formed from these tapes (side view). The arrows indicate the planes defined by the sheets.
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Figure 4. UV/Vis absorption spectrum recorded during the UV irradiation
(�� 300 nm) of a 3.44� 10�5� solution of trans-1 in methanol.


Kinetic studies were carried out on the thermal conversion
of cis-azodibenzoic acid 2 to trans-1 in CHCl3, using UV/Vis
and 1H NMR spectroscopy.[14] The enthalpy of activation
obtained was higher in CHCl3 (�H�� 97.4� 4.2 kJmol�1)
than DMSO (�H�� 84.9� 2.5 kJmol�1), and the entropy of
activation (�S���15.9� 13.7 Jmol�1K�1) was more positive
in CHCl3 than DMSO (�S���72.8� 8.0 Jmol�1K�1). This
data is consistent with an additional contribution to the
enthalpy of activation of the cis ± trans isomerization, which
involves dissociation of the cis-2 hydrogen-bonded supra-
molecular structure. Furthermore, the larger entropy of
activation is consistent with the presence of a higher degree
of order in the supramolecular structure of cis-2 in CHCl3 than
in the monomeric structure of 2 in DMSO. Consequently, the
kinetic behavior observed in chloroform for the cis ± trans
isomerization is consistent with the formation of higher-order
supramolecular structures from cis-2, and their thermal and
photochemical switching to the trans-1 linear tapes (see
above).
cis-Azodibenzoic acid 2 can be isolated from photoirradi-


ated samples of trans-1 using reverse-phase HPLC,[14] and its
stability (up to 2 d in the dark at 20 �C and two weeks at 4 �C)
allowed its full characterization. As will be shown, the self-
assembly behavior of cis-2 is radically different from trans-1.
cis-2 is significantly more soluble in non-polar solvents (e.g.,
CH2Cl2) than trans-1. 1H NMR spectra of 2 (CD2Cl2) taken at
a range of concentrations, show symmetrical azobenzene
peaks. These results are consistent with the formation of a
discrete cyclic structure, rather than oligomeric aggregates
from this molecule. Examination of the aromatic region upon
dilution (from a saturated 3.0 m� solution to 0.2 m�), showed
a small shift of �0.01 ppm for these peaks. This shift was
accompanied by a peak sharpening, which suggests the
existence of � ±� stacking interactions in solution.[21]


Vapor pressure osmometry (VPO) studies were carried out
on solutions of 2 in CH2Cl2. In order to determine the
molecular weight of the hydrogen-bonded structure formed
by 2, two molecular weight standards were used for this
experiment, and the experiment was repeated using two
different osmometers.[14] In all cases, the plots of VPO


molecular weight versus concentration showed clear y inter-
cepts corresponding toMn� 2210 using benzil (�� 1.2%) and
Mn� 2317 using polystyrene (�� 0.1%), consistent with the
formation of a tetramer (Mn� 2328) in solution.[14] In
addition, ESI-MS of cis-2 enabled the detection of a
tetrameric structure at m/z 2330.[14]


X-ray powder diffraction spectra were obtained for cis-2,
and showed a dramatically different supramolecular structure
for this isomer than for trans-1 (Figure 5b). In contrast to the
sharp peaks obtained for 1, the spectrum of 2 features one
main broad peak at 14.0�, followed by three less intense peaks
at 24.0, 25.7, and 27.0�.[22a]


Figure 5. a) X-ray diffraction (XRD) pattern for trans-1. b) XRD pattern
for cis-2. The asterisks mark the presence of trans-1 impurities.


Applying Scherrer×s equation to the width at half-height of
the main diffraction peak[22b,c] gave a crystal dimension of
3.6� 0.2 nm for this solid. This distance is in good agreement
with the expected diameter for a cis-2 cyclic tetramer
(4.2 nm).[23] Thus 1H NMR spectroscopy, vapor pressure
osmometry, ESI-MS, X-ray powder diffraction studies, as
well as theoretical PM3 calculations are all consistent with the
self-assembly of cis-2 into discrete cyclic tetramers, in contrast
with the oligomeric linear tapes obtained from trans-1.[24]


Transmission electron microscopy and dynamic light scatter-
ing studies : Transmission electron microscopy (TEM) studies
of trans-1 and cis-2 allowed direct visualization of the large
differences in their self-assembly behavior. Interestingly,
these studies also revealed a second level of self-organization
of these molecules. Figures 6 and 7 show transmission electron
micrographs of replicas prepared from dispersions of trans-1
and cis-2 in 1,2-dichloroethane or by direct deposition onto a
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carbon-coated grid.[25] Large,
sheet-like aggregates are ob-
served for trans-1 (Figure 6),
consistent with the ordered ar-
rangement of stacked linear
tapes from this molecule (Fig-
ure 3).


On the other hand, the TEM
of samples of cis-2 showed the
formation of dramatically dif-
ferent supramolecular struc-
tures. In contrast with trans-1,
periodic arrays of elongated
aggregates, with length as great
as 170 nm, arise from the cis-2


isomer (Figure 7). In some cases, these structures aggregate
into large bundles of 23 nm in diameter and 430 nm in length
(Figure 7d). The outer hydrodynamic diameter was measured
as �3.9 nm, in agreement with the estimated diameter of the
self-assembled supramolecular cycles of cis-2 (4.2 nm), and as
already shown by our XRD, VPO and PM3 studies (see
above). This diameter was observed on more than 10 differ-
ent, freshly purified samples of cis-2, and for various
deposition conditions (direct deposition and replica methods,
see Experimental Section).[25] This result suggests further
organization of the supramolecular cycles from cis-2 through
� ±� stacking and/or alkyl ±
alkyl interactions. Among the
possible higher-order arrange-
ments consistent with these ob-
servations, we have considered
the two structures shown in
Figures 7e and f. Rod-like struc-
tures would arise as a result of
stacking interactions along the
normal to the macrocycle plane
(Figure 7e). Preliminary molec-
ular mechanics MM� and
PM3 calculations showed that
favorable � ±� stacking of
these cis-azodibenzoic acid su-
pramolecular cycles can result
into unidimensional, rod-like
structures, when the aromatic
rings are slightly rotated (ca.
30�) relative to the normal of
the macrocycle plane, and the
interplanar distances are short-
er than �4.5 ä.[14, 26] On the
other hand, side-by-side, lateral
arrangement of these macrocy-
cles with their rings parallel to
the normal of the macrocycle
plane can also lead to structures
with high aspect ratio (Fig-
ure 7f). We are currently using
both spectroscopic techniques
(e.g., solid-state NMR) and
theoretical studies to determine


whether the cis-2 macrocycles pack into either of these modes,
or into other intermediate higher-order arrangements.


Dynamic light scattering (DLS) studies were carried out for
cis-2 in 1,2-dichloroethane at scattering angles of 45, 90, and
135�, and confirmed the presence of these elongated aggre-
gates in solution.[27] The hydrodynamic diameters obtained for
these angles were significantly different from one angle to the
other, for example, 745 nm at 45� and 566 nm at 135�, clearly
demonstrating the presence of elongated, rather than spher-
ical cis-2 aggregates in solution. In addition, changes in
concentration led to diameters varying from 282 ± 746 nm at
1.0 gL�1 and 565 ± 746 nm at 2.5 gL�1, consistent with the
formation of longer structures at higher concentration.[14]


Another set of DLS experiments was carried out for solutions
of cis-2, which were cooled to 4 �C for 2 d. These measure-
ments indicate that much longer, non-spherical aggregates
with hydrodynamic diameters ranging from 3090.0 to
4572.5 nm were formed. Thus, the photochemically formed
cis-2 undergoes self-assembly into elongated aggregates both
in solution (DLS) and in the solid state (TEM).


Conclusion


We have shown that the self-assembly of azodibenzoic acids 1
and 2 can be reversibly photoswitched between two dramat-
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Figure 6. TEM of a replica for
trans-1.


Figure 7. a) TEM of directly deposited films of cis-2. b), c) and d) TEM of replicas of cis-2. e) and
f) Representations of possible packing modes (alkyl chains are omitted for clarity).
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ically different supramolecular structures. On a first level,
photoirradiation triggers the trans � cis azobenzene isomer-
ization, which changes the self-assembly of these molecules
from linear tapes in the trans-form, to discrete cyclic
structures in the cis-form. On a second level, these cis-
azobenzene cyclic structures self-organize into elongated
aggregates through stacking interactions. Overall, a primary
photochemical event of the trans ± cis isomerization has been
considerably amplified using supramolecular self-assembly.
We are currently investigating the use of this novel strategy
for the creation of reversibly photopatterned surfaces. In
addition, efforts towards further stabilization of the cis-
azobenzene form by increasing the number of hydrogen
bonding interactions are currently underway.


Experimental Section


Materials : 3-Hydroxy-4-nitrobenzoic acid was purchased from the Aldrich
Chemical Co. Methyl 3-hydroxy-4-nitrobenzoate (3) was synthesized
according to the reported procedure.[28] The structures of the intermediates
and the final products were confirmed by FTIR and NMR spectroscopy,
high-resolution and low-resolution MS, and elemental analysis.


Equipment : 1H and 13C NMR spectra were acquired on a Varian Mercury
400 and 500 MHz spectrometers. Infrared spectra were acquired on a
Bruker IFS-48 FTIR spectrometer (solution, resolution: 2 cm�1). UV/Vis
spectra were measured on a Varian CARY 1 UV/Vis spectrophotometer
equipped with a Peltier temperature controller. Preparative HPLC was
carried out using a Hewlett-Packard model equipped with a semiprepar-
ative Zorbax 300 SB-C18 9.4 mm� 25 cm reverse phase column. Trans-
mission electron microscopy (TEM) was conducted on a JEOL-2000 FX
instrument by using the replica and the direct deposition methods. Vapor
pressure osmometry (VPO) measurements were carried out in dichloro-
methane using a Model 233 Molecular Weight Apparatus by Wescan
Instruments, Inc. A second set of measurements was carried out in
dichloromethane using Vapro 5520-model vapor pressure osmometer
equipped with AC-066 Head for 0 ± 3200 mmolkg�1 range manufactured
by Wescor. Electrospray ionization (ESI) was perfomed using a Finnigan
SSQ7000 (ThermoFinnigan) or a Quattro II triple quadrupole (Micromass,
Manchester, UK) mass spectrometer equipped with a syringe pump
(Harvard Apparatus). X-Ray diffraction data were collected using a
Siemens D-5000 diffractometer, consisting of a step scanner equipped with
a 1.2 kW cobalt tube (�� 1.78897 ä) coupled to a silicon detector.


Methyl 3-decyloxy-4-nitrobenzoate (4): 3-Hydroxy-4-nitrobenzoic acid
methyl ester (3 ; 2.00 g, 10.15 mmol), 1-bromodecane (2.1 mL, 10.15 mmol),
anhydrous K2CO3 (4.20 g, 30.45 mmol), and dry DMF (26 mL) were purged
with nitrogen. The reaction mixture was heated to 80 �C under nitrogen for
24 h. After cooling to room temperature, the heterogenous mixture was
poured into ice-cooled water, and the resulting precipitate 4 was filtered,
washed with water and dried (3.27 g, 96%). 1H NMR ([D6]acetone): ��
7.91 (d, 1H), 7.83 (s, 1H), 7.72 (d, 1H), 4.28 (t, 2H), 3.93 (s, 3H), 1.83 (m,
2H), 1.51 ± 1.31 (m, 14H), 0.88 (t, 3H); 13C NMR (CDCl3): �� 165.27,
151.94, 142.47, 134.63, 125.14, 121.02, 115.37, 69.90, 52.78, 31.84, 29.48, 29.47,
29.26, 29.19, 28.76, 25.74, 22.64, 14.08; EI-MS: m/z : calcd for C18H27NO5:
337.4; found: 337.0.


3-Decyloxy-4-nitrobenzoic acid (5): Methyl 3-decyloxy-4-nitrobenzoate (4 ;
1.44 g, 4.27 mmol) and KOH pellets (287.5 g, 5.12 mmol) were heated to
reflux in a 1:1 MeOH/H2O mixture (4 mL) for 4 h. The disappearance of
the ester was checked by thin-layer chromatography (silica gel, dichloro-
methane). The reaction mixture was cooled using an ice-water bath, and
concentrated HCl (�1.5 mL) was added dropwise. The resulting precip-
itate was filtered, washed with water and air-dried (1.27 g, 93%). 1H NMR
([D6]DMSO): �� 7.92 (d, 1H), 7.73 (d, 1H), 7.61 (dd, 1H), 4.20 (t, 2H), 1.70
(m, 2H), 1.38 ± 1.23 (m, 14H), 0.84 (t, 3H); 13C NMR (CDCl3): �� 169.21,
151.94, 143.09, 133.70, 125.21, 121.72, 115.82, 69.98, 31.86, 29.75, 29.55, 29.47,
29.03, 26.02, 22.92, 22.59, 14.34; FTIR (CHCl3): �� � 2976 (C-H), 1717.4
(C�O), 1529.3 (N�O); EI-MS: m/z : calcd for C17H25NO5: 323.4; found:


323.5; elemental analysis calcd (%) for C17H25NO5 ¥ 2KCl: C 43.21, H 5.33,
N 2.96; found: C 43.63, H 5.17, N 2.90.


trans-2,2�-Bis(decyloxy)-4,4�-azodibenzoic acid (1): 3-Decyloxy-4-nitroben-
zoic acid (5 ; 1.073 g, 3.32 mmol) was heated to 80 �C in the presence of Zn
dust (347.5 mg, 5.31 mmol), in 30% aqueous NaOH (15.55 mL). After 23 h,
the reaction mixture was diluted with water (62 mL), and Zn dust was
added (303.9 mg, 4.65 mmol). The reaction mixture was heated to 80 ± 85 �C
for 3 d, and then cooled and filtered. The orange solution was acidified with
glacial acetic acid. The obtained precipitate was filtered and washed with
water (3� 50 mL) and a minimum of ethanol (�20 mL). The solid was
dissolved in dilute aqueous ammonia, the solution was acidified with dilute
hydrochloric acid and heated to gentle reflux for 5 min. The resulting solid
was filtered, washed repeatedly with water and ethanol, and dried. The
crude (476 mg) contains a mixture of azoxy-, azo- and hydrazobenzene
derivatives. These were methylated with diazomethane. The methyl esters
were separated by silica gel chromatography with dichloromethane. The
isolated methyl azodibenzoate (284.7 mg, 0.47 mmol) was then hydrolyzed
by refluxing for 4 h in a solution of KOH (pellets, 109.6 mg, 1.96 mmol) in
1:1 EtOH/H2O (12 mL). Acidification with hydrochloric acid at 0 �C,
filtration and drying gave 1 as yellow crystals (267.7 mg, 28%). 1H NMR
([D6]DMSO): �� 7.71 (d, 2H), 7.58 (dd, 2H), 7.47 (dd, 2H), 4.22 (t, 4H),
1.78 (m, 4H), 1.45 ± 1.19 (m, 28H), 0.80 (t, 6H); 13C NMR ([D4]methanol):
�� 174.33, 157.45, 145.39, 142.94, 122.74, 117.42, 116.50, 70.66, 33.07, 30.80,
30.66, 30.46, 30.34, 27.25, 23.74, 14.47. FTIR (CH2Cl2): �� � 3677, 3595 (O-H),
2976, 2915 (C-H), 1604 (C�O); FAB-MS (positive mode): m/z : calcd for
583.7; found: 583.0; MALDI-TOF MS: m/z : calcd for C34H50N2O6 ¥Li� :
589.7; found: 589.0: elemental analysis calcd (%) for C34H50N2O6: C 70.07,
H 8.65, N 4.81; found: C 69.67, H 8.94, N 4.45.


cis-2,2�-Bis(decyloxy)-4,4�-azodibenzoic acid (2): An NMR tube filled with
a solution of azodibenzoic acid 1 (7 mg, 0.012 mmol) in [D6]DMSO
(0.7 mL) was fitted inside a photochemical reactor equipped with a 450 W
Hanovia lamp, for which a Pyrex sleeve was used to cut-off the wavelengths
below 300 nm. The disappearance of the trans-isomer, and appearance of
cis-isomer were monitored by 1H NMR. A 1:1.3 trans/cis photostationary
state (1H NMR) was reached after 1 h. The reverse cis ± trans thermal
isomerisation in solution is quantitative after 2 ± 3 d in the dark at room
temperature, and upon heating at 70 �C for 1 h in [D6]DMSO. The cis-
isomer was isolated by reverse phase HPLC. A 30 min gradient of 90:10 to
100:0 MeOH/H2O (�0.06%TFA) was used as the mobile phase. The UV
detector was set at 286 nm, which corresponds to the isobestic point
observed when the trans-isomer is irradiated in methanol. The collected
fractions were immediately stored in the dark at low temperature (�4 �C)
before solvent evaporation in order to avoid thermal reisomerisation.
1H NMR ([D6]DMSO): �� 7.42 (d, 2H), 7.35 (dd, 2H), 6.62 (d, 2H), 3.96 (t,
4H), 1.65 (m, 4H), 1.45 ± 1.17 (m, 28H), 0.83 (t, 6H); FAB-MS (positive
mode): m/z : calcd for 583.7; found: 583.0.


Thermal cis ± trans reisomerisation kinetics by 1H NMR : An NMR tube of
irradiated azodibenzoic acid (5 mg, 0.008 mmol) in [D6]DMSO (0.7 mL)
was maintained at temperatures between 25 and 60 �C. The kinetics of the
reaction were followed by monitoring the 1H NMR signal of the methylenic
protons � to the ether oxygen (triplets between 3.5 ± 4.5 ppm, where trans-1
appears at 4.25 ppm and cis-2 at 3.99 ppm).


Thermal cis ± trans reisomerisation kinetics by UV/Vis : A solution of
irradiated azodibenzoic acid (1 mg, 0.002 mmol) in DMSO (100 mL) was
maintained at temperatures between 25 and 60 �C. The kinetics of the
reaction were followed by monitoring the increase in absorbance at
315 nm. A solution of cis-2 azodibenzoic acid (1 mg, 0.002 mmol) in CHCl3
(100 mL) was maintained at temperatures between 20 and 45 �C. The
kinetics of the reaction were followed by monitoring the increase in
absorbance at 309 nm.


Vapor pressure osmometry (VPO) measurements : A total of eight
different stock solutions of cis-azodibenzoic acid at concentrations ranging
from 2 to 12 gL�1 were prepared in dichloromethane. 30 �L of solution
were injected into the osmometer chamber. After temperature equilibra-
tion (5 min), the voltage was recorded in mV. Three independent measure-
ments were made at each concentration, and the experiments were
duplicated. A calibration curve was generated using benzil (M� 210.23)
and polystyrene (M� 2100) as molecular weight standards under the same
conditions. Average molecular weight of studied aggregates were calcu-
lated using Equation (1):
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MWunknown� lim
C�0


VPOunknown


Cunknown


�MWstandard� lim
C�0


VPOstandard


Cstandard


(1)


Using a different instrument (see above), a total of six different stock
solutions of cis- and trans-azodibenzoic acid were prepared in dichloro-
methane (higher solubility was observed for the cis-isomer than for the
trans-isomer). 10 �L of solution were placed into the osmometer sample
holder. After temperature equilibration (75 s), osmolality was recorded in
mmolkg�1. Five independent measurements were made at each concen-
tration, and the experiments were duplicated. A calibration curve was
generated using benzil (M� 210.23) as the standard under the same
conditions and the molecular weights were obtained.


Electrospray ionization mass spectrometry (ESI) measurements : A
solution of cis-2 in dichloromethane (or chloroform), to which were added
a few �L methanol, was infused at a flow rate of 5 �Lmin�1 for molecular
weight determination. The spectrometer was programmed to scan for the
negative product ions to give monomer, dimer, trimer and tetramer
between m/z 100 and m/z 2500 with a spray voltage of 3.5 kVand capillary
heater at 200 �C, trimer with a spray voltage of 4.0 kV and capillary heater
at 150 �C and tetramer with a spray voltage of 3.5 kVand capillary heater at
150 �C.


A solution of cis-2 in chloroform onto which were added a few �L of 5 ±
30 m� Et3N was directly infused into the mass spectrometer, which was
configured for negative product ion analysis and used with the spray
voltage set to 3.5 kV, source temperature 50 �C, sample infusion rate
5 �Lmin�1. The spectrometer was programmed to scan for the product ions
from m/z 400 to 2800 in multichannel acquisition mode (MCA) showing
m/z for monomer, dimer, trimer and tetramer/Et3N complex.


Sample preparation for TEM measurements by the replica method : A
solution of cis-2 or trans-azodibenzoic acid 1 was prepared by dissolving the
sample in 1,2-dichloroethane into a vial wrapped in aluminum foil at room
temperature, and deposited on a freshly cleaved mica sheet. 7 ± 9 �L of
solution were transferred via pipet onto the mica leaf. After allowing the
solvent to evaporate for 1 ± 2 min, the mica sample was placed inside a high-
vacuum Edwards Carbon coater equipped with Pt-C and C-guns. The
replicas were prepared by successive evaporation of Pt-C at a 15� angle
then carbon at a 90� angle on the air-dried sample. Each gun was
consecutively turned on for about 10 ± 15 s, starting with the Pt-C gun. The
replica was detached from the mica surface by floating the thin Pt/C film on
distilled water, transferred onto a 400 mesh TEM copper grid and dried
overnight on filter paper, before observation under the microscope. On the
micrographs, the Pt-C is seen as dark gray and the carbon as light gray. The
size of the Pt-covered substrate agree with the size of the shadow. For the
replicas, the error estimate on the measurements is �1 nm.


Sample preparation for TEM measurements by the direct method : A
solution of cis- (2) or trans-azodibenzoic acid 1 was prepared by dissolving
the sample in 1,2-dichloroethane into a vial wrapped in aluminum foil at
room temperature. A carbon-coated 400 mesh copper grid, prewashed with
chloroform for 12 h was dipped into the solution for approximately 5 min
then dried on a filter paper.


X-ray powder diffraction (XRD) measurements : X-ray diffraction patterns
were acquired for 2� values ranging from 3 to 50� for trans-1 and cis-2
azodibenzoic acid powders. Diffraction patterns for the cis-isomers were
acquired on freshly chromatographed and vacuum-dried samples over 2 ±
3 d. Despite these precautions, some thermal reisomerization to the trans
isomer was observed by X-ray diffraction.


Dynamic light scattering (DLS) measurements : Dynamic light scattering
measurements were carried out using a 532 nm laser equipped photo-
multiplier detector. The autocorrelation functions were acquired for �


values of 45, 90 and 135� for prefiltered solutions of trans-1 and cis-2
azodibenzoic acid in 1,2-dichloroethane. The wavelength of the laser source
corresponds to an absorption minimum for the cis-azodibenzoic acid 2 in
this solvent. Data acquisition was carried out at 20 �C and within a few
hours to prevent any thermal reisomerization of the cis-isomer. Inverse
Laplace transforms of the data were performed using Provencher×s
FORTRAN program CONTIN,[30] diffusion coefficients were determined
from the slope of the relaxation frequencies (�) vs q 2. Assuming a spherical
behaviour for the particles and using the translational coefficient DTr and
the Stokes ±Einstein equation, the hydrodynamic diameters are calculated
for each scattering angle.


Theoretical calculations : Optimizations of the azodibenzoic acid supra-
molecular assemblies were performed using the PM3 semiempirical
molecular orbital theory,[17b,c] which is less computationally expensive than
ab initio or density functional methods. In addition, density-functional
theory (DFT) B3LYP/6-31G* and ab initio HF/6-31G* calculations were
performed on the cis-p-azodibenzoic acid monomer to confirm the
geometry obtained using PM3.


The geometry of the trans- and cis-monomers were optimized using PM3
until an RMS gradient of 0.01 was reached. After this optimization, another
monomer was added and the hydrogen-bonded structure energy was
minimized. This monomer addition-optimization sequence was repeated
up to the hexameric compound. The hydrogen-bonded geometry and the
total heat of formation were extracted for each optimized species. Standard
Gibbs free energies were obtained for each optimized structure by
vibrational analysis.


Geometry optimizations used the PM3 method contained in the Gaus-
sian98W[30] program package. PM3 frequencies were obtained from
Gaussian98W. Frequencies were scaled using the default settings (Scaling
factor� 0.8929).


Calculations for the packing of the cis-2 azodibenzoic acid tetramers were
performed using the molecular mechanics MM� applied to the Ring
Packing Scan (RPS) method. This method consists in a rigid scan of the
total energies of the stacked macrocycles while changing the distances
between 3.5 ± 6.0 ä along the z axis and between 0.0 ± 2.0 ä along the
x axis. The obtained minimum geometry was then optimized using PM3.
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Bonding of Multiple Noble-Gas Atoms to CUO in Solid Neon: CUO(Ng)n
(Ng�Ar, Kr, Xe; n� 1, 2, 3, 4) Complexes and the Singlet ± Triplet Crossover
Point


Binyong Liang,[a] Lester Andrews,*[a] Jun Li,[b] and Bruce E. Bursten[c]


Abstract: Laser-ablated U atoms co-
deposited with CO in excess neon pro-
duce the novel CUO molecule, which
forms distinct Ng complexes (Ng�Ar,
Kr, Xe) with the heavier noble gases.
The CUO(Ng) complexes are identified
through CO isotopic and Ng reagent
substitution and comparison to results of
DFT frequency calculations. The U±C
and U±O stretching frequencies of
CUO(Ng) complexes are slightly red-
shifted from neon matrix 1�� CUO
values, which indicates a 1A� ground


state for the CUO(Ng) complexes. The
CUO(Ng)2 complexes in excess neon
are likewise singlet molecules. However,
the CUO(Ng)3 and CUO(Ng)4 com-
plexes exhibit very different stretching
frequencies and isotopic behaviors that
are similar to those of CUO(Ar)n in a
pure argon matrix, which has a 3A��


ground state based on DFT vibrational
frequency calculations. This work sug-
gests a coordination sphere model in
which CUO in solid neon is initially
solvated by four or more Ne atoms. Up
to four heavier Ng atoms successively
displace the Ne atoms leading ultimately
to CUO(Ng)4 complexes. The major
changes in the CUO stretching frequen-
cies from CUO(Ng)2 to CUO(Ng)3 pro-
vides evidence for the crossover from a
singlet ground state to a triplet ground
state.


Keywords: density functional calcu-
lations ¥ matrix-isolation ¥ noble
gases ¥ uranium


Introduction


The synthesis and properties of the CUO molecule, a novel
product of the reaction of laser-ablated uranium atoms with
CO trapped in solid noble-gas (Ng) matrices, have recently
been explored in our laboratories.[1] The CUO molecule is a
neutral species that is isoelectronic to the uranyl dication,
UO2


2�, which is prevalent in uranium chemistry.[2, 3] Experi-
ments on CUO in solid neon and solid argon led to
remarkable differences in the spectroscopic properties of
CUO in the two hosts. We have proposed that CUO in solid


neon is a linear molecule with a 1�� ground state. By contrast,
CUO in solid argon forms a noble-gas complex CUO(Ar)n,
which apparently has a triplet ground state as determined by
experimental and theoretical probes.[4, 5] The singlet and
triplet states of CUO have very different U±C and U±O
stretching vibrational frequencies (singlet: 1047.3, 872.2 cm�1;
triplet: 852.5, 804.3 cm�1), an observation that has been
successfully modeled by relativistic DFT calculations that
indicate the formation of direct bonds between the Ar atoms
and the U atom of the CUO molecule.[5] These findings were
the first report of bonds between noble-gas and actinide
atoms. Prior to our studies, there were only a few examples of
argon complexes in neutral molecules, namely ArW(CO)5,[6±8]


ArBeO,[9, 10] and ArMX (M�Cu, Ag, Au; X�F, Cl).[11±14]
The fact that CUO changes ground state when the matrix


host changes from neon to argon is quite remarkable; in fact,
it is the spectroscopic differences upon this drastic change that
led to our discovery of U±Ng bonding. Two other observa-
tions indicate clearly that the U±Ng bonding becomes
stronger as one proceeds to heavier noble gases. First, we
found that when CUO is trapped in a neon matrix with 1%Ar
added, the dominant species are triplet molecules similar to
CUO(Ar)n, thus indicating that CUO ™seeks out∫ the Ar
atoms.[5] Second, we have recently reported that Kr and Xe
atoms can successively replace the Ar atoms in CUO(Ar)n to
formmixed noble-gas complexes CUO(Ar)4�n(Ng)n (Ng�Kr,
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Xe; n� 1, 2, 3, 4). Based on the observed IR spectra, all of
these complexes have triplet ground states, as evidenced by
the relatively small frequency shifts upon the replacement of
Ar atoms by Kr or Xe atoms.[15, 16] The increasing strength of
the U±Ng interactions as Ng changes from Ar to Kr to Xe is
corroborated by our DFT calculations.
The fact that CUO in solid neon has a singlet ground state,


whereas the presence of even 1% Ar in the neon favors the
triplet form of the molecule leads to a fundamental question
about the interaction of CUO with Ng atoms: How many Ar
atoms need to be complexed to CUO to cause the crossover
from a singlet ground state to a triplet ground state? Our
initial DFT calculations (PW91) on CUO(Ar) predicted that
the 3A�� state of the complex would be lower in energy than
1A� CUO(Ar) by about 1 kcalmol�1.[5] Our confidence in this
theoretical result was somewhat tempered by the very small
difference in energy between the states, the potential diffi-
culties of using DFT to calculate the state energies, and the
fact that these calculations did not include spin-orbit coupling.
Indeed, the likely best ways to address the above question
would be experimental studies in which CUO(Ar)n (n�
1,2,3,4) complexes are prepared in excess neon to find out
where the frequencies and isotopic shifts change from the
singlet to the triplet state values, or theoretical studies
involving higher-level methods that can provide more reliable
state energies.
Herein we report extensive new experiments in which CUO


is formed in excess neon with dilute amounts of the heavy
noble gases Ar, Kr, and Xe. These experiments conclusively
identify the single-noble-gas complexes CUO(Ar), CUO(Kr),
and CUO(Xe), which exist as singlet molecules in the neon
matrix. Studies of the successive complexation of additional
Ng atoms suggest that the singlet-triplet crossover occurs in
CUO(Ng)n between n� 2 and n� 3 for the Ar and Kr
complexes.


Experimental and
Computational Methods


The experiment for laser ablation and
matrix isolation spectroscopy has been
described previously.[1] Briefly, the
Nd:YAG laser fundamental (1064 nm,
10 Hz repetition rate with 10 ns pulse
width) was focused on the rotating
uranium metal target (Oak Ridge Na-
tional Laboratory) using low energy
(1 ± 5 mJ per pulse) such that a target
plume was barely observed. Laser-ab-
lated metal atoms were codeposited
with carbon monoxide (0.1%) in excess
neon doped with 0.2-3% Ar, Kr or Xe
onto a 3.5 K CsI window at 2 ±
4 mmolh�1 for one hour. Carbon mon-
oxide (Matheson), 13C16O and 12C18O
(Cambridge Isotopic Laboratories),
and mixtures were used in different
experiments. Infrared spectra were re-
corded at 0.5 cm�1 resolution on a
Nicolet 750 spectrometer with 0.1 cm�1


accuracy using a HgCdTe detector.
Matrix samples were subjected to


broadband photolysis by a medium-pressure mercury arc (Philips, 175W,
globe removed, 240 ± 700 nm) and annealed at different temperatures to
allow diffusion and further association of Ng atoms with the CUO products
in solid neon matrix.


New calculations of the 1�� (1A�) and 3� (3A��) states of CUO and
CUO(Ng) (Ng�Ne, Ar, Kr, Xe) complexes were carried out at DFT levels
with the NWChem program[17] by using the PW91 exchange-correlation
functional.[18] The small-core Stuttgart ±Dresden ±Bonn (SDB) pseudopo-
tential and basis sets for U atom,[19] large-core SDB pseudopotentials and
basis sets for Ne, Ar, Kr, and Xe,[20] and aug-cc-pVTZ basis sets for C and O
atoms[21] were employed. Because the potential energy surfaces involving
noble gas atoms are very flat, the ultra fine grid was used for integrations
and very tight criteria were used for energy and gradient convergence.


Results


CUO and Ar in neon : Infrared spectra for laser-ablated U,
0.1% 12CO, and 1% Ar in neon are illustrated in Figure 1.
Upon initial deposition, the spectrum (Figure 1a) reveals the
familiar absorptions of CUO (1047.3, 872.2 cm�1) and CUO�


(930.0, 803.1 cm�1) in solid neon[1] plus a weak band at
866 cm�1 and a sharp absorption (labeled 3) at 857.2 cm�1. The
CUO absorptions are within�0.1 cm�1 of the values for CUO
in pure neon, but the CUO� peaks are displaced by as much as
1 cm�1. Ultraviolet photolysis destroys CUO� and produces
(C2)UO2 and OUCCO absorptions at 914.6 and 835.7 cm�1,
which are shifted 7.3 and 5.3 cm�1 from the pure-neon-matrix
values,[1] and markedly increases the absorption at 857.2 cm�1.
Weak new features appear at 861.9 cm�1 and at 808.3,
806.4 cm�1 (Figure 1b). Annealing to 8 and 10 K (Figure 1c,d)
revealed new sharp bands at 1033.3 and 866.6 cm�1 (labeled
1), led to an increase of the weak features at 861.9 and
858.8 cm�1 (labeled 2), and increased the lower component in
the 857.2, 854.3 cm�1 and 808.3, 806.4 cm�1 band pairs (labeled
3 and 4, respectively). The positions and growth patterns of
the latter bands suggest pairs of modes arising from two
different complexes that differ by one Ar atom, that is
CUO(Ar)n�1 and CUO(Ar)n. Further annealing to 11 and
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Figure 1. Infrared spectra in the 1060 ± 760 cm�1 region for laser-ablated U atom, 0.1% CO, 1% Ar reaction
products in excess neon at 3.5 K. a) after sample deposition for 60 min, b) after 240 ± 700 nm photolysis for 15 min,
and after sample annealing to c) 8 K, d) 10 K, e) 11 K, f) 12 K, and g) 13 K.
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12 K maximized the weak sharp 1033.3, 866.6 cm�1 pair and
the 861.9 and 858.8 cm�1 bands, increased the amount of
species 4 relative to species 3, and produced a broad OUCCO
complex absorption near 831 cm�1 (Figure 1e,f). Final anneal-
ing to 13 K slightly increased the band for 4 and decreased all
other product bands (Figure 1g). The observed absorption
bands are tabulated in Table 1, along with assignments that


will be discussed later. The number labels in Figure 1
represent the proposed n values for the CUO(Ng)n complexes
identified in this work.
Reducing the Ar concentration increases the relative yields


of the sharp new bands at 1033.3 and 866.6 cm�1 and the
isolated CUO bands: At 0.2% Ar these bands are almost


equally intense and much stronger than the bands at 857.2 and
854.3 cm�1.
Infrared spectra for CUO in pure neon and for CUO with


dilute Ar, Kr, and Xe in neon are compared in Figure 2. As
found in earlier studies, the presence of a heavier noble gas in
the neon matrix greatly reduces the yield of isolated CUO in
neon as CUO(Ng)n (Ng�Ar, Kr, Xe) complexes are formed
in preference.
To provide a more definitive assignment of the IR spectra,


we repeated the experiments using isotopomers of CO.
Table 1 lists the frequencies observed when laser-ablated U
atoms react with 0.1% 13CO and 0.7% Ar in neon. The
behavior of the istopically shifted bands parallel that observed
for the 12CO counterparts. Figure 3 illustrates the spectra
obtained using a mixture of 0.07% 12CO � 0.07% 13CO and
0.7% Ar in neon. The resultant spectra are the sum of the
12CO and 13CO product spectra. The major products give
doublet peaks containing 12CO and 13CO components except
for (C2)UO2 and OUCCO, which exhibit strong UO2 and UO
stretching modes, respectively.[1] The doublet peaks show that
one CO molecule contributes to these reactions to form CUO
species.
The spectra in Figure 3 provide the most definitive infor-


mation about the spin states of the products involved. In our
previous studies of neon-isolated CUO, the high-energy band
at 1047.3 cm�1 exhibited a large 13C/12C isotope shift, whereas
the low-energy 872.2 cm�1 had a much smaller 13C/12C isotope
shift.[5] For triplet CUO(Ar)n, which was observed in a pure
argon matrix, the 852.5 and 804.3 cm�1 showed large and small
13C/12C isotope shifts, respectively. Thus, the 1047.3 cm�1 band
of singlet CUO in neon and the 852.5 cm�1 band of triplet
CUO(Ar)n are predominantly U±C vibrational modes. The
lower energy member of each pair is mainly due to the U±O
stretch, as has been confirmed by our present and previous
studies with C18O and C18O/C16O mixtures.[1] These lower
energy bands show a much greater isotope shift with C18O
than do the higher energy bands, as expected for a predom-


inantly U±O vibrational mode
(Table 1).
We now note the following


two important observations in
Figure 3: i) The bands labeled
CUO(Ar) are at positions sim-
ilar to those of neon-isolated
CUO, with similar isotope shifts.
The bands in the 12C/13C doublet
at 1033.3, 998.0 cm�1 (large iso-
tope shift) are red-shifted by
14.0, 12.8 cm�1 from the values
of CUO in neon, whereas the
bands in the doublet at 866.6,
864.6 cm�1 (small isotope shift)
are red-shifted by 5.6, 5.9 cm�1.
ii) The stronger bands labeled 3
and 4 exhibit decidedly different
behavior. There are clear 12C/
13C doublets for 3 and 4 at 857.2,
842.7 cm�1, and at 854.3,
839.7 cm�1, and, based on their
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Table 1. Infrared absorptions [cm�1] from reactions of laser-ablated U
atoms with CO and Ar in excess neon.


12C16O 13C16O 12C18O Identification


2046 1984 2020 OUCCO
1047.3 1010.8 1046.3 CUO in neon
1033.3 998.0 1032.2 1, CUO(Ar)
930.0 897.7 929.0 CUO�


922.1 922.1 875.9 (C2)UO2 in neon
914.6 914.6 868.8 (C2)UO2


872.2 870.5 826.4 CUO in neon
866.6 864.6 821.3 1, CUO(Ar)
864.9 863.1 819.8 CUO(CO) in neon
861.9 859.8 817.1 2a, CUO(Ar)2
858.8 856.9 813.9 2b, CUO(Ar)2
857.2 842.7 848.2 3, [T], CUO(Ar)3
854.3 839.7 845.3 4, [T], CUO(Ar)4
854.6 854.5 809.6 OUC(OC)
843.2 843.2 795.4 OUCCO in neon
835 835 787 OUCCO (Ar)n
808.3 - 773.1 3, [T], CUO(Ar)3
806.4 798.4 771.3 4, [T], CUO(Ar)4
803.1 801.6 761.0 CUO�


Figure 2. Infrared spectra in the 1060 ± 810 cm�1 region for laser-ablated U atom, 0.1% CO, Ng reaction products
in excess neon at 3.5 K after sample deposition, photolysis and annealing to 12 ± 13 K. a) Pure neon, b) 1% Ar in
neon, c) 0.5% Kr in neon, and d) 0.3% Xe in neon.
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Figure 3. Infrared spectra in the 1060 ± 780 cm�1 region for laser-ablated U
atom, 0.07% 12C16O, and 0.07% 13C16O, and 0.7% Ar reaction products in
excess neon at 3.5 K. a) After sample deposition for 60 min, b) after 240 ±
700 nm photolysis for 15 min, and after sample annealing to c) 8 K, d) 12 K
and e) 13 K.


positions and isotope shifts, we propose that these bands are
analogous to the 852.5 cm�1 band of CUO(Ar)n. The weaker
lower energy mode 3 is observed only for 12CO at 808.3 cm�1,
but for the bands labeled 4, we observe a weak 12C/13C doublet
at 806.4, 798.4 cm�1 (Figure 3e). Thus, we believe that these
mixed isotopomer studies show conclusively that CUO(Ar) is
a singlet species analogous to CUO in pure neon, whereas
species 3 and 4, which we believe to be CUO(Ar)3 and
CUO(Ar)4 respectively, are triplet molecules like CUO(Ar)n
in pure argon.
The Ar-substitution species that has been the most difficult


to detect thus far is CUO(Ar)2, which we denote species 2.
Figure 1 and Figure 2b show two weak, sharp features for
species 2 at 861.9 and 858.8 cm�1. These bands exhibit very
small isotope shifts (2 cm�1) when 13CO is used, which
suggests that they correspond to the lower energy predom-
inantly U±O mode of CUO.


CUO and Kr or Xe in neon : New experiments were
performed with dilute amounts of Kr or Xe are added to
the neon matrix gas. The results of these experiments mirror
those in Ar. As shown in Figure 2 and listed in Table 2,
CUO(Kr) and CUO(Xe) produce vibrational pairs of bands
at 1029.6, 864.4 cm�1 and 1019.4, 861.5 cm�1, respectively.
These values demonstrate the small but monotonic red shift in
the U±C and U±O stretching frequencies as one proceeds
from CUO (pure neon) to CUO(Ar) to CUO(Kr) to
CUO(Xe). The frequencies and 12CO/13CO isotope ratios of
these bands are close to those of CUO in pure neon, which
strongly suggests that all of the CUO(Ng) molecules are
singlets.
In addition to the mono-Ng adducts, there are prominent


spectral features that correspond to multiple Ng atoms
bonded to CUO. These Kr-containing species parallel those
formed with Ar and exhibit further slight redshifts, as is
evident in Figure 2 and Table 2. In particular, annealing
produces pairs of bands at 852.2, 804.7 cm�1 and 848.9,


802.7 cm�1, which, by comparison to the Ar products, are
associated with CUO(Kr)3 and CUO(Kr)4, respectively. We
believe that the sharp pair of bands at 858.6 and 855.7 cm�1


correspond to CUO(Kr)2 The isotopic ratios of the bands
assigned to CUO(Kr)3 and CUO(Kr)4 with 13CO and C18O
follow the same pattern as that of triplet CUO(Ar)n.
We have previously found that Xe has the highest affinity


for CUO among the noble gases and that it induces the largest
red shifts relative to CUO(Ar)n.[15, 16] The greater affinity for
Xe made it desirable to use a lower concentration in the dilute
mixture. The results in Figure 2d with 0.3% Xe in neon
parallel those of Kr with slightly greater redshifts. The bands
labeled 2, 3, and 4 are assigned to CUO(Xe)n (n� 2, 3, 4),
respectively.


CUO and Ar and Xe in neon : To confirm the assignments, we
also ran experiments in which two different dilute mixtures of
both Ar and Xe in neon were used. Our previous studies of
CUO using dilute Xe in argon showed that the mixed
CUO(Ar)4�n(Xe)n complexes have vibrational bands that
are intermediate between those of CUO(Ar)n and
CUO(Xe)4.[15, 16] The present results are consistent with that
earlier study. Full-arc photolysis of CUO with 0.15% Ar and
0.4% Xe in neon leads to bands at 853.3, 850.2, 847.2, and
843.3 cm�1 with a shoulder at 854.3 cm�1. Annealing de-
creased these broader features and produced three sharp
858.8, 854.7, 851.8 cm�1 absorptions for CUO(Ng)2. Recall
that the 858.8 cm�1 band appeared with Ar and 851.8 cm�1


with Xe, but the intermediate 854.7 cm�1 component that
increases on annealing requires the Ar, Xe mixture. The fact
that there is only one intermediate band, which would
correspond to CUO(Ar)(Xe), suggests that these are adducts
of two heavy Ng atoms. The mixed Ar and Xe in neon
experiments provide the most definitive evidence for identi-
fication of the mono-Ng adducts: annealing of the mixture
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Table 2. Comparisons of frequencies [cm�1], shifts, and isotopic frequency ratios for
CUO(Ng) complexes.


Ne Ne � Ar Ne � Kr Ne � Xe Comment


1047.3 1033.3 1029.6 1019.4 CUO(Ng)
14.0 17.7 29.9 shift from Ne


1.0361 1.0354 1.0342 1.0330 12C16O/13C16O freq. ratio[a]


1.0010 1.0011 1.0012 ± 12C16O/12C18O freq. ratio[a]


872.2 866.6 864.4 861.5 CUO(Ng)
5.6 7.8 10.7 shift from Ne


1.0020 1.0023 1.0023 1.0023 12C16O/13C16O freq. ratio
1.0554 1.0552 1.0552 1.0550 12C16O/12C18O freq. ratio


861.9 858.6 854.1 2a, CUO(Ng)2
858.8 855.7 851.8 2b, CUO(Ng)2
857.2 852.2 847.4 3, CUO(Ng)3
1.0172 1.0174 1.0032 12C16O/13C16O freq. ratio
1.0106 1.0106 1.0544 12C16O/12C18O freq. ratio
854.3 848.9 843.3 4, CUO(Ng)4
1.0174 1.0159 1.0165 12C16O/13C16O freq. ratio
1.0106 1.0114 1.0131 12C16O/12C18O freq. ratio
808.3 804.7 3, CUO(Ng)3
1.0455 1.0434 12C16O/12C18O freq. ratio
806.4 802.7 798.6 4, CUO(Ng)4
1.0455 1.0434 1.0445 12C16O/12C18O freq. ratio


[a] For the immediate above frequencies.
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produced the bands assigned to CUO(Ar) and CUO(Xe) in
Figure 2 with no intermediate components.


Discussion


The experiments presented here, in conjunction with DFTand
higher level calculations, add new insight into the chemistry of
CUO and its interactions with noble gas atoms. The work here
reinforces the notion that multiple noble gas atoms can bind
to CUO. In fact, what we describe as neon-isolated CUO is
almost certainly a complex of CUO with neon, CUO(Ne)n.
We have not determined whether this molecule is better
described as a discrete complex (definite n value) or as a
neon-solvated molecule without distinct U�Ne bonds. Our
DFT calculations find that for singlet CUO(Ne), the U�Ne
bond length is 3.18 ä and without basis sets superposition
correction (BSSE) the U�Ne binding energy is 1.3 kcalmol�1,
a small enough value to warrant further theoretical inves-
tigations before drawing a conclusion as to whether a U�Ne
bond exists. Further, we have found that the maximum U�Ne
binding energy occurs when n� 6, corresponding to an eight-
coordinate hexagonal-bipyramidal structure. It is evident that
CUO(Ne)n, which we shall continue to denote simply as CUO,
has a singlet ground state corresponding to a linear f0 U(VI)
CUO molecule. As noted earlier, the vibrational modes at
1047.3 cm�1 (mainly U�C) and 872.2 cm�1 (mainly U�O) are
diagnostic for the singlet form of CUO.[1, 4, 5]


Dilute amounts of Ar, Kr, and Xe in the neon matrix
produce a consistent pattern of reactivity and determine the
electronic state for CUO. We shall discuss these species in
order of increasing number of heavy noble-gas atoms, then we
will present our conclusions about the formation of these
complexes and their spin states. We remind the reader that
excited U (from laser ablation or UV photolysis) is required
for the insertion reaction, [1, 16] and that Ng atoms are more
strongly bound to triplet CUO than to singlet CUO. [4, 5]


Hence, the singlet complexes tend to be formed on annealing
in the cold matrix and the triplet complexes are favored when
excited U atoms produce excited triplet CUO.


CUO(Ng): As is evident in the spectra in Figure 2, the heavy
noble gases form complexes with CUO that have pairs of IR
bands very close to the 1047.3 and 872.2 cm�1 bands of CUO:
1033.3, 866.6 cm�1 (Ar), 1029.6, 864.4 cm�1 (Kr), and 1019.4,
861.5 cm�1 (Xe). The experiment with both dilute Ar and Xe
in the neon matrix shows no intermediate band between the
1033.3 cm�1 and 1019.4 cm�1 bands. This provides very strong
evidence that the absorbing species has a single noble-gas
atom; if there were more than one Ng atom in the complex,
we would expect to see intermediate absorptions correspond-
ing to mixed CUO � Ar � Xe adducts. Furthermore the
CUO(Ar) bands are favored on dilution of Ar as are the
isolated CUO absorptions. We therefore propose that the
bands listed above are due to CUO(Ar), CUO(Kr), and
CUO(Xe), respectively. We envision that these more weakly
bound singlet CUO complexes are formed via the displace-
ment of Ne atoms from CUO(Ne)n by a heavier Ng atom. The
reaction to form this and other Ng substitution complexes is


driven by the greater binding energy of Ng to CUO as one
proceeds from Ne to Ar to Kr to Xe, which we calculate at 1.3,
2.2, 3.1, and 4.1 kcalmol�1, respectively.
The increasing red shift of the U±C and U±O vibrations of


CUO(Ng) relative to those of CUO are also reflective of the
increased U±Ng bonding, which very slightly weakens the
U±C and U±O bonding. Note that for all of the CUO(Ng)
species, the U±C vibrations are redshifted more than the U±
O vibrations. For CUO(Xe), for example, the U±C stretch is
27.9 cm�1 lower than that in CUO, whereas the U±O stretch is
lowered by only 10.7 cm�1. This observation suggests that the
interaction of CUO with an Ng atom has a greater impact on
the U±C bonding than on the U±O bonding.
The experiments with 13CO and C18O show that the isotopic


frequency ratios of the CUO(Ng) species are nearly the same
as those of CUO. The 1047.3 cm�1 band of CUO is an almost
pure U ±C stretching mode with a 12C16O/13C16O ratio of
1.0361. For CUO(Ng) this ratio decreases to 1.0354 with Ar, to
1.0342 with Kr, and to 1.0330 with Xe. This slight decrease in
U±C stretching character is accompanied by a slight increase
in the 12C16O/12C18O ratio and U±O stretching character. In
analogous manner, the 872.2 cm�1 band of CUO is an almost
pure U±O stretching mode with a 12C16O/12C18O frequency
ratio 1.0554. This ratio decreases very slightly for the
CUO(Ng) molecules: 1.0552 (Ar), 1.0552 (Kr), and 1.0550
(Xe). We see that the vibrational frequencies and isotopic
frequency ratios of CUO(Ng) closely correspond to those of
singlet CUO. Given that the frequencies and isotopic ratios of
triplet forms of CUO, such as CUO(Ar)n, are very different
from those of singlet CUO, it follows that the CUO(Ng)
species are also singlet molecules. The binding of one heavy
Ng atom is not yet sufficient to cause a crossover of the
electronic state of CUO from a singlet to a triplet.


CUO(Ng)2 : The weak, sharp bands labeled 2 (Figure 1 and
Figure 2, and Table 1 and Table 2) are observed at frequencies
slightly lower than the lower energy bands (U±O stretch) of
the CUO(Ng) molecules, and the bands of 2 exhibit behaviors
that are very similar to these low-energy bands of CUO(Ng).
The bands for 2 exhibit red shifts from Ar to Kr to Xe, and the
magnitudes of these red shifts are slightly greater than those
for CUO(Ng), indicating a greater Ng influence on the U±C
and U±O bonding. When the concentration of Ar in neon is
increased from 0.5% to 1%, the intensities of the bands for 2
increase relative to those of CUO(Ar), which suggests that the
formation of 2 is more favored as the concentration of Ar
increases. It is also notable that when both Ar and Xe are
present, the band labeled 2b shows a vibrational feature that is
intermediate between the values observed for Ar in neon and
Xe in neon. All of these observations suggest that the species
2 is the bis-Ng adduct CUO(Ng)2. The intermediate band in
the mixed Ar/Xe experiment is then due to the mixed
complex CUO(Ar)(Xe).
The CO isotopic frequency ratios for both bands of


CUO(Ar)2 are virtually the same as those for the U±O
modes of CUO and CUO(Ng). We therefore propose that,
like CUO and CUO(Ng), the CUO(Ng)2 complexes are
singlet molecules; the binding of two heavy noble-gas atoms
still does not induce the singlet-triplet crossover for CUO. We


Chem. Eur. J. 2003, 9, 4781 ± 4788 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4785







FULL PAPER L. Andrews et al.


would expect each CUO(Ng)2 species to have a higher-energy
U±C vibration at roughly 1000 ± 1030 cm�1, but we have not
observed these weaker bands.
Finally, it is curious that the CUO(Ng)2 complexes show


two vibrational bands in the U±O stretch region. It is possible
that the two bands are due to site effects in the matrix, but a
more likely explanation is that we are observing two isomers
of the CUO(Ng)2 molecules. Given that the molecules also
contain two (or more) Ne atoms, and are more correctly
formulated as CUO(Ne)2(Ng)2, it is possible that we are
seeing separate vibrations due to the cis and trans isomers of
the six-coordinate complexes.


CUO(Ng)3 and CUO(Ng)4 : The bands labeled 3 and 4
increase in relative intensity when the concentration of Ng
is increased, and also increase upon annealing. The dominant
feature due to species 3 is an absorption at 857.2 (Ar), 852.2
(Kr), or 847.4 (Xe)cm�1, and the dominant band for species 4
is at 854.3 (Ar), 848.8 (Kr), and 843.3 (Xe) cm�1. These
frequency values are close to those of the primarily U±O
stretching frequency of CUO, CUO(Ng), and CUO(Ng)2
(852 ± 872 cm�1) and to those of the primarily U±C stretching
frequency of CUO(Ar)n in pure argon (852.5 cm�1).[4, 5, 15, 16]


The isotopic frequency ratios of the strong bands of species 3
and 4 for Ar clearly indicate that these species are more
closely related to CUO(Ar)n than they are to CUO,
CUO(Ng), and CUO(Ng)2.
Recall that the 872.2 cm�1 band of CUO shows small


12C16O/13C16O and large 12C16O/12C18O isotopic frequency
ratios. The strong 852.5 cm�1 band of CUO(Ar)n exhibits the
opposite behavior inasmuch as the 12C16O/13C16O frequency
ratio (1.0188) is larger than the 12C16O/12C18O ratio (1.0092).
Species 3 and 4 with dilute Ar in neon, which we believe are
neon-complexed CUO(Ar)3 and CUO(Ar)4, respectively,
exhibit ratios that are nearly the same as those of CUO(Ar)n
(3 : 1.0172, 1.0106; 4 : 1.0174, 1.0106). These results indicate
that the 852.5 cm�1 band of CUO(Ar)n and the strong bands of
CUO(Ar)3 and CUO(Ar)4 are predominantly U±C stretch-
ing modes, a result that is consistent with the calculated DFT
vibrational modes of 3A�� CUO(Ar). These comparisons
suggest that CUO(Ar)3 and CUO(Ar)4 are triplet molecules,
like CUO(Ar)n.[4, 5] The presence of more than two heavy Ng
atoms in species 3 and 4 is consistent with the behavior of the
bands for 3 and 4 in the experiments that involved mixtures of
Ar and Xe in neon. These bands generate complex multiplets
when both Ar and Xe are present, which suggests a mixture of
CUO(Ar)3�n(Xe)n and CUO(Ar)4�n(Xe)n substitution prod-
ucts.
The assignments of species 3 and 4 for Ar in neon to


CUO(Ar)3 and CUO(Ar)4 is based primarily on the spectro-
scopic observations and two logical extensions of previous
work. First, earlier in this paper, we have provided evidence
for CUO(Ar)2 that was corroborated by the mixed Ar � Xe
experiments. Second, our previous work on the mixed noble-
gas complexes CUO(Ar)4�n(Ng)n (Ng�Kr, Xe) provides a
precedent for the stepwise coordination of noble-gas atoms to
CUO. Further, the frequencies of CUO(Ar)4 in neon (854.3
and 806.4 cm�1) are very close to those observed for
CUO(Ar)n in pure argon (852.5 and 804.3 cm�1). Based on


our calculations and the spectra of the mixed Ar/Kr and Ar/
Xe complexes, we believe that n� 4 is most likely for
CUO(Ar)n, although in a pure argon matrix there might be
second-shell solvation effects that involve additional non-
negligible U±Ar interactions. The small redshifts for the
frequencies of CUO(Ar)n relative to those of CUO(Ar)4 in
neon are consistent with this notion of slightly greater U±Ar
interaction in the argon matrix.
These trends continue with Kr and Xe. The major bands


assigned to CUO(Kr)3 and CUO(Kr)4 in neon are shifted 5.0
and 5.4 cm�1 lower than the corresponding Ar complexes, and
the CO isotopic frequency ratios are almost the same
(Table 2). The strong band for CUO(Xe)4 is 5.6 cm�1 below
that of CUO(Kr)4. The isotopic frequency ratios for
CUO(Kr)4 and CUO(Xe)4 indicate slightly decreasing U±C
and increasing U±O character in the vibrational mode.
Finally, we can compare the frequencies for CUO(Kr)4 and


CUO(Xe)4 in solid neon to those we reported earlier in solid
argon.[15, 16] The strong bands for CUO(Kr)4 and CUO(Xe)4
are shifted lower by 2.9 and 7.9 cm�1, respectively, in solid
argon relative to solid neon. These shifts indicate somewhat
larger secondary argon ± neon solvent effects than found for
CUO(Ar)4. Clearly CUO(Xe)4 is more vulnerable to matrix
effects than CUO(Ar)4 and CUO(Kr)4, probably because of
the longer U�Xe bonds, which lead to a larger effective
volume for the Xe complex.


CUO(Ng)n complex formation : These experiments clearly
show that singlet complexes CUO(Ng) and CUO(Ng)2 are
formed by stepwise addition of Ng atoms to singlet CUO on
diffusion in the solid neon matrix or by substitution of Ne by
heavier Ng atoms [Eq. (1) and (2)]. As noted earlier, we
believe that the intimate coordination sphere in these
™coordinatively unsaturated∫ Ng complexes is completed by
an indeterminate number of neon atoms.


CUO(Ne)n [™CUO∫, singlet] � Ng �CUO(Ne)n�m(Ng)
[™CUO(Ng)∫, singlet] � mNe (Ng�Ar, Kr, Xe; m� 1) (1)


CUO(Ng) (singlet) � Ng�CUO(Ng)2 (singlet) (2)


Intermediate annealing (8 ± 10 K) shows a net decrease in
CUO and a net increase in 1, 2, 3 CUO(Ng)n, and late
annealing (12 ± 14 K) decreases the latter in favor of species 4.
This, given the low concentrations of the Ng atoms, seems to
indicate facile diffusion of the Ng atoms in the neon host. The
addition of a third Ng atom is accompanied by a change in the
spin-state of the system from singlet to triplet [Eq. (3)], a state
that is preserved upon addition of a fourth Ng atom [Eq. (4)],
because these triplet states are more stable than their singlet
analogues.


CUO(Ng)2 (singlet) � Ng�CUO(Ng)3 (triplet) (3)


CUO(Ng)3 (triplet) � Ng�CUO(Ng)4 (triplet) (4)


In pure neon, ultraviolet photolysis increases the absorp-
tions due to CUO about fourfold,[1] but with extra Ng atoms
present, much of the growth is found in triplet CUO(Ng)n
complexes (Figure 1b). This occurs because the excited CUO
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states formed on photolysis bind Ng more strongly than
ground state CUO. As expected, the product distribution
among the CUO(Ng)n complexes is highly dependent on the
concentration of Ng in the neon matrix. With 1% Ar
(Figure 1) most of the increase (fourfold) is in CUO(Ar)3,
but with 0.5% Ar, CUO(Ar)n (n� 0, 1, 2, 3, 4) all increase.
With 1% Kr most of the increase (threefold) is in CUO(Kr)4,
but with 0.5% Xe all CUO(Xe)n (n� 0, 1, 2, 3, 4) increase
about twofold. Therefore, it appears that the addition of an Ar
atom to singlet CUO(Ar)2 to form triplet CUO(Ar)3 [Eq. (3)]
is spontaneous in solid neon at 10 ± 14 K. Figure 1 shows
clearly the favorable nature of reactions (3) and (4) upon
annealing. Note that UV photoexcitation followed by relax-
ation in the matrix cage greatly assists crossover to the triplet
manifold.


Conclusion


The studies reported here add valuable new insight into the
remarkable chemistry of CUO with noble-gas atoms. Prior to
this report, we had shown that CUO has different spin states
in solid neon and solid argon, that U�Ar bonds formed in the
argon matrix, and that Ar atoms could be displaced by Kr or
Xe atoms. The present studies, in which dilute amounts of Ar,
Kr, or Xe are used as reagents in a neon host, provide strong
experimental evidence that a minimum of three Ar or Kr
atoms are needed to reach the singlet ± triple crossover point.
The analysis of the U±C and U±O stretching modes show
conclusively that the CUO(Ng) and CUO(Ng)2 complexes are
singlet molecules only slightly perturbed from CUO(Ne)n,
whereas CUO(Ng)3 and CUO(Ng)4 are closely related to
triplet CUO(Ar)n.
The results presented here show a remarkable dichotomy in


the interaction of Ne atoms with CUO relative to those of the
heavy Ng atoms Ar, Kr, and Xe. In cases where there are
fewer than four heavy Ng atoms, we propose that Ne atoms
complete the coordination sphere about CUO. Our calculated
U±Ng binding energies increase smoothly and monotonically
from Ne to Ar to Kr and Xe. In fact, the calculated U±Xe
binding energy is nearly twice the U±Ar binding energy, so
the formation of two U�Xe bonds provides more total
binding energy than do three U�Ar bonds. However, we see
that it is the number of the Ng ligands, not the type of heavy
Ng atoms that determines the spin state. This conclusion is in
perfect agreement with our previous findings that both the
singlet and triplet states of CUO are stabilized upon
coordination by Ar, Kr, and Xe atoms, but the triplet state
of CUO is stabilized more by these Ng atoms than does the
singlet state so that more Ng ligands help to turn the triplet
into a ground state.[5] All of the CUO(Ng) and CUO(Ng)2 -
molecules are singlet molecules that have not yet reached the
crossover point.
The CUO(Ng)n complex distribution on deposition is not


statistical because excited CUO* is formed in the initial
reaction, and during relaxation excited CUO* will bond Ar
more strongly (and thus more extensively) than ground state
CUO.


The experimental results here present new challenges in the
use of theory to describe the delicate state energetics
involved. Our previous scalar-relativistic DFT calculations
predicted that naked CUO has a 1�� ground state, and that the
triplet state of CUO is stabilized more by argon coordination
than the singlet state. These preliminary results were not able
to determine the state crossover point with argon coordina-
tion, which is not surprising given the limitations of the
methods we used, particularly no treatment of the spin-orbit
interaction, and the intrinsic difficulty in describing bonds
involving noble-gas atoms.[4, 5] Spin-orbit coupling (mainly
due to the U atom) can stabilize the triplet relative to the
singlet,[22] but these effects are expected to change little for
CUO(Ng)n complexes with different number of the Ng
ligands. Higher-level electronic structure calculations are
currently in progress to provide theoretical insight into the
U±Ng bonding.[23]


Finally, this work provides a model of four Ar, Kr or Xe
atoms interacting with CUO in the intimate solvation shell
followed by a weaker interaction with a larger secondary
solvent shell. This effect is demonstrated by the 4.2 cm�1 shift
in the U±C stretching mode of CUO(Ar)4 on replacing one
Ar atom by Xe as compared to the change from 843.3 to 835.4
to 832.6 to 829.8 cm�1 when CUO(Xe)4 is solvated by
secondary [Ne]x, [Ar]x, [Kr]x and [Xe]x shells, respectively.
Our work provides insight into the nature of solvation shells
around matrix isolated molecules by using heavier Ng matrix
atoms (Ar, Kr, Xe) as reagents in the lighter Ne matrix.
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� ± � Hybrid Peptides that Contain the Conformationally Constrained
Gabapentin Residue: Characterization of Mimetics of Chain Reversals


Subrayashastry Aravinda,[a] Kuppanna Ananda,[b] Narayanaswamy Shamala,*[a] and
Padmanabhan Balaram*[b]


Abstract: The crystal structures of four
dipeptides that contain the stereochemi-
cally constrained �-amino acid residue
gabapentin (1-(aminomethyl)cyclohexa-
neacetic acid Gpn) are described. The
molecular conformation of Piv-Pro-
Gpn-OH (1), reveals a �-turn mimetic
conformation, stabilized by a ten atom
C�H ¥ ¥ ¥ O hydrogen bond between the
Piv CO group and the pro S hydrogen of
the Gpn CH2�CO group. The peptides
Boc-Gly-Gpn-OH (2), Boc-Aib-Gpn-
OH (3), and Boc-Aib-Gpn-OMe (4)
form compact, folded structures, in


which a distinct reversal of polypeptide
chain direction is observed. In all cases,
the Gpn residue adopts a gauche,gauche
(g,g) conformation about the C��C� (�1)
and C��C� (�2) bonds. Two distinct Gpn
conformational families are observed. In
peptides 1 and 3, the average backbone
torsion angle values for the Gpn residue
are �� 98�, �1 ��62�, �2 ��73�, and


�� 79�, while in peptide 2 and 4 the
average values are ���103�, �1 �
�46�, �2 ��49�, and ���92�. In the
case of 1 and 3, an intramolecular nine-
membered O�H ¥ ¥ ¥ O hydrogen bond is
formed between the C�O of the preced-
ing residue and the terminal carboxylic
acid OH group. All four � ± � dipeptide
sequences yield compact folded back-
bone conformations; this suggests that
the Gpn residue may be employed
successfully in the design of novel folded
structures.


Keywords: amino acids ¥ beta-turn
mimetics ¥ hydrogen bonds ¥
peptides ¥ structure elucidation


Introduction


Polypeptide chain reversals nucleated by two contiguous
residues, �-turns, are widely found in proteins,[1] and are
commonly observed structural feature in biologically active
peptides.[2] �-Turns were originally recognized in an attempt
to stereochemically characterize the intramolecular hydrogen
bonded conformations of ™three linked peptide units∫.[3]


Canonical �-turns in polypeptides, derived from �-amino
acid residues, are stabilized by 4� 1 (C10) hydrogen bonds
between COi and Ni�3H groups. The residues i� 1 and i� 2
form the turning fulcrum of the polypeptide chain with the
torsion angles �i�1, �i�1, �i�2, and �i�2 , each varying for
different specific �-turn types.[4] The area of peptidomimetic
design has seen considerable activity directed towards the
synthesis of �-turn mimetics.[5] The impetus for these efforts
derives from the role of �-turns as determinants of three-


dimensional structure in a large number of pharmacologically
important peptides.[6] During the investigations into the
conformations of hybrid peptide sequences, that contain both
�- and �-amino acids, we observed an interesting C�H ¥ ¥ ¥ O
hydrogen-bond-stabilized chain reversal in the peptide Piv-�-
Pro-�-Abu-NHMe (�-Abu, �-aminobutyric acid); this struc-
ture was determined ab initio from powder X-ray diffraction
data.[7] In seeking to establish the generality of this conforma-
tional feature, and in order to explore the possibility of
generating new �-turn mimetics, we investigated the struc-
tures of peptides that contain the conformationally con-
strained, achiral �-amino acid residue, 1-(aminomethyl)cyclo-
hexaneacetic acid (gabapentin (Gpn) Figure 1a). The amino
acid gabapentin is a widely used anti-epileptic drug, which
exists in solution as mixtures of two interconverting con-


Figure 1. a) Schematic representation of gabapentin (Gpn) b) The param-
eters used to define the dihedral angles.[19e,f]
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formations that correspond to
the two possible chair forms.[8]


In crystals, the conformation
with the aminomethyl group
axial has been characterized.[9]


Gpn is a �,�-dialkylated �-ami-
no acid residue with geminal
substitutents at C� ; this restricts
the range of accessible confor-
mations about the torsion an-
gles �1 and �2 (Figure 1b). Here,
we describe the crystal struc-
ture of four peptides that con-
tain the Gpn residues: Piv-�-
Pro-Gpn-OH (1), Boc-Gly-
Gpn-OH (2), Boc-Aib-Gpn-
OH (3), and Boc-Aib-Gpn-
OMe (4) (Aib, �-aminoisobu-
tyric acid). We illustrate the
conformational similarities of
the chain reversals observed in
specific � ± � sequences to the
conventional �-turns observed
in � ±� sequences.


Results and Discussion


Figure 2 shows the molecular
conformation of peptides 1 to 4
in single crystals. The crystallo-
graphic data are given in Ta-
ble 1. Table 2 summarizes the
backbone dihedral angles,
which serve as a descriptor of
the fold for the polypeptide
chain. Table 3 lists the observed
intra- and intermolecular hy-
drogen bonds, while a view of
the packing motif in the four
structures is illustrated in Fig-
ure 3. In all four peptides, it is
clear that the � ± � sequence
results in a backbone chain
reversal. This is clearly a con-
sequence of the gauche,gauche
(g,g) conformation adopted
about the C��C� and C��C�


bonds of the Gpn residue. In
all four peptides, the cyclohex-
ane ring adopts an almost per-
fect chair conformation. In pep-
tides 1 and 3 the carboxymethyl
substitutent occupies an axial
position, while in peptides 2
and 4 the aminomethyl group
takes up the axial orientation.
Clearly, both possible chair
conformations are readily ac-


Table 1. Crystal and diffraction parameters.


1 2 3 4


formula C19H32N2O4 ¥ H2O C16H28N2O5 C18H32N2O5 C19H34N2O5


crystal habit clear clear clear white
crystal size [mm] 0.23� 0.19� 0.1 0.92� 0.76� 0.56 0.86� 0.5� 0.08 1.26� 0.58� 0.26
crystallizing solvent ethyl acetate methanol/water methanol/water methanol
space group P212121 P1≈ Pbca P21/c
a [ä] 9.7899(9) 6.951(2) 9.718(2) 10.509(5)
b [ä] 23.854(2) 10.785(3) 12.379(3) 10.547(5)
c [ä] 8.9726(8) 12.927(4) 33.479(9) 20.240(9)
� [�] 90.0 78.556(5) 90.0 90.0
� [�] 90.0 79.095(5) 90.0 96.022(7)
� [�] 90.0 84.330(5) 90.0 90.0
Volume [ä3] 2095.3(3) 930.8(5) 4027.5(17) 2230.9(18)
Z 4 2 8 4
molecules/asymmetric unit 1 1 1 1
co-crystallized solvent one water none none none
Mr 370.48 328.40 356.46 370.48
�cald [g cm3�] 1.174 1.172 1.176 1.103
F (000) 808 356 1552 808
T [�C] 21 21 21 21
2�max [�] 54.08 54.36 53.8 53.72
measured reflections 15776 9862 28 440 16121
Rint 0.0166 0.1104 0.1032 0.0369
independent reflections 4178 3730 4128 4381
observed reflections [�F �� 4�(F) ] 3756 3147 3012 3199
final R [%] 4.8 5.23 6.06 7.63
final wR2 [%] 13.32 14.17 11.78 21.45
goodness of fit 1.048 1.061 1.03 1.025
��max/��min[e ä�3] 0.47/� 0.20 0.26/� 0.29 0.16/� 0.14 0.65/� 0.41
restraints/parameters 0/335 0/320 0/354 1/359
data to parameter ratio 11.2:1 9.8:1 8.5:1 8.9:1


Figure 2. Molecular conformation of a) Piv-Pro-Gpn-OH (1), b) Boc-Gly-Gpn-OH (2), c) Boc-Aib-Gpn-OH
(3), d) Boc-Aib-Gpn-OMe (4) in crystals.







Hybrid Peptides 4789 ± 4795


Chem. Eur. J. 2003, 9, 4789 ± 4795 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4791


commodated in the observed peptide structures. Crystallo-
graphic and NMR investigations on the free amino acid Gpn
and several of its derivatives suggests that the two possible
chair forms differ only marginally in energy, and undergo
rapid interconversion in solution.[8c] .


Structural features in Gpn peptides


peptide 1: Piv-�-Pro-Gpn-OH adopts a folded conformation
stabilized by two potential intramolecular hydrogen bonds:
Piv C�O ¥ ¥ ¥ H�C� Gpn and Pro C�O ¥ ¥ ¥ H�O Gpn. The
relevant hydrogen-bond parameters are listed in Table 3.
These values fall well within the range observed for poten-
tially favorable C�H ¥ ¥ ¥ O interactions.[10] The observed
C�H ¥ ¥ ¥ O interaction results in the formation of a ten-atom
hydrogen-bonded ring, reminiscent of that observed in
peptide �-turns, a feature previously detected in the peptide
Piv-Pro-�-Abu-NHMe by powder diffraction data. The sec-
ond intramolecular nine-membered O�H ¥ ¥ ¥ O hydrogen
bond is formed between the Pro C�O group and O�H group


of the terminal carboxylic acid
moiety. This results in the adop-
tion of the unusual anti confor-
mation by the terminal carbox-
ylic acid group. Theoretical cal-
culations have estimated the
energy difference between the
syn and anti conformation of
carboxylic acids to be about 4 ± 8
kcal mol�1; this results in the
predominant population of syn
forms in solution and in the
solid state.[11] The �-Pro residue
adopts a semi-extended confor-
mation (���56.9�, ��
145.7�), which is similar to that
observed for the i� 1 position
in type II �-turns in all �-amino
acid structures.


In crystals, a lone water mol-
ecule bridges symmetry related
molecules of the peptides, by
forming hydrogen bonds to
Gpn NH, Piv CO; and Gpn
CO groups. The structure of
peptide 1 may be considered as
a formal analogue of a conven-
tional �-turn, in which a ten-
atom C�H ¥ ¥ ¥ O hydrogen bond


acts as a mimic for a ten-atom N�H ¥ ¥ ¥ O (4� 1) hydrogen
bond. Notably, hydration of the central peptide unit, as seen in
1, is also a feature commonly seen in �-turns in protein
structures.[12]


Peptide 2 : In Boc-Gly-Gpn-OH, a single intramolecular
seven-membered hydrogen bond between the Gpn NH and
CO groups is observed. The Gly residue adopts a conforma-
tion in the helical region of �,� space, with appreciable
distortion of both dihedral angles from ideal values. A view of
the crystal packing is shown in Figure 3. Notably, the CO
group of the Gly residue is not involved in any hydrogen bond.


Peptide 3 : In Boc-Aib-Gpn-OH, a single intramolecular nine-
membered O�H ¥ ¥ ¥ O hydrogen bond is observed between the
Aib CO moiety and the carboxylic acid OH group of Gpn.
Inspection of the dihedral angles for the Gpn residue
(Table 2) reveals a conformation almost identical to that
observed in Piv-�-Pro-Gpn-OH (1). However, in contrast to
peptide 1, the Aib residue in 3 adopts �,� values characteristic


Table 2. Backbone torsion angles [�][a,b] in � ± � peptides.


Peptide �1 �1 �1 �2 �1 �2 �2 �2 Axial group


1 � 56.9 145.7 180 92.9 � 66.7 � 70.7 84.6 ± carboxymethyl
2 � 80.7 � 7.1 � 176.9 � 103.7 � 44.9 � 48.7 � 94.3 ± aminomethyl
3 55.4 46.2 174.0 103.9 � 57.3 � 75.5 73.5 ± carboxymethyl
4 � 68.5 � 25.3 � 178.2 � 102.1 � 48.2 � 50.3 � 90.0 170.6 aminomethyl


[a] For �-residue nomenclature see ref. [4c], for �-residue nomenclature see ref. [19ef]. [b] Peptides 2 ± 4 are achiral and crystallize in centrosymmetric space
groups that accommodate molecules with enantiomeric conformations. For convenience, the sign of the torsion angles listed has been chosen to correspond to
the same signs for �1 and �2 as observed for the chiral peptide 1. The estimated standard deviation is �0.2�.


Table 3. Hydrogen bonds in peptides 1 ± 4.[a]


Donor Acceptor D ¥¥¥ A [ä] H ¥¥¥ A [ä] C�O ¥¥¥ H [�] C�O ¥¥¥ D [�] D�H ¥¥¥ A [�]


peptide 1
intramolecular
O3 O1 2.614 1.917 127.94 128.49 165.88
C2A O0 3.554 2.571 127.98 130.76 169.63
intermolecular
N2 O1w 2.865 1.972 166.11
O1w O2[b] 2.908 2.078 155.60 158.87 163.08
O1w O0[c] 2.876 1.980 144.60 142.01 167.29
peptide 2
intramolecular
N2 O2 2.928 2.263 102.22 91.68 136.13
intermolecular
N1 O2[d] 3.024 2.251 169.12 165.97 163.81
O3 O0[e] 2.643 1.734 140.30 143.24 170.93
peptide 3
intramolecular
O3 O1 2.593 1.657 119.59 123.47 169.11
intermolecular
N1 O1[f] 3.143 2.331 147.69 149.83 159.94
N2 O3[f] 2.933 2.078 127.82 124.06 163.22
peptide 4
intramolecular
N2 O2 2.957 2.339 100.72 91.3 129.08
intermolecular
N1 O1[g] 2.946 2.119 140.02 139.4 174.75


[a] The standard deviations in bond lengths are approximately 0.004 ä and those of bond angles are
approximately 0.2�. [b] Symmetry related by x� 1, y, z. [c] Symmetry related by �x� 1/2, �y, z� 1/2.
[d] Symmetry related by �x, �y� 1, �z. [e] Symmetry related by x� 1, y, z. [f] Symmetry related by �x� 1/2,
y� 1/2, z. [g] Symmetry related by �x, y� 1/2, �z� 3/2.
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of a helical conformation. This results in an altered orienta-
tion of the N-terminal urethane group, which leads to the
absence of the C�H ¥ ¥ ¥ O interaction noted in peptide 1. In
crystals, the carboxyl group of the terminal carboxylic acid is
not involved in any strong hydrogen-bonding interaction. This
may be in contrast to the situation in peptide 1, in which both
oxygen atoms of the terminal carboxylic acid group partic-
ipate in hydrogen bond interactions.


Peptide 4 : The observed molecular conformation in Boc-Aib-
Gpn-OMe (4) is very similar to that observed in Boc-Gly-
Gpn-OH (2). A single intramolecular seven-membered
N�H ¥ ¥ ¥ O hydrogen bond that involves the Gpn NH and
CO groups is observed. The similarity between peptides 2 and
4 is also clearly evident upon comparison of observed
backbone torsion angles (Table 2). In the packing motif
shown in Figure 3, all the hydrogen bond donors and accept-
ors are paired in intermolecular hydrogen bonds. In this
conformation, the distance between the O atom of the Boc
group, and the C atom of the terminal ester methyl group is
6.618 ä; this is indicative of a sharp reversal of chain
direction. In �-peptides, the C�(i) to C�(i� 3) distance of
�7.0 ä characterizes chain reversals nucleated by two resi-
dues, of which �-turns, with 4� 1 intramolecular hydrogen
bonds, are most abundant.[13]


Conformational characterization of � ± � chain reversals :
Figure 4a shows a superposition of the conformations detect-
ed in peptides Piv-�-Pro-�-Abu-NHMe[7] and Piv-�-Pro-Gpn-
OH. It is clearly seen that the ten-atom C�H ¥ ¥ ¥ O hydrogen-
bonded rings superpose well, with the important difference
that the central peptide unit linking the Pro and �-amino acid
residue adopts different orientations, which corresponds to
simultaneous rotations about the torsion angles, �Pro and
��Abu/Gpn. Interconversion between different �-turn types,
type I and type II, in � ±� sequences can occur by concerted
motion involving flipping of the central peptide unit.[14] Thus,
the two C�H ¥ ¥ ¥ O stabilized turn conformations observed in
the peptides Piv-�-Pro-�-Abu-NHMe and Piv-�-Pro-Gpn-
OH, appear to correspond to two distinct conformational
families, which may be related to their counterparts in � ±�
sequences. An important difference between the two � ± �
turns is that in Piv-�-Pro-�-Abu-NHMe, the pro-R hydrogen
of �-Abu CH2�CO group is involved in the intermolecular
interaction. In Piv-�-Pro-Gpn-OH, it is the pro-S hydrogen of
the Gpn CH2�CO group. Figure 4b shows a superposition of
the structure of Piv-�-Pro-Gpn-OH with the type II �-turn
conformation adopted by the peptide Piv-�-Pro-Aib-
NHMe.[15] Figure 4c shows the superposition of the structure
Piv-�-Pro-�-Abu-NHMe and the type I �-turn conformation
observed in Piv-Pro-Thr-NHMe.[16] The excellent superposi-
tion of the � ±� N�H ¥ ¥ ¥ O hydrogen bond stabilized �-turn


Figure 3. A view of crystal packing in a) Piv-Pro-Gpn-OH (1), b) Boc-Gly-Gpn-OH (2), c) Boc-Aib-Gpn-OH (3), d) Boc-Aib-Gpn-OMe (4). The
intermolecular and intramolecular hydrogen bonds are shown as dotted lines.
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Figure 4. a) Superposition of the structures of Piv-Pro-Gpn-OH (black)
and Piv-Pro-�-Abu-NHMe (gray; �Pro ��71.0�, �Pro ��26.1�, ��Abu �
�77.2�, �1


�Abu � -50.2, �2
�Abu ��172.2� and ��Abu � 140.0�).[7] b) Superposi-


tion of Piv-Pro-Gpn-OH (black) and Piv-Pro-Aib-NHMe[15] (gray; �Pro �
�57.8�, �Pro � 139.2�, �Aib � 61.4� and �Aib � 25.1�), RMSD� 0.36 ä. c) Su-
perposition of Piv-Pro-�-Abu-NHMe (black) and Piv-Pro-Thr-NHMe[16]


(gray; �Pro ��65.8�, �Pro ��21.8�, �Thr��102.8� and �Thr� 6.5�),
RMSD� 0.26 ä. Only the backbone atoms are used for the superposition.
The C ¥ ¥ ¥ O distances in the � ± � turn and the N ¥ ¥ ¥ O distances in the � ±�
turn are indicated. The representation was generated by using the program
MolMol.[25]


segments, and � ± � C�H ¥ ¥ ¥ O hydrogen bond stabilized chain
reversals is evident. Thus it appears possible to generate
mimetics of the common �-turns type I and type II in � ± �
sequences. The oxy analogue of the �-turn with an intra-
molecular 4� 1 O ¥ ¥ ¥ H�O hydrogen bond has been observed
in an N-protected tripepide acid Z-(Aib)3-OH.[17]


In peptides Boc-Gly-Gpn-OH (2), Boc-Aib-Gpn-OH (3),
and Boc-Aib-Gpn-OMe (4) there are no apparent hydrogen
bond interactions; this restricts the torsional freedom at both


residues and stabilizes the observed chain reversal. Never-
theless, in all these � ± � sequences, a compact folded structure
is observed which brings the N- and the C-terminal groups
into close proximity.


Gabapentin conformations : Gabapentin is unique among the
�-amino acid residues studied so far, in that, it is symmetri-
cally substituted at the central �-carbon atom; this results in a
restricted range of accessible values of �1 and �2. In all four
structures, the observation of gauche,gauche (g,g) conforma-
tions with both the dihedral angles having the same sign,
suggests that this is undoubtedly an energetically preferred
structure for the Gpn residue. In all cases, the �,� values in
Gpn are semi-extended (�� 	100�, �� 	85�). If all four
torsion angles are considered, the structures of peptides 1 to 4
reveal only two conformational families for the Gpn residue:
1) �� 98�, �1 ��62�, �2 ��73�, �� 79� (mean values of 1
and 3), and 2) ���103�, �1 ��46�, �2 ��49�, ���92�
(mean values of 2 and 4). In case 1, an intramolecular nine-
membered O�H ¥ ¥ ¥ O hydrogen bond is formed between the
C�O of the preceding residue and the terminal carboxylic acid
OH group of the Gpn residue. In case 2, a short N ¥ ¥ ¥ O
distance is observed between the Gpn NH and Gpn CO
groups (N ¥ ¥ ¥ O� 2.928 ä in 2 and N ¥ ¥ ¥ O� 2.957 ä in 4).
However, in both these cases the hydrogen bond angles
(Table 3) appear to lie on the borderline of the limits; this is
considered accepted for a stabilizing interaction.[18]


It is noteworthy that the two backbone conformational
families observed for the Gpn residue appear to favor distinct
orientation for the substitutents on the cyclohexane ring; in
peptides 1 and 3 the carboxymethyl group adopts an axial
position, while in peptides 2 and 4 the aminomethyl group is in
the axial position.


Conclusion


This study provides an accurate conformational character-
ization of the stereochemically constrained �,� disubstituted
�-amino acid residue Gpn in four distinct peptide structures.
The Gpn residue appears to contribute to the generation of a
compact folded backbone conformation. This feature should
be valuable in peptide design. The search for new peptidomi-
metics and foldamers, which provide access to a range of novel
three- dimensional molecular structures, has been greatly
facilitated by the findings of Seebach and Gellman; they
found that peptides derived from �-amino acid residues
provide an entry to conformational families, hitherto inacces-
sible for �-amino acids.[19] The rapidly developing field of �-
peptide conformations has also stimulated investigations on
�- and �-amino acid residues as novel elements in the design
of folded structures.[20] The enhanced proteolytic stability of �-
and �-peptides is a particularly attractive feature for analogue
design.[21] The use of hybrid sequences that incorporate both
�- and �-amino acids promises to greatly expand the
repertoire of mimics of biologically active peptides.[22] The
observation of a C�H ¥ ¥ ¥ O hydrogen-bond-mediated chain
reversal in Piv-Pro-Gpn-OH (1), which may serve as a �-turn
surrogate, provides an entry to the design of a novel �-turn
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mimetics in an � ± � peptide sequence. The possibility of
extending such chain reversals to nucleate hairpin structures
merits further investigation.[23] The structures of Boc-Gly-
Gpn-OH (2), Boc-Aib-Gpn-OH (3), and Boc-Aib-Gpn-OMe
(4) also suggest that Gpn residues may be used to generate
chain reversals that do not require strong intramolecular
hydrogen bonds for conformational stabilization.


Experimental Section


Gabapentin was the product of Hikal, Bangalore (India). Melting points
were determined by using a B¸chi melting point B-540 apparatus. 1H NMR
spectra were recorded on a Bruker AMX-400 MHz spectrometer by using
tetramethylsilane as an internal standard. Mass spectra were recorded on a
HP LCMSD 1100 electrospray mass spectrometer.


General procedure for the synthesis of peptides 1 ± 3 : A solution of H-Gpn-
OH (6 mmol, 1.02 g, dissolved in 15 ml of 10 % Na2CO3) was added to a
stirred solution of N-protected N-hydroxy succinimide ester, Piv/Boc-AA-
OSu (5 mmol), in THF, (20 mL). This was then stirred for 12 h at room
temperature. After the reaction, THF was evaporated and the residue was
dissolved in water. The aqueous layer was cooled, the pH was adjusted to
�2 by the addition of 1� HCl, and then extracted with ethyl acetate. The
pooled organic extracts were dried over Na2SO4, and after evaporation in
vacuo, the peptides were present as white crystalline solids. The peptides
were purified by medium-pressure liquid chromatography over a reverse-
phase C18 column (40 ± 60 �m). The identity of the peptides were confirmed
by NMR spectroscopy (400 MHz) and electrospray mass spectrometry.


Piv-�-Pro-Gpn-OH (1): Yield: 82%; m.p. 109 ± 110 �C; 1H NMR (CDCl3):
�� 1.26 (s, 9 H; Piv CH3), 1.3 ± 1.5 (m, 10 H; cyclohexyl), 1.9 ± 2.1 (m, 4H;
Pro C�H2, C�H2), 2.22, 2.29 (d, 2 H; Gpn C�H2), 3.17, 3.33 (dd, 2H; Gpn
C�H2), 3.71 (m, 2 H; Pro C�H2), 4.63 (m, 1 H; Pro C�H), 7.23 ppm (s, 1H;
Gpn NH). MS: m/z cald: 352; found: 375.1 [M��Na], 727.5 [2M��Na].


Boc-Gly-Gpn-OH (2): Yield: 78%; m.p. 119 ± 120 �C; 1H NMR (CDCl3)
�� 1.2 ± 1.6 ((m, 10H; cyclohexyl) and (s, 9H; Boc CH3)), 2.2 (s, 2H; Gpn
C�H2), 3.3 (d, 2H; Gpn C�H2), 3.8 (d, 2H; Gly C�H2), 5.5 (s, 1H; Gly NH),
7.0 ppm (s, 1 H; Gpn NH); MS: m/z cald: 328; found: 351 [M��Na], 679.3
[2M��Na].


Boc-Aib-Gpn-OH (3): Yield: 84%; m.p. 136 ± 137 �C; 1H NMR (CDCl3):
�� 1.2 ± 1.5 ((m, 10H; cyclohexyl), (s, 6 H; Aib CH3) and (s, 9 H; Boc
CH3)), 2.27 (s, 2 H; Gpn C�H2), 3.22 (d, 2 H; Gpn C�H2), 5.05 (s, 1H; Aib
NH), 7.15 ppm (t, 1H; Gpn NH). MS: m/z cald: 356; found: 379 [M��Na],
735.5 [2M��Na].


Boc-Aib-Gpn-OMe (4): Boc-Aib-OH (0.40 g, 2 mmol) was dissolved in
THF (5 ml), 0.46 g (2 mmol) of Gpn-OMe obtained from its hydrochloride
was added followed by DCC (0.40 g, 2 mmol) and HOBt (0.270 g). The
mixture was stirred at room temperature for 12 h. The precipitated DCU
was filtered and the THF was evaporated. It was redissolved in EtOAc and
washed with HCl (1��, Na2CO3 (1��, and water. The solvent was then dried
over anhydrous Na2SO4 and evaporated in vacuo, to yield the peptide as
white crystalline solid. The peptide was purified by medium pressure liquid
chromatography over a reverse-phase C18 column (40 ± 60 �m). The
identity of the peptide was confirmed by NMR spectroscopy (400 MHz)
and electrospray mass spectrometry. Yield: 82 %; m.p. 109 ± 110 �C;
1H NMR (CDCl3) �� 1.25 ± 1.6 ((m, 10H; cyclohexyl), (s, 6H; Aib CH3)
and (s, 9 H; Boc CH3)), 2.3 (s, 2H; Gpn C�H2), 3.25 (d, 2 H; Gpn C�H2), 3.65
(s, 3 H; OCH3), 5.0 (s, 1 H; Aib NH), 7.05 ppm (s, 1H; Gpn NH). MS: m/z
cald: �370; found: 393.2 [M��Na], 763.5 [2M��Na].


X-ray diffraction : Single crystals suitable for X-ray diffraction were
obtained by slow evaporation of concentrated solution of the mixture of
aqueous and organic solvents. Table 1 summarizes the crystallographic data
and other details for compounds 1 to 4. X-ray data were collected at room
temperature on a Bruker AXS SMART APEX CCD diffractometer, by
using MoK� radiation (	� 0.71073 ä). �-scan type was used. Structures
were obtained by direct methods by using SHELXS-97.[24a] Refinement was
carried out against F 2 with the full-matrix least-squares methods by using
SHELXL-97.[24b] The hydrogen atoms were located from different Fourier
maps, except for the Piv group in peptide 1. The standard deviations in


bond lengths were approximately 0.004 ä and those of bond angles were
approximately 0.2�. CCDC-200611 1, CCDC-208874 2, CCDC-208872 3,
and CCDC-208873 4 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44) 1223-336-
033; or e-mail : deposit@ccdc.cam.ac.uk).
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Synthesis and Characterization of New Biphenolate and Binaphtholate
Rare-Earth-Metal Amido Complexes: Catalysts for Asymmetric Olefin
Hydroamination/Cyclization


Denis V. Gribkov, Kai C. Hultzsch,* and Frank Hampel[a]


Abstract: Monomeric diolate amido yt-
trium complexes [Y{diolate}{N(SiH-
Me2)2}(thf)2] can be prepared in good
yield by treating [Y{N(SiHMe2)2}3(thf)2]
with either 3,3�-di-tert-butyl-5,5�,6,6�-tet-
ramethyl-1,1�-biphenyl-2,2�-diol (H2(Bi-
phen)), 3,3�-bis(2,4,6-triisopropylphen-
yl)-2,2�-dihydroxy-1,1�-dinaphthyl
(H2(Trip2BINO)) or 3,3�-bis(2,6-diiso-
propylphenyl)-2,2�-dihydroxy-1,1�-di-
naphthyl (H2(Dip2BINO)) in racemic
and enantiopure form. The racemic
complex [Y(biphen){N(SiHMe2)2}(thf)2]
dimerizes upon heating to give the
heterochiral complex (R,S)-[Y(bi-


phen){N(SiHMe2)2}(thf)]2. The corre-
sponding dimeric heterochiral lantha-
num complex was the sole product in
the reaction of H2(Biphen) with
[La{N(SiHMe2)2}3(thf)2]. Single-crystal
X-ray diffraction of both dimeric
complexes revealed that the two
Ln(biphen){N(SiHMe2)2}(thf) fragments
are connected through bridging pheno-


late groups of the biphenolate ligands.
The two different phenolate groups
undergo an intramolecular exchange
process in solution leading to their
equivalence on the NMR timescale. All
complexes were active catalysts for the
hydroamination/cyclization of aminoal-
kynes and aminoalkenes at elevated
temperature, with [Y((R)-dip2bino)-
{N(SiHMe2)2}(thf)2] being the most ac-
tive one giving enantioselectivities of up
to 57% ee. Kinetic resolution of 2-ami-
nohex-5-ene proceeded with this cata-
lyst with 6.4:1 trans selectivity to give
2,5-dimethylpyrrolidine with a krel of 2.6.


Keywords: asymmetric catalysis ¥
hydroamination ¥ lanthanum ¥
O ligands ¥ rare earth compounds ¥
yttrium


Introduction


The catalyzed addition of amines to alkenes and alkynes, the
so-called hydroamination, has attracted significant attention
in recent years, as it has the potential to yield basic and fine
chemicals, pharmaceuticals and other industrially relevant
building blocks in a highly atom-efficient manner starting
from simple and inexpensive materials.[1]


Although many attempts have been made and a wide
variety of catalysts, ranging from early[2, 3] to late[4] transition
metals, have been developed, many of those are restricted to
activated substrates (e.g. anilines with alkynes, styrene, nor-
bornene or cyclohexadiene derivatives). Catalysts based on
rare-earth metals are usually more efficient and are more
generally applicable to hydroamination reactions.[1b, 5±7] These
systems have relied so far solely on the cyclopentadienyl ligand
and reports of cyclopentadienyl-free catalyst systems are rare.[6]


Even though the development of an asymmetric variant of
the hydroamination would constitute an important goal in


current research, only a few reports have emerged over the
past decade.[4d±g, 5b±e] Unfortunately, catalyst systems based on
rare-earth metals revealed a configurational instability of
planar chiral cyclopentadienyl complexes in the presence of
donor molecules (e.g. ethers, amines) resulting in fast
epimerization under the catalytic conditions employed.[5c,d, 8]


Therefore, a more successful strategy to develop asymmetric
rare-earth-metal catalysts would utilize non-cyclopentadienyl
ligands, which are not prone to catalyst epimerization.
Promising ligands include biphenolate or binaphtholate
ligands, which have been used widely in asymmetric catalysis.
Heterobimetallic rare-earth-metal BINOL (1,1�-bi-2-naph-
thol) complexes for Lewis acid-catalyzed reactions developed
by Shibasaki and co-workers[7g] are some of the most
prominent examples in recent years. Unsubstituted BINOL
is a sterically undemanding ligand that results in the formation
of oligomeric aggregates or coordination of multiple BINOL
ligands to the same rare-earth-metal centre. Therefore,
biphenolate and binaphtholate ligands containing bulky
substituents in the 3 and 3� position are commonly employed
to prevent these problems. Schaverien reported the synthesis
of monomeric biphenolate and binaphtholate lanthanum
alkyl complexes in 1992,[9] but little is known about their
reactivity or catalytic activity. We chose 3,3�-di-tert-butyl-
5,5�,6,6�-tetramethyl-1,1�-biphenyl-2,2�-diol (H2(Biphen)) and
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3,3�-arylated binaphthols H2(Trip2BINO), H2(Dip2BINO), as
well as H2(Mes2BINO) (Trip� 2,4,6-triisopropylphenyl,
Dip� 2,6-diisopropylphenyl, Mes� 2,4,6-trimethylphenyl) as
good candidates, as they have been successfully applied in
asymmetric ring-closing-metathesis catalysts[10] and are read-
ily available.[11]


In this paper we report the synthesis and characterization of
several new biphenolate and binaphtholate rare-earth-metal
amido complexes and their application as catalysts for hydro-
amination/cyclization reactions.


Results


Synthesis and characterization of complexes : Initial experi-
ments conducted with the racemic biphenol ligand H2(Bi-
phen) and with the well-known trisamido complex
[Ln{N(SiMe3)2}3] (Ln�Y (1a), La (1b))[12] led to the for-
mation of complex product mixtures.[13] Reaction of racemic
H2(Biphen)[14] with the trisamido complex [Y{N(SiH-
Me2)2}3(thf)2] (1a)[15] at room temperature in toluene, on the
other hand, showed by NMR
spectroscopy relatively clean
formation of a major product
2a, concomitant with the for-
mation of small amounts of a
sparingly soluble side-product,
which did not contain any ami-
do ligands and which we there-
fore assumed to be of oligomer-
ic nature with more than one
biphenolate ligand per metal
centre. The formation of the
side-product could be mini-
mized by increasing the reac-
tion temperature to 60 �C, while
lower temperatures led to an
increase of side product. NMR
spectroscopic analysis of the
major product revealed the
presence of two molecules of
coordinated THF as well as one
biphenolate and one amido li-
gand; this suggested a mono-


meric structure for 2a (Scheme 1). Both phenol rings of the
biphenolate ligand are equivalent on the NMR timescale.
The two diastereotopic silicon methyl groups give rise to
two doublets at 0.32 and 0.38 ppm (3JH,H� 3.0 Hz) in the
1H NMR spectrum and two signals at 2.9 and 3.1 ppm in
the 13C NMR spectrum. The enantiopure complex (R)-2a
was obtained similarly from H2((R)-Biphen) and 1a in
toluene at 70 �C. The NMR spectra of racemic and enantio-
pure 2a are essentially identical except for the two broad
multiplets for the diastereotopic THF �-protons at 3.43 and
3.74 ppm in the 1H NMR spectrum of (R)-2a.[16] Both
complexes, racemic and enantiopure 2a, showed good sol-
ubility in aliphatic and aromatic solvents, but only racemic 2a
could be crystallized as a colourless powder from pentane at
�30 �C. (R)-2a could not be crystallized from pentane even at
�78 �C.
The reaction of H2(Biphen) with [La{N(SiHMe2)2}3(thf)2]


(1b)[15] in toluene at 35 �C took a slightly different turn.
The NMR spectroscopic features of the resulting species are
similar to those of 2a, namely only one set of signals for the
biphenolate ligand was observed with both phenol rings being
equivalent at room temperature on the NMR timescale.
Interestingly, both methyl groups on silicon are equivalent in
3b ; this gives rise to a single doublet at 0.15 ppm (3JH,H�
3.0 Hz) in the 1H NMR spectrum. However, the low solubility
of this lanthanum complex, which crystallizes from the
toluene reaction mixture, as well as the presence of only
one molecule of coordinated THF led us to believe that
complex 3b is a dimer (Scheme 1). NMR scale experiments
confirmed the quantitative formation of a single product.
X-ray crystallographic analysis later revealed that 3b is a
phenolate-bridged heterochiral dimer (vide infra). An addi-
tional indicator for the formation of a heterochiral dimer was
our inability to synthesize an enantiopure biphenolate lan-
thanum complex. Reaction of H2((R)-Biphen) with 1b under
various conditions gave only product mixtures (vide infra).


Scheme 1.
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This suggests that the monomeric biphenolate lanthanum
complex cannot form a homochiral dimer as readily as the
heterochiral dimer. Due to the larger atomic radius of La,
1.032 ä versus 0.900 ä for Y,[17] the monomeric complex is
sterically unshielded and reacts in an uncontrolled fashion
with further equivalents of the diol.
The racemic, monomeric yttrium complex 2a could be


transformed into the dimeric species (R,S)-3a by heating a
solution of 2a in toluene to 110 �C. 1H NMR spectroscopic
investigations show a monomer-to-dimer ratio of 5:1 at 60 �C,
which decreases to 2:1 at 80 �C and a final ratio of 1:0.8 at
100 �C (Figure 1). (R,S)-3a could be separated from mono-
meric 2a by crystallization from the toluene reaction mixture.
The physical and NMR spectroscopic properties of (R,S)-3a
are very similar to those of (R,S)-3b and X-ray crystallo-
graphic analysis confirmed it to be isostructural to (R,S)-3b
(vide infra).
Heating (R,S)-3b results in the slow formation of a second


species at higher temperatures, as can be verified by variable-
temperature NMR (Figure 2). Two new overlapping doublets
at 0.26 ppm (3JHH� 2.9 Hz) and a new SiH septet at 4.85 are
observed at 70 �C in the 1H NMR spectrum, as well as a signal


Figure 1. Formation of the dimer (R,S)-3a from 2a upon heating, as
observed in the 1H NMR spectra in [D8]toluene (*). (#�HN(SiHMe2).


Figure 2. 1H NMR spectra of the equilibration of (R,S)-3b and 3b� upon
heating a solution of (R,S)-3b in [D8]toluene (*). #�HN(SiHMe2).


set for a biphenolate ligand with two equivalent phenol rings.
The ratio between this new species 3b� and (R,S)-3b rises
from 1:2.5 at 60 �C after 10 min to 0.9:1 at 70 �C after 50 min.
Cooling of the sample to room temperature does not
regenerate (R,S)-3b, and the ratio of (R,S)-3b to 3b�
remained unchanged for 11 days at room temperature. We
therefore conclude that 3b� is not a monomeric complex but
rather the homochiral dimer,[18a] and that dissociation of
(R,S)-3b or 3b� to monomeric species is very slow at room
temperature in noncoordinating solvents. Variable temper-
ature NMR spectra of either (R,S)-3a or (R)-2a did not show
any species similar to 3b�; this suggests that a homochiral
dimer cannot form due to higher steric restraints in the case of
the smaller yttrium atom.[18b] 3b� was also the major (ca. 50%)
of at least three products in the reaction of 1b with H2((R)-
Biphen) in toluene at 100 �C, however separation attempts
have failed so far.
The 1H and 13C NMR spectra of (R,S)-3b show only one set


of signals for both phenolate rings at 25 �C; this suggests a
chemical equivalence of the terminal and bridging phenolate
rings on the NMR timescale at this temperature (Figure 3).
Upon lowering the temperature, decoalescence of the signals
of the tert-butyl and methyl groups is observed at �30 �C and
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Figure 3. Temperature dependence of the 1H NMR spectrum of (R,S)-3b
in [D8]toluene (*) at low temperatures.


those of the amido ligands at �60 �C. The geometry of the
complex at the last temperature is highly asymmetric and
gives rise to two broad singlets for the SiH protons at 4.24 and
5.00 ppm, as well as three signals for the silicon methyl groups
at 0.15, 0.22 and 0.42 ppm in a 3:6:3 ratio. The dynamic-
exchange process of bridging and terminal phenolate groups is
significantly slower in the yttrium complex (R,S)-3a. The
signals of the tert-butyl and methyl groups decoalesce at 30 �C,
those of the amido ligand at �20 �C.
We then shifted our attention


to ligands with larger substitu-
ents in ortho position, such as
H2(Trip2BINO)[10c] with a 2,4,6-
triisopropylphenyl group, be-
cause the tert-butyl group in
H2(Biphen) could not prevent
facile dimerization. Binaphtho-
late ligands with aryl groups in
the 3,3�-position are usually
synthesized by nickel-catalyzed
coupling[10d,e, 19] or Suzuki cou-
pling.[20] However, these syn-
theses are usually lengthy mul-
tistep procedures that require
high catalyst loadings (up to
10 mol% for nickel catalysts)


and often give only moderate yields (60 ± 70%). Therefore,
we sought a shorter route to the desired arylated binaphthol
ligands. We found that attachment of the 3,3�-aryl substituents
can be performed in a three-step one-pot procedure starting
from 2,2�-dimethoxy-1,1�-dinaphthyl by a Negishi coupling
of 3,3� 1


N
dimetallated binaphthol with the corresponding aryl


bromide (Scheme 2). While the reaction proceeds cleanly for
the mesityl-substituted ligand with 74% yield, significantly
lower yields in the range of 40 ± 50% were obtained in case of
2,6-isopropyl-substituted aryl bromides. Additionally, the
latter products were often contaminated with monoarylated
product and starting material. This, however, can be avoided
by performing the coupling with 3,3�-diiodo-2,2�-dimethoxy-
1,1�-binaphthyl and the corresponding aryl zinc bromide to
give the desired ligands in 79 ± 91% overall yield after
deprotection with boron tribromide (Scheme 2).
Reaction of racemic H2(Trip2BINO) with 1a in toluene at


50 �C led to a quantitative formation of the monomeric
complex 4a (Scheme 3). However, due to its high solubility in
aliphatic solvents even at �78 �C, all crystallization attempts
have failed so far. Therefore we decided to use the 2,6-
diisopropylphenyl-substituted binaphthol ligand, H2(Dip2BI-
NO), instead, which should have more advantageous solubil-
ity properties. H2(Dip2BINO) reacts cleanly with 1a under
similar conditions to those used for H2(Trip2BINO) to give the
monomeric complex 5a (Scheme 3), which was crystallized
from hexanes at �30 �C in 67% yield. The enantiopure
complex (R)-5a was synthesized similarly from 1a and
H2((R)-Trip2BINO), but could only be isolated as an oily
precipitate from hexanes. We also tried to prepare complexes
of the sterically less-hindered mesityl-substituted ligand
H2(Mes2BINO), but its reaction with 1a,b or [Y{N(SiMe3)2}3]
under various solvent and temperature conditions gave only
complex product mixtures.
Variable-temperature 1H NMR spectra of neither racemic


nor enantiopure 5a showed the presence of dimeric species.
Treatment of H2(Trip2BINO) with 1b gave 4b in a relatively


clean reaction (ca. 80% purity according to NMR spectros-
copy for the racemic ligand and 60 ± 70% for the (R) ligand),
but crystallization could not improve purity. Treatment of
H2(Dip2BINO) with 1b on the other hand gave a product


Scheme 2.
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mixture containing only about 50% of the desired product.
We attribute this discrepancy to the significantly lower
solubility of H2(Dip2BINO) compared with H2(Trip2BINO)
in the reaction mixture, which results in a different ratio of
kinetic products (see Discussion).


Molecular structure of (R,S)-[Ln(Biphen){N(SiHMe2)2}-
(thf)]2 (Ln�Y, La): Clear, colourless crystals of (R,S)-3a
and (R,S)-3b suitable for X-ray diffraction analysis were
obtained by cooling a warm, concentrated benzene or toluene
solution to room temperature. An ORTEP diagram of the
structure of (R,S)-3b is shown in Figure 4. Crystallographic
data are compiled in the Experimental Section, selected bond
lengths and angles are summarized in Table 1.
In the centrosymmetric, heterochiral dimers (R,S)-3a and


(R,S)-3b, the two biphenolate metal moieties are connected
by bridging of two phenolate units. A similar bridging motif of
a biphenolate ligand was observed in the thiobinaphtholate
complex [Sm{1,1�-S(2-OC10H4tBu2-3,6}(OC6H3tBu2-2,6)]2.[21]


The metals are coordinated in a distorted trigonal bipyramidal
fashion, with one of the bridging phenolate ligands (O11) and
the THF ligand occupying axial positions and the amido
ligand, the terminal phenolate and the second bridging
phenolate group in equatorial positions. The increased
stability of the heterochiral dimer in (R,S)-3a and (R,S)-3b
is in contrast to the majority of previously reported crystal
structures of binaphtholate- or biphenolate-bridged M2O2


complexes in which the homochiral dimer is the more stable
form,[22] while heterochiral dimers are scarce.[21, 23]


As commonly observed,[24] the bridging metal ± phenolate
bond lengths are a minimum of 0.17 ä longer than the termi-
nal phenolate group (typical range Y�OAr (term.)� 2.00 ±
2.15 ä, Y�OAr (bridge)� 2.18 ± 2.36 ä, La�OAr (term.)�
2.17 ± 2.32 ä, La�OAr (bridge)� 2.32 ± 2.43 ä).[9, 25] The
bridging mode of the phenolate ligands is slightly asym-
metrical in the case of the lanthanum complex (R,S)-3b, in
which the axial phenolate bond (La1�O11) is about 0.1 ä
longer than the equatorial phenolate bond (La1�O11�). The
Y2O2 ring in (R,S)-3a, on the other hand, displays a symmetric
bridging mode, with almost identical yttrium-to-bridging-
phenolate bond lengths. The Ln ¥ ¥ ¥Ln separations are on the
upper end of the scale of known complexes with a Ln2O2 core
(Y: 3.42 ± 3.75 ä, La: 3.96 ± 4.02 ä).[24, 25b, 26] The La�O bond
to the terminal phenolate group (2.234(2) ä) in (R,S)-3b is in


the same range as that found in [La{1,1�-
(2-OC6H2tBu2-3,5)2}{CH(SiMe3)2}(thf)3]
(2.271(9) and 2.216(7) ä).[9] While the
bite angle O-La-O of the Biphen ligand
(88.83(7)�) in (R,S)-3b compares well
with the 88.1(3)� found in [La{1,1�-(2-
OC6H2tBu2-3,5)2}{CH(SiMe3)2}(thf)3],[9]


the dihedral angle between the two
phenol rings (87.8(4)� for (R,S)-3b is
significantly larger than the 72.9(1.9)�
found in hexacoordinate [La{1,1�-(2-
OC6H2tBu2-3,5)2}{CH(SiMe3)2}(thf)3],[9]


which is caused by steric restrains en-
forced on the Biphen ligand to adopt
the bridging-ligating mode. The distance


between lanthanum and the ipso-carbon of the bridging
phenolate La ¥ ¥ ¥C11 (2.911(3) ä) in (R,S)-3b and the de-
creased La-O11-C11 angle of only 92.81(16)� indicate a


Figure 4. ORTEP diagram of the molecular structure of (R,S)-3b : a) side
view, b) top view. Thermal ellipsoids are drawn at the 50% probability
level. Hydrogen atoms, except for those on silicon, are omitted for the sake
of clarity.


Scheme 3.
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stronger bonding interaction between lanthanum and
C11 than that observed in [La{1,1�-(2-OC6H2tBu2-3,5)2}-
{CH(SiMe3)2}(thf)3] (La ¥ ¥ ¥Cipso� 3.096(13) ä, La-O-Cipso�
113.6(7)�).[9] This interaction is also significantly less pro-


nounced in (R,S)-3a, to the point that the corresponding Y ¥ ¥ ¥
Cipso distance (3.010(2) ä) is longer and the Y-O-Cipso angle
(107.88(13)�) larger than those found in (R,S)-3b, although the
atomic radius of yttrium is 0.132 ä smaller than that of
lanthanum.[17] The metal ± nitrogen bond lengths (2.260(2) ä
in (R,S)-3a, 2.416(3) ä in (R,S)-3b) are in the centre of the
typical range found in other amido complexes (Y: 2.18 ±
2.32 ä,[27] La: 2.30 ± 2.49 ä[28]) and they are close to those
found in their starting materials 1a[29] and 1b.[28f] The
geometry of the amido ligand is asymmetric and can best be
compared to the geometry found in [(C5HPh4)2La{N(SiH-
Me2)2}].[28k] One of the silicon atoms is getting closer to the
metal centre (La ¥ ¥ ¥ Si� 3.3703(10) vs. 3.5240(11) ä for (R,S)-
3b, 3.261(2) vs. 3.472(2) ä for one of the two independent
molecules of [(C5HPh4)2La{N(SiHMe2)2}][28k]) concomitant
with a decrease in the La-N-Si angle (109.56(14) vs.
116.17(14)� for (R,S)-3b, 107.7(2) vs. 117.2(2)� for one of the
two independent molecules of [(C5HPh4)2La{N(SiH-
Me2)2}][28k]). This is indicative of a weak �-SiH monoagostic
interaction as has been discussed for other dimethylsilylamido
rare-earth-metal complexes.[15, 28h,k, 30] The monoagostic inter-
action is significantly more pronounced in the smaller yttrium
complex (R,S)-3a (Y ¥ ¥ ¥ Si� 3.1344(9) vs. 3.6088(10) ä, Y-N-
Si� 103.81(10) vs. 130.02(11)�). The Si-N-Si angle is slightly
widened in (R,S)-3b (133.94(17)�) as a result of the agostic
interaction, while it remains normal in (R,S)-3a (123.29(13)�).


Catalytic hydroamination/cyclization : Complexes 2 ± 5 were
investigated for their catalytic activity in the hydroamination/
cyclization of an aminoalkyne and aminoalkenes (Table 2).
The binaphtholate complex (R)-5a shows the highest activity.


Table 1. Selected bond lengths [ä], atomic separations [ä] and angles [�]
for (R,S)-3a and (R,S)-3b.


(R,S)-3a (R,S)-3b


M�O21 2.099(2) 2.234(2)
M�O11 2.280(2) 2.503(2)
M�O11� 2.270(2) 2.407(2)
M�O31 2.389(2) 2.575(2)
M�N1 2.260(2) 2.416(3)
M ¥ ¥ ¥M 3.7006(8) 3.9954(3)
M ¥ ¥ ¥C11 3.010(2) 2.911(3)
M ¥ ¥ ¥ Si1 3.1344(9) 3.5240(11)
M ¥ ¥ ¥ Si2 3.6088(10) 3.3703(10)
O11-M-O21 88.79(6) 88.83(7)
O11-M-O11� 71.15(6) 71.10(8)
M-O11-M� 108.85(6) 108.90(8)
O11-M-O31 157.18(6) 153.24(7)
O21-M-O31 91.40(6) 86.71(8)
O11�-M-O31 89.17(6) 85.43(7)
M-O11-C11 107.88(13) 92.81(16)
M-O21-C21 133.52(14) 132.5(2)
N1-M-O11 113.08(6) 123.41(9)
N1-M-O11� 136.11(7) 142.14(9)
N1-M-O31 89.02(7) 83.07(9)
O21-M-N1 103.82(7) 106.41(9)
O21-M-O11� 120.06(6) 108.79(8)
M-N1-Si1 103.81(10) 116.17(14)
M-N1-Si2 130.02(11) 109.56(14)
Si1-N-Si2 123.29(13) 133.94(17)
C11-C12-C22-C21 76.7(3) 87.8(4)


Table 2. Catalytic hydroamination/cyclization reactions.


Substrate Product Entry Cat.[a] T Reaction Conv. TOF[b] ee product;[c] ee reactant;[c]


[�C] time [h] [%] [h�1] diastereomeric krel
ratio


1 (rac)-2a 60 19 � 99 3
2 (R,S)-3a 60 28.5 46 0.6
3 (R,S)-3b 60 19 79 5
4 (R)-5a 60 9 � 99 11


5 (R)-2a 70 22 77 2.5 36
6 (R,S)-3b 70 11 82 4
7 (R)-5a 50 40 75 ±[d] 29.2
8 (R)-5a 60 7 92 13.5 28.3
9 (R)-5a 100 0.75 � 99 ±[d] 28.0


10 (R)-2a 80 23 13 ±[d] ±[d]


11 (R)-5a 70 43 91 ±[d] 57
12 (R)-5a 100 16 � 99 ±[d] 52


13 (R)-5a[e] 70 72 49 0.07 33/33; 54:46
14 (R)-5a[e] 90 6.5 � 99 1.5 32/34; 53:47


15 (R)-5a[f] 90 1.5 61 ±[d] 35 (trans isomer); 43; 2.6
6.4:1 (trans/cis)


[a] Reaction conditions: 4 mol% cat., C6D6, Ar atm. [b] Turnover frequency. [c] Determined by 19F NMR of the Mosher amides. [d] Not determined.
[e] 10 mol% cat. [f] 5 mol% cat.
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Ring-closing of aminoalkyne 6 proceeds with a turnover
frequency of 11h�1 at 60 �C. The dimeric lanthanum complex
(R,S)-3b and the monomeric yttrium complex 2a have similar
activity (5 and 3 h�1 respectively), while the dimeric yttrium
complex (R,S)-3a shows the lowest activity (0.6 h�1). This
indicates that (R,S)-3a remains dimeric under the catalytic
conditions employed. Similar observations were made for the
hydroamination of aminoalkene 8 (Figure 5). (R)-5a was


Figure 5. Hydroamination/cyclization of 8 with (R)-5a, (R,S)-3b and
(R)-2a in C6D6.


significantly more active (13.5 h�1 at 60 �C) than (R,S)-3b
(4 h�1 at 70 �C) or (R)-2a (2.5 h�1 at 70 �C). One important
feature is that all biphenolate and binaphtholate complexes
show significant deviation from commonly observed zeroth-
order rate dependence in the substrate.[5] Deviation from
zeroth-order kinetics has been attributed previously to a
competitive coordination of the product heterocycles and
thereby inhibition of the catalysts when sterically more
accessible ansa-lanthanocenes were employed.[5c] Preliminary
kinetic data suggest first-order rate dependence on substrate
concentration for complex (R,S)-3b and (R)-5a and second-
order for complex (R)-2a (Figures 6 and 7).
Hydroamination of 8 by using the enantiopure complexes


(R)-2a and (R)-5a gave the pyrrolidine 9 in 36 or 29% ee,
respectively (Table 2, entries 5 and 7 ± 9). Interestingly, the
ring-closing of 10 proceeded with a higher enantioselectivity
of 57% ee. The enantiomeric excess is nearly independent of
the reaction temperature over the range 50 ± 100 �C (Table 2,
entries 7 ± 9, 11 and 12); this is a significant advantage,
because most of the catalytic reaction had to be performed at
elevated temperatures to achieve economical turnover fre-
quencies. Reaction of the amino diolefin derivative 12
proceeded essentially without diastereoselectivity when using
(R)-5a (54:46) and with essentially the same enantioselectiv-
ity as for the amino olefin 8. In order to achieve appreciable
turnover numbers, significantly higher reaction temperatures
and higher catalyst loadings are required for substrate 12.


Figure 6. First-order plot for the hydroamination/cyclization of 8 with
(R)-5a and (R,S)-3b in C6D6.


Figure 7. Second-order plot for the hydroamination/cyclization of 8 with
(R)-2a in C6D6.


Ring-closing of racemic 2-aminohex-5-ene (14) produced
two enantiomeric trans-2,5-dimethylpyrrolidines as well as
meso cis-2,5-dimethylpyrrolidine (Scheme 4). Kinetic resolu-
tion of 14 to enantiomerically enriched trans-15 and 14 should
become feasible if a chiral catalyst is employed and exchange
between coordinated and free substrate is fast. Indeed,
5 mol% (R)-5a gave 2,5-dimethylpyrrolidine in 61% con-
version with good trans-selectivity (6.4:1) and 35% ee for the


Scheme 4.
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trans product. The remaining starting material 14 was
obtained in 43% ee. Therefore the relative rate constant for
the two enantiomers of 14 was determined to be 2.6.[31]


Discussion


The success of an organometallic complex synthesis depends
often on the right choice of starting materials, reaction
conditions and solvents. This is especially important in the
synthesis of rare-earth-metal complexes. Various methods
have been designed in recent years to circumvent common
problems, such as alkali-metal salt incorporation. The most
successful strategies involve amine[28h, k, 29, 32f, 33] or al-
kane[9, 27, 32] elimination starting from well-defined, alkali-
metal-salt-free rare-earth-metal tris(alkyl) or tris(amido)
complexes. Whereas rare-earth-metal tris(alkyl) complexes
generally react under milder conditions, tris(amido) com-
plexes are usually easier to prepare and thermally robust; this
is often more desirable for catalytic applications in organic
synthesis. One problem frequently observed in the synthesis
of complexes containing bi- or multidentate ligands is the
formation of product mixtures,[33d,e, 34] rooted in the desire of
rare-earth metals to achieve high coordination numbers and
their tendency to form aggregated structures. Due to the
multistep nature of complex formation and the different
reactivity of the various species involved, the desired disub-
stituted complexes [(diolate)Ln(amido)(thf)n] have to be
regarded as kinetic products. The failure to obtain any viable
product from the reaction of [Ln{N(SiMe3)2}3] can be ascribed
to a higher reactivity of the sterically more open species
formed upon substitution of the first bulky bis(trimethyl-
silylamido) ligand in the starting tris(amido) complex. The
dimethylsilylamido ligand has been applied successfully over
recent years by Herrmann and Anwander.[15, 28h,k, 29, 33d±f] It
reacts differently because the smaller amido ligand can
modulate the reactivity of different species by allowing THF
coordination or stabilizing �-SiH agostic interactions. An
important factor contributing to the clean reaction of racemic
H2(Biphen) with [La{N(SiHMe2)2}3(thf)2] (1b) is the facile
dimerization of La(Biphen){N(SiHMe2)2}(thf)x forming the
heterochiral dimer (R,S)-3b. The corresponding monomeric
enantiopure species derived from H2((R)-Biphen) and 1b
does not dimerize readily; this results in uncontrolled side
reactions with free-ligand or other lanthanum species. Similar
side reactions were observed in the case of the yttrium
complexes at ambient temperatures, although to a signifi-


cantly lower extent due to the smaller atomic radius of
yttrium. Higher temperatures diminish such side reactions, as
intermolecular reactions are entropically disfavoured.
The majority of structurally characterized biphenolate- or


binaphtholate-bridged complexes are composed of homochi-
ral C2-symmetric dimers.[22] The preference for the formation
of homochiral dimers has been attributed to the absence of
unfavourable interligand contacts combined with favourable
solvation properties by a parallel stacking of the syn terminal
phenolate ligands.[22b] While most of these complexes have
only small substituents in the 3 and 3� positions (H, Me), only
one example with a bulky substituent has been reported.[22i]


The formation of homochiral [Fe{1,1�-(2-OC6H3-3-SiPh3)2}]2
can be rationalized by the �-coordination of one of the silicon
phenyl groups of the bridging phenolate to an iron centre,
which would be impossible in a heterochiral dimer. In fact, the
higher stability of the heterochiral dimers (R,S)-3 can be
explained by unfavourable 1,3-trans-annular interactions of
the bulky tert-butyl groups in a potential homochiral dimer,
similar to (R,S)-[(daib)ZnR]2 (daib� 3-exo-(dimethylamino)-
isoborneol).[35] This difference in stability of homo- and
heterochiral dimers is the explanation for many nonlinear
effects in asymmetric synthesis.[36]


The exchange of bridging and terminal phenolate groups in
(R,S)-3b on the NMR timescale can be postulated to involve a
nonchelating bridging biphenolate ligand (Scheme 5).[22a, 37]


An intermolecular mechanism involving dissociation of the
heterochiral dimer into two monomeric species can be ruled
out on the basis of i) the heterochiral dimer (R,S)-3a showing
significantly lower catalytic activity than the monomeric
complex (R)-2a (Table 2, entries 1 and 2) and ii) the stability
of a supposedly homochiral species 3b�, formed upon heating
(R,S)-3b for several weeks at room temperature. Addition-
ally, this exchange of terminal and bridging phenolate groups
was not observed in the dimeric thiobinaphtholate complex
[Sm{1,1�-S(2-OC10H4tBu2-3,6}(OC6H3tBu2-2,6)]2.[21] While a
dissociative process should be as facile as in the case of
(R,S)-3b, an intramolecular process is highly disfavoured due
to the restricted flexibility of the ligand enforced by the
thioether coordination.
The biphenolate and binaphtholate complexes exhibit only


moderate activity for the catalytic hydroamination/cyclization
of aminoalkynes and aminoalkenes in comparison with
lanthanocene catalysts.[5] The latter systems show especially
high activities for aminoalkyne substrates, for example,
turnover frequencies of up to 2830 h�1 for 6 with
[Cp*2Sm{CH(SiMe3)2}] at 60 �C (or 77 h�1 at 21 �C).[5h] Activ-


Scheme 5.
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ities for aminoalkene substrates are usually one or two orders
of magnitude smaller, for example, turnover frequencies
for the cyclization of 8 can range from �1 h�1 at 80 �C
with [Cp*2Lu{CH(SiMe3)2}] up to 95 h�1 at 25 �C with
[Cp*2La{CH(SiMe3)2}].[5a] The activities for aminoalkyne 6
and aminoalkene 8, on the other hand, are of the same order
of magnitude when using the binaphtholate complex (R)-5a,
and ring-closing of 8 falls well within the range of activities
observed for lanthanocene catalysts. Certainly, significant
catalyst deactivation has to be attributed to inhibition by
coordination of THF, so that higher reaction temperatures are
required to facilitate THF dissociation. While lanthanocene
systems are generally not affected by small amounts of
THF,[5a] the sterically more open biphenolate and binaphtho-
late systems are significantly more sensitive in this respect.
Despite being only low to moderate by current general


standards, the enantioselectivities in the catalytic hydroami-
nation/cyclization reactions are in a comparable range to
those obtained with C1-symmetric lanthanocene complexes at
temperatures at or below room temperature.[5c,d] The increase
in enantioselectivity on going from dimethyl-aminopentene 8
to the unsubstituted aminopentene 10 was also noted for the
lanthanocene catalysts, although the difference is generally
lower than 20%.[5c,d] The thermal robustness of the catalysts
and relatively insensitivity of enantioselectivity to reaction
temperature seems to be noteworthy. Rare-earth-metal com-
plexes have a high tendency to ligand redistribution reactions,
especially in the presence of donor molecules. Such reactions
would have a significant detrimental effect on enantioselec-
tivity, as different diastereomeric or achiral complexes with
different catalytic activity and selectivity may be present. The
small temperature dependence of the observed enantioselec-
tivities therefore suggests that the biphenolate and binaph-
tholate catalysts do not undergo such ligand redistributions to
a significant extent under these conditions. Another impor-
tant finding seems to be the kinetic resolution of racemic
2-aminohex-5-ene (14) with (R)-5a, although with a moderate
relative rate of 2.6. This should, however, be compared with
C1-symmetric lanthanocene catalysts, which have been re-
ported to give enrichments below 20% ee at 25 �C at various
extents of conversion.[5c] For an effective kinetic-resolution
reaction to occur, a fast exchange process between coordi-
nated amido (or amino) ligands and free substrate has to be
operative prior to ring closing. This process must be easier for
the binaphtholate catalyst than the lanthanocene catalysts,
either due to the higher reaction temperature applied or due
to a sterically more open coordination sphere.


Conclusion


We have presented here the facile synthesis of new chiral
[Y{diolate}{N(SiHMe2)2}(thf)2] complexes, which represent,
to the best of our knowledge, the first examples of chiral,
cyclopentadienyl-free rare-earth-metal-based catalysts for
asymmetric hydroamination/cyclization. The synthesis and
solution behaviour of the complexes based on the Biphen
ligand are complicated by the formation of stable heterochiral
dimers. The 3,3�-arylated binaphtholate gave only isolable


complexes in the presence of isopropyl substituents in the 2
and 6 positions of the 3,3�-aryl groups. The resulting com-
plexes are monomeric in solution and show the highest
catalytic activity. However, catalytic activity is limited due to
the coordination of THF molecules. Although the enantiose-
lectivities obtained with these systems remain unsatisfactory
for the moment, the modularity of the binaphtholate ligand
set, as well as utilization of rare-earth metals with varying
atomic radii should allow catalyst optimization. Current
investigations are focused on addressing these problems.
Further kinetic and mechanistic investigations will be report-
ed in due course. Finally, we believe that this new class of
chiral rare-earth-metal catalyst will find applications in other
areas of organic and polymer synthesis.[7c±j]


Experimental Section


General considerations : All operations were performed under an inert
atmosphere of nitrogen or argon by using standard Schlenk-line or
glovebox techniques. After being dried over KOH, THF was distilled from
sodium benzophenone ketyl. Hexanes, pentane and toluene were purified
by distillation from sodium/triglyme benzophenone ketyl. Anhydrous YCl3
(Aldrich) and (R)-BINOL (�99% ee)[11] were used as received.
[Ln{N(SiHMe2)2}3(thf)2] (Ln�Y (1a), La (1b)),[15] (rac)- and (R)-2,2�-
dimethoxy-1,1�-dinaphthyl,[19a] and substrates 6,[5h] 8,[38] 10[5a] and 14[39] were
synthesized as described in the literature. The substrates were dried by
distillation over CaH2, followed by a second distillation over trioctyl
aluminium (2 mol% added). H2(Biphen) was conveniently prepared by
oxidative coupling of 2-tert-butyl-4,5-dimethylphenol by using K3Fe(CN)6/
KOH,[40] thus avoiding the use of K2Cr2O7/H2SO4. H2(Biphen) was then
resolved by use of the diastereomeric phosphates prepared with (�)-
menthyldichlorophosphite[41] as previously described.[10c] 2,6-Diisopropyl-
phenyl bromide was prepared by Sandmeyer reaction from 2,6-diisopro-
pylanilin.[42] The 2,6-diisopropylphenol, which is formed as a side product,
can be removed by stirring a solution with solid KOH in hexanes, followed
by filtration through a short column of silica gel. 2,2�-Dimethoxy-3,3�-
diiodo-1,1�-binaphthyl[10e] was prepared by ortho-lithiation of 2,2�-dimeth-
oxy-1,1�-binaphthyl followed by treatment with elemental iodine. The
preparation of the ortho-lithiated species via lithiation of 2,2�-dimethoxy-
3,3�-dibromo-1,1�-binaphthyl as reported earlier[10e] was not found to be
necessary. (R)-(�)-�-Methoxy-�-trifluoromethylphenylacetic acid (RCA)
was transformed to its acid chloride by using oxalyl chloride/DMF in
hexanes.[43] All other chemicals were commercially available and used as
received. 1H and 13C NMR spectra were recorded on a Bruker Avance300
or Avance400 spectrometer. Elemental analyses were performed by the
Microanalytical Laboratory of this department. Although metal complexes
were combusted with V2O5 as burning aid, analyses often gave low carbon
content repeatedly, presumably due to carbide formation.


3,3�-Bis(2,4,6-triisopropylphenyl)-2,2�-dimethoxy-1,1�-dinaphthyl : nBuLi
(5.0 mL, 2.27 � in hexane, 11.4 mmol) was added to a solution of TMEDA
(N,N,N�,N�-tetramethyl-1,2-ethanediamine, 1.5 mL, 10 mmol) in diethyl
ether (25 mL). Finely powdered 2,2�-dimethoxy-1,1�-dinaphthyl (1.57 g,
5.0 mmol) was added to the mixture in one portion. The mixture was stirred
overnight at room temperature, then the solvent was removed in vacuo.
The dilithium salt was dried in vacuo for 2 h (0.1 Torr). The flask was placed
in a dry ice/acetone bath, and a solution of ZnCl2 (11.5 mL, 1� in THF,
11.5 mmol) was added. The resulting mixture was stirred at room temper-
ature until the dilithium salt completely dissolved, then 2,4,6-triisopropyl-
phenylbromide (3.00 g, 10.6 mmol) and Pd(PtBu3)2 (50 mg, 0.1 mmol) were
added. The mixture was transferred into a 25 mL round-bottom flask with
teflon valve through a cannula and heated to 105 �C overnight. After being
cooled to room temperature, the solvent was removed by rotary evapo-
ration, and the residue was dissolved in CH2Cl2 (40 mL). The solution was
washed with dilute HCl, dried over Na2SO4 and passed through a short
column of silica. After removal of the solvent, the residue was dissolved in
hexanes (15 mL), and the solution was cooled to 0 �C. After 24 h, the
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resulting powder was filtered off, washed with cold hexanes and dried in
air; yield 1.78 g (49%), contaminated with 10% of mono adduct. 1H NMR
(300 MHz, CDCl3): �� 7.83 (d, 3JH,H� 8.0 Hz, 2H; aryl), 7.72 (s, 2H; aryl),
7.27 ± 7.42 (m, 8H; aryl), 7.07 (d, 4H; aryl), 3.06 (s, 6H; OCH3), 2.94 (sept,
3JH,H� 6.8 Hz, 2H; CH(CH3)2), 2.80 (m, 4H; CH(CH3)2), 1.30 (d, 3JH,H�
6.9 Hz, 12H; CH(CH3)2), 1.04 ± 1.19 (m, 24H; CH(CH3)2). Deprotection of
3,3�-bis(2,4,6-triisopropylphenyl)-2,2�-dimethoxy-1,1�-dinaphthyl by using
boron tribromide in CH2Cl2 was facilitated as described in the literature.[10d]


(R)-3,3�-Bis(2,4,6-triisopropylphenyl)-2,2�-dihydroxy-1,1�-dinaphthyl
(H2((R)-Trip2BINO)): nBuLi (3.1 mL, 2.5� in hexane, 7.75 mmol) was
added to a solution of 2,4,6-triisopropylphenylbromide (2.19 g, 7.73 mmol)
in THF (5 mL) at �70 �C. The reaction mixture was stirred at this
temperature for 20 min, and a solution of ZnBr2 (9 mL, 1� in THF, 9 mmol)
was added. The reaction mixture was allowed to warm to room temper-
ature, and the solvent was removed in vacuo. The colourless oily residue
was dried in vacuo for 2 h (0.1 Torr) in order to remove nBuBr.
THF (15 mL), (R)-3,3�-diiodo-2,2�-dimethoxy-1,1�-dinaphthyl (1.90 g,
3.36 mmol) and Pd(PtBu3)2 (17 mg, 34�mol) were added, and the resulting
mixture was heated to 60 �C overnight. After the mixture had been cooled
to room temperature, dilute HCl (10 mL, 2 ± 3%) and ether (20 mL) were
added. The organic layer was separated, washed with brine, dried over
Na2SO4 and passed through a short column of silica with Et2O as eluent.
After removal of the solvent, the residue was dried in vacuo for 4 h. The
crude material was dissolved in dry CH2Cl2 (15 mL), cooled to�5 �C, and a
solution of boron tribromide (13 mL, 1� in CH2Cl2, 13 mmol) was added
dropwise. The reaction mixture was stirred overnight at room temperature,
then cooled to 0 �C, and water (10 mL) was added slowly. Stirring was
continued for 30 min. The organic layer was separated and dried over
Na2SO4. The solvent was removed by rotary evaporation, and the
remaining brown oil was separated by chromatography on a silica-gel
column with hexanes/CH2Cl2 (5:1; Rf� 0.2) to give 2.04 g (88%) of a white
crystalline powder. 1H NMR (400 MHz, CDCl3): �� 7.87 (d, 3JH,H� 7.8 Hz,
2H; aryl), 7.77 (s, 2H; aryl), 7.27 ± 7.38 (m, 6H; aryl), 7.14 (d, 3JH,H� 7.4 Hz,
4H; aryl), 4.92 (s, 2H; OH), 2.96 (sept, 3JH,H� 6.9 Hz, 2H; CH(CH3)2), 2.86
(sept, 3JH,H� 6.8 Hz, 2H; CH(CH3)2), 2.67 (sept, 3JH,H� 6.8 Hz, 2H;
CH(CH3)2), 1.32 (d, 3JH,H� 6.9 Hz 12H; CH(CH3)2), 1.20 (d, 3JH,H�
6.8 Hz, 6H; CH(CH3)2), 1.12 (d, 3JH,H� 7.0 Hz, 6H; CH(CH3)2), 1.09 (d,
3JH,H� 7.0 Hz, 6H; CH(CH3)2), 1.04 (d, 3JH,H� 6.9 Hz, 6H; CH(CH3)2);
13C{1H} NMR (100.6 MHz, CDCl3): �� 150.6, 149.1, 147.8, 147.7, 133.4,
130.6, 130.4 129.1, 129.0, 128.2, 126.6, 124.5, 123.7, 121.22, 121.16, 113.1
(aryl), 34.3, 30.9, 30.8 (CH(CH3)2), 24.29, 24.27, 24.05, 23.99, 23.91, 23.7
(CH(CH3)2).


3,3�-Bis(2,6-diisopropylphenyl)-2,2�-dimethoxy-1,1�-dinaphthyl


Method A : nBuLi (13 mL, 2.6� in hexane, 33.8 mmol) was added to a
solution of TMEDA (4.5 mL, 30 mmol) in diethyl ether (75 mL). Finely
powdered 2,2�-dimethoxy-1,1�-dinaphthyl (4.71 g, 15 mmol) was added to
the mixture in one portion. The mixture was stirred overnight at room
temperature, then the solvent was removed in vacuo. The dilithium salt was
dried in vacuo for 2 h (0.1 Torr), and THF (20 mL) was added. The flask
was placed in a dry ice/acetone bath and a solution of ZnBr2 (34 mL, 1� in
THF, 34 mmol) was added. The resulting mixture was stirred at room
temperature until the dilithium salt completely dissolved (1 h), 2,6-
diisopropylphenylbromide (7.23 g, 30 mmol) and Pd(PtBu3)2 (0.1 g,
0.2 mmol) were then added. The mixture was transferred into a 100 mL
round-bottom flask with a teflon valve by a needle and heated to 105 �C for
24 h. During the reaction time, the product precipitated from homogeneous
solution. After the reaction mixture had been cooled to room temperature,
the solvent was removed by rotary evaporation and CH2Cl2 (40 mL) and
water (30 mL) were added to the residue. The mixture was shaken
vigorously for several minutes, and a white powder was filtered off, washed
with dilute HCl, water, CH2Cl2 and dried in air. Yield: 4.32 g (45%).


Method B : nBuLi (7.9 mL, 2.6� in hexane, 20.5 mmol) was added to a
solution of 2,6-diisopropylphenylbromide (4.94 g, 20.5 mmol) in THF
(25 mL) at �70 �C. The reaction mixture was stirred at the same temper-
ature for 20 min, and a solution of ZnBr2 (21.5 mL, 1� in THF, 21.5 mL)
was added. The reaction mixture was allowed to warm to room temper-
ature, and the solvent was removed in vacuo. The colourless oily residue
was dried in vacuo for 2 h (0.1 Torr). THF (30 mL), 3,3�-diiodo-2,2�-
dimethoxy-1,1�-dinaphthyl (5.09 g, 9 mmol) and Pd(PtBu3)2 (53 mg,
0.1 mmol) were added. The mixture was heated to 60 �C overnight. After
the mixture had been cooled to room temperature, the solvent was


removed by rotary evaporation, and CH2Cl2 (30 mL) and water (20 mL)
were added to the residue. The mixture was shaken vigorously for 1 min,
and a white powder was filtered off, washed with dilute HCl, water and
diethyl ether and dried in air to yield 4.84 g (85%) of a white powder.
1H NMR (400 MHz, CDCl3): �� 7.85 (d, 3JH,H� 8.1 Hz, 2H; aryl), 7.71 (s,
2H; aryl), 7.21 ± 7.42 (m, 12H; aryl), 3.05 (s, 6H; OCH3), 2.85 (sept, 3JH,H�
6.8 Hz, 2H; CH(CH3)2), 2.77 (sept, 3JH,H� 6.8 Hz, 2H; CH(CH3)2), 1.18 (d,
3JH,H� 6.8 Hz, 6H; CH(CH3)2), 1.15 (d, 3JH,H� 6.8 Hz, 6H; CH(CH3)2),
1.11 (d, 3JH,H� 6.9 Hz, 6H; CH(CH3)2), 1.05 (d, 3JH,H� 6.9 Hz, 6H;
CH(CH3)2); 13C{1H} NMR (100.6 MHz, CDCl3): �� 154.9, 147.5, 147.1,
135.8, 133.9, 130.6, 130.2, 128.0, 127.9, 126.0, 125.7, 124.6, 122.62, 122.60
(aryl), 59.8 (OCH3), 31.0, 30.8 (CH(CH3)2), 25.4, 25.1, 23.3, 23.2
(CH(CH3)2).


3,3�-Bis(2,6-diisopropylphenyl)-2,2�-dihydroxy-1,1�-dinaphthyl (H2(Dip2BI-
NO)): A solution of boron tribromide (45 mL, 1� in CH2Cl2, 45 mmol) was
added dropwise to a suspension of 3,3�-bis(2,6-diisopropylphenyl)-2,2�-
dimethoxy-1,1�-dinaphthyl (4.72 g, 7.44 mmol) in dry CH2Cl2 (40 mL) at
�10 �C. The reaction mixture was stirred overnight at room temperature,
then cooled to 0 �C. Water (20 mL) was added slowly, and stirring was
continued for another 30 min. The mixture was diluted with CH2Cl2
(250 mL) to dissolve the solid material, and the organic layer was
separated, dried over Na2SO4 and passed through a short column of silica.
The solvent was removed in vacuo. Hexanes/ether (1:1, 40 mL) were added
to the residue, and the mixture was stirred vigorously for 1 h. The resulting
white powder was filtered, washed with hexanes and dried in air; yield:
4.21 g (93%). 1H NMR (400 MHz, CDCl3) �� 7.91 (d, 3JH,H� 8.0 Hz, 2H;
aryl), 7.79 (s, 2H; aryl), 7.23 ± 7.45 (m, 12H; aryl), 4.92 (s, 2H; OH), 2.88
(sept, 3JH,H� 6.8 Hz, 2H; CH(CH3)2), 2.71 (sept, 3JH,H� 6.9 Hz, 2H;
CH(CH3)2), 1.22 (d, 3JH,H� 6.8 Hz, 6H; CH(CH3)2), 1.14 (d, 3JH,H �
6.9 Hz, 6H; CH(CH3)2), 1.11 (d, 3JH,H� 6.9 Hz, 6H; CH(CH3)2), 1.05 (d,
3JH,H� 6.8 Hz, 6H; CH(CH3)2); 13C{1H} NMR (100.6 MHz, CDCl3): ��
150.6, 148.0, 147.9, 133.4, 133.1, 130.6, 129.0, 128.9, 128.3, 126.8, 124.4, 123.9,
123.10, 123.05, 112.9 (aryl), 30.9, 30.8 (CH(CH3)2), 24.3, 24.2, 23.8, 23.6
(CH(CH3)2); elemental analysis calcd (%) for C44H46O2: C 87.09, H 7.64;
found: C 85.98, H 7.54.


(R)-3,3�-Bis(2,6-diisopropylphenyl)-2,2�-dihydroxy-1,1�-dinaphthyl
(H2((R)-Dip2BINO))


Method A : nBuLi (12.6 mL, 2.68� in hexane, 33.8 mmol) was added to a
solution of TMEDA (4.5 mL, 30 mmol) in diethyl ether (75 mL). Finely
powdered (R)-2,2�-dimethoxy-1,1�-dinaphthyl (4.71 g, 15.0 mmol) was add-
ed to the mixture in one portion. The mixture was stirred overnight at room
temperature, then the solvent was removed in vacuo. The dilithium salt was
dried in vacuo for 2 h (0.1 Torr), and THF (20 mL) was added. The flask
was placed in a dry ice/acetone bath and a solution of ZnBr2 (34 mL, 1� in
THF, 34 mmol) was added. The resulting mixture was stirred at room
temperature until the dilithium salt completely dissolved (1 h), then 2,6-
diisopropylphenyl bromide (7.23 g, 30 mmol) and Pd(PtBu3)2 (77 mg,
0.15 mmol) was added. The mixture was transferred into a 100 mL
round-bottom flask with teflon valve by a cannula and heated to 105 �C
for 24 h to give a homogeneous solution. After the mixture had been cooled
to room temperature, the solvent was removed by rotary evaporation, and
the residue was dissolved in CH2Cl2 (100 mL). The solution was washed
with dilute HCl, dried over Na2SO4 and passed through a short column of
silica. Removal of the solvent gave brown oil, which contained 60% of
product (by 1H NMR spectroscopy). The crude material (9.17 g) was
dissolved in dry CH2Cl2 (50 mL) and cooled to �10 �C, then a solution of
boron tribromide (45 mL, 1� in CH2Cl2, 45 mmol) was added dropwise.
The reaction mixture was stirred overnight at room temperature and
cooled to 0 �C, then water (20 mL) was added slowly. Stirring was continued
for another half hour. The organic layer was separated and dried over
Na2SO4. The solvent was removed by rotary evaporation, and the
remaining brown oil was chromatographed on a silica gel column with
hexanes/CH2Cl2, (7:3, Rf� 0.2) to give a white powder in 3.2 g yield (35%).


Method B : nBuLi (1.8 mL, 2.5� in hexane, 4.5 mmol) was added to a
solution of 2,6-diisopropylphenylbromide (1.08 g, 4.47 mmol) in THF
(5 mL) at �70 �C. The reaction mixture was stirred at this temperature
for 20 min, and a solution of ZnBr2 (5 mL, 1� in THF, 5 mmol) was then
added. The reaction mixture was allowed to warm to room temperature,
and the solvent was removed in vacuo. The colourless oily residue was dried
in vacuo for 2 h (0.1 Torr) in order to remove nBuBr. THF (10 mL), (R)-
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3,3�-diiodo-2,2�-dimethoxy-1,1�-dinaphthyl (1.10 g, 1.94 mmol) and
Pd(PtBu3)2 (0.01 g, 0.02 mmol) were added, and the mixture was heated
to 60 �C overnight. After the mixture had been cooled to room temper-
ature, dilute HCl (10 mL, 2 ± 3%) and diethyl ether (20 mL) were added.
The organic layer was separated, washed with brine, dried over Na2SO4 and
passed through a short column of silica with Et2O as eluent. The solvent
was removed, and the residue was dried in vacuo for 4 h. The crude
material was dissolved in dry CH2Cl2 (10 mL) and cooled to �5 �C, and a
solution of boron tribromide (8 mL, 1� in CH2Cl2, 8 mmol) was added
dropwise. The reaction mixture was stirred overnight at room temperature,
then cooled to 0 �C, and water (10 mL) was added slowly. Stirring was
continued for 30 min, after which the organic layer was separated and dried
over Na2SO4. The solvent was removed by rotary evaporation, and the
remaining brown oil was chromatographed on silica with hexanes/CH2Cl2
(7:3, Rf 0.2) to give 1.07 g (91%) of a white crystalline powder. The 1H and
13C NMR spectra are identical to those of the racemic ligand. Elemental
analysis calcd (%) for C44H46O2: C 87.09, H 7.64; found: C 86.30, H 7.76.


3,3�-Bis(mesityl)-2,2�-dimethoxy-1,1�-dinaphthyl : nBuLi (30 mL, 2.27� in
hexane, 68.1 mmol) was added to a solution of TMEDA (9.0 mL, 60 mmol)
in diethyl ether (150 mL). Finely powdered 2,2�-dimethoxy-1,1�-dinaphthyl
(9.42 g, 30.0 mmol) was added to the mixture in one portion. The mixture
was stirred overnight at room temperature, then the solvent was removed
in vacuo. The dilithium salt was dried in vacuo for 2 h (0.1 Torr). The flask
was placed in a dry ice/acetone bath and a solution of ZnCl2 (70 mL, 1� in
THF, 70 mmol) was added. The resulting mixture was stirred at room
temperature until the dilithium salt completely dissolved, then mesityl-
bromide (9.2 mL, 60 mmol) and Pd(PtBu3)2 (0.15 g, 0.3 mmol) were added.
The mixture was transferred into a 100 mL round-bottom flask with teflon
valve by a cannula and heated to 100 �C overnight. After the mixture had
been cooled to room temperature, the solvent was removed by rotary
evaporation, and the residue was dissolved in CH2Cl2 (150 mL). The
solution was washed with dilute HCl, dried over Na2SO4 and passed
through a short column of silica. The solvent was removed, and hexanes/
ether (1:1, 50 mL) were added to the remaining residue. The flask was
placed in an ultrasound bath for 10 min and cooled to 0 �C, then the
resulting powder was filtered off, washed with hexanes and dried in air to
yield 12.3 g (74%) of an off-white powder. 1H NMR (400 MHz, CDCl3):
�� 7.84 (d, 3JH,H� 8.2 Hz, 2H; aryl), 7.68 (s, 2H; aryl), 7.38 (m, 2H; aryl),
7.25 (m, 4H; aryl), 6.96 (s, 4H; aryl), 3.09 (s, 6H; OCH3), 2.33 (s, 6H; aryl-
CH3), 2.17 (s, 6H; aryl-CH3), 2.12 (s, 6H; aryl-CH3); 13C{1H} NMR
(100.6 MHz, CDCl3): �� 154.5, 136.8, 136.7, 136.3, 135.5, 134.3, 133.7, 130.7,
130.5, 128.08, 128.05, 127.8, 126.0, 125.7, 125.4, 124.6 (aryl), 59.9 (OCH3),
21.1, 20.8, 20.7 (aryl-CH3).


3,3�-Bis(mesityl)-2,2�-dihydroxy-1,1�-dinaphthyl (H2(Mes2BINO)):[10e] A
solution of boron tribromide (24 mL, 1� in CH2Cl2, 24 mmol) was added
dropwise to a solution of 3,3�-bis(mesityl)-2,2�-dimethoxy-1,1�-dinaphthyl
(3.32 g, 6.04 mmol) in dry CH2Cl2 (30 mL) at 0 �C. The reaction mixture was
stirred overnight at room temperature, then cooled to 0 �C, and water
(20 mL) was added slowly. Stirring was continued for another 30 min. The
organic layer was separated, dried over Na2SO4 and passed through a short
column of silica (CH2Cl2). After removal of the solvent, Et2O (10 mL) was
added to the residue, and the mixture was stirred vigorously for 1 h then
cooled to 0 �C. A white powder was filtered off, washed with Et2O then
hexanes and dried in air to yield 2.90 g (92%) of a white powder. 1H NMR
(400 MHz, CDCl3): �� 7.90 (d, 3JH,H� 8.0 Hz, 2H; aryl), 7.77 (s, 2H; aryl),
7.27 ± 7.40 (m, 6H; aryl), 7.03 (s, 4H; aryl), 5.03 (s, 2H; OH), 2.37 (s, 6H;
aryl-CH3), 2.18 (s, 6H; aryl-CH3), 2.10 (s, 6H; aryl-CH3); 13C{1H} NMR
(100.6 MHz, CDCl3): �� 150.0, 137.7, 137.13, 137.06, 133.4, 132.9, 130.6,
129.4, 128.5, 128.4, 128.2, 126.8, 124.5, 123.8, 112.9 (aryl), 21.1, 20.5, 20.4
(aryl-CH3).


[Y(biphen){N(SiHMe2)2}(thf)2] (2a): A solution of H2(Biphen) (900 mg,
2.54 mmol) in toluene (5 mL) was added dropwise with a syringe to a
solution of 1a (1.50 g, 2.38 mmol) in toluene (4 mL) at 60 �C. The mixture
was stirred at 60 �C for 1 h. After the mixture had been cooled to room
temperature, the solvent was removed in vacuo, and the residue was dried
in vacuo for 30 min. The crude material was dissolved in hexanes (6 mL)
and cooled to 0 �C. After 24 h, the solution was decanted from the solid
precipitate formed (presumably polymeric side product), concentrated to
4 mL volume and the product was crystallized at �30 �C to give 790 mg
(46%) of 2a as white microcrystals. 1H NMR (400 MHz, C6D6): �� 7.18 (s,
2H; biphen), 5.12 (sept, 3JH,H� 3.0 Hz, 2H; SiH), 3.61 (br s, 8H; thf), 2.22,


(s, 6H; aryl-CH3), 1.77 (s, 6H; aryl-CH3), 1.70 (s, 18H; C(CH3)3), 1.17 (br s,
8H; thf), 0.38, 0.32, (each d, 3JH,H� 3.0 Hz, 6H; SiH(CH3)2); 13C{1H} NMR
(100.6 MHz, C6D6): �� 157.6, 136,4, 135.2, 130.0, 127.6, 123.7 (aryl), 71.2
(br s, thf), 35.3 (C(CH3)3), 30.7 (C(CH3)3), 25.1 (thf), 20.4, 16.5 (aryl-CH3),
3.1, 2.9 (SiH(CH3)2); 29Si{1H} NMR (79.5 MHz, C6D6): ���24.1; elemen-
tal analysis calcd (%) for C36H62NO4Si2Y: C 60.22, H 8.70, N 1.95; found: C
60.70, H 8.64, N 1.78.


[Y((R)-biphen){N(SiHMe2)2}(thf)2] ((R)-2a): A solution of H2((R)-Bi-
phen) (200 mg, 0.56 mmol) in toluene (1.5 mL) was added dropwise with a
syringe to a solution of 1a (315 mg, 0.50 mmol) in toluene (1.5 mL) at 70 �C.
The mixture was stirred at 70 �C for 15 min and then at room temperature
overnight. The solvent was removed in vacuo, and the residue was dried in
vacuo for 2 h. All attempts to crystallize (R)-2a from pentane at �30 or
�78 �C failed, and therefore the crude complex was used for catalytic
reactions. 1H NMR (400 MHz, C6D6): �� 7.18 (s, 2H; biphen), 5.12 (sept,
3JH,H� 3.0 Hz, 2H; SiH), 3.74 (br s, 4H; thf), 3.43 (br s, 4H; thf), 2.22, (s,
6H; aryl-CH3), 1.77 (s, 6H; aryl-CH3), 1.71 (s, 18H; C(CH3)3), 1.15 (br s,
8H; thf), 0.38, (d, 3JH,H� 3.0 Hz, 6H; SiH(CH3)2), 0.32, (d, 3JH,H� 3.0 Hz,
6H; SiH(CH3)2); elemental analysis calcd (%) for C36H62NO4Si2Y: C 60.22,
H 8.70, N 1.95; found: C 61.22, H 8.49, N 1.65. The 13C and 29Si NMR
spectra are identical to those of racemic 2a.


(R,S)-[Y(biphen){N(SiHMe2)2}(thf)]2 ((R,S)-3a)


Method A: One pot synthesis starting from 1a : A solution of H2(Biphen)
(374 mg, 1.06 mmol) in toluene (2.5 mL) was added dropwise with a syringe
to a solution of 1a (630 mg, 1.00 mmol) in toluene (2.5 mL) at 60 �C. The
mixture was stirred at 60 �C for 30 min. After the mixture had been cooled
to room temperature, the solvent was removed in vacuo, and the residue
was dried in vacuo for 30 min. The crude material was dissolved in toluene
(3 mL), the solution was heated to 110 �C for 3 min and allowed to cool to
room temperature followed by cooling to 0 �C overnight. The solution was
decanted from the white crystals formed. The crystals were washed with
hexanes (1 mL) and dried in vacuo to give 170 mg (26%) of (R,S)-3a.


Method B: From isolated racemic 2a : A solution of racemic 2a (260 mg,
0.362 mmol) in toluene (1.5 mL) was heated to 110 �C for 20 min. After the
mixture had been cooled to room temperature, the solvent was removed in
vacuo. Toluene (2.5 mL) was added to the residue, and the solution was
heated to 110 �C and allowed to reach room temperature, then cooled to
�30 �C overnight. The solution was decanted from the crystals formed. The
crystals were washed with toluene (2� 0.5 mL) and dried in vacuo. Yield:
117 mg (50%). 1H NMR (400 MHz, C6D6, 60 �C): �� 7.16 (s, 4H; biphen),
4.39 (br s, 4H; SiH), 3.79 (br s, 8H; thf), 2.19, (s, 12H; aryl-CH3), 1.63 (s,
12H; aryl-CH3), 1.54 (s, 36H; C(CH3)3), 1.42 (br s, 8H; thf), 0.05 (d, 3JH,H�
2.9 Hz, 24H; SiH(CH3)2); 13C{1H} NMR (100.6 MHz, C6D6, 60 �C): ��
157.8, 136.6, 135.3, 130.1, 128.6, 123.7 (aryl), 70.3 (br s, thf), 34.8 (C(CH3)3),
32.4 (C(CH3)3), 25.4 (thf), 20.2, 17.0 (aryl-CH3), 2.6 (SiH(CH3)2); 29Si{1H}
NMR (79.5 MHz, C6D6, 60 �C): ���22.6; elemental analysis calcd (%) for
C64H108N2O6Si4Y2: C 59.51, H 8.43, N 2.17: found: C 58.82, H 8.56, N 2.26.


(R,S)-[La(biphen){N(SiHMe2)2}(thf)]2 ((R,S)-3b): A solution of H2(Bi-
phen) (195 mg, 0.55 mmol) in toluene (2 mL) was added dropwise with a
syringe to a solution of 1b (340 mg, 0.50 mmol) in toluene (2 mL) at 35 �C.
The mixture was stirred for 2 h, and then heated until all the precipitate had
dissolved. The solution was allowed to cool to room temperature and then
cooled to �30 �C overnight. The solution was decanted from the crystals.
The white crystals were washed with hexanes (1 mL) and dried in vacuo
(0.05 Torr) to give 225 mg (65%) of (R,S)-3b. 1H NMR (400 MHz, C6D6):
�� 7.22 (s, 4H; biphen), 4.45 (sept, 3JH,H� 3.0 Hz, 4H; SiH), 3.77 (brm,
8H; thf), 2.21, (s, 12H; aryl-CH3), 1.73 (s, 12H; aryl-CH3), 1.53 (s, 36H;
C(CH3)3), 1.36 (m, 8H; thf), 0.15 (d, 3JH,H� 3.0 Hz, 24H; SiH(CH3)2);
13C{1H} NMR (100.6 MHz, C6D6): �� 156.1, 136.1, 135.7, 133.0, 129.0, 124.0
(aryl), 69.6 (thf), 35.0 (C(CH3)3), 31.7 (C(CH3)3), 25.2 (thf), 20.5, 17.0 (aryl-
CH3), 2.6 (SiH(CH3)2); 29Si{1H} NMR (79.5 MHz, C6D6) ���25.7;
elemental analysis calcd (%) for C64H108La2N2O6Si4: C 55.23, H 7.82, N
2.01; found: C 53.84, H 7.79, N 2.03.


Equilibration of (R,S)-3b and 3b�: A screw-cap NMR tube was charged
with (R,S)-3b (15 mg, 10.8�mol) and [D8]toluene (0.5 mL). The sample
was inserted into the NMR probe, and the temperature gradually
increased. The transformation was followed by 1H NMR until a final ratio
of 0.9:1 (3b�/(R,S)-3b) was reached after 50 min at 70 �C. Spectroscopic
data for 3b� that are not obstructed by (R,S)-3b or solvent: 1H NMR
(400 MHz, [D8]toluene): �� 7.30 (s, 4H; biphen), 4.87 (sept, 3JH,H� 2.9 Hz,
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4H; SiH), 1.94 (s, 12H; aryl-CH3), 1.59 (s, 36H; C(CH3)3), 0.295, (d, 3JH,H�
2.8 Hz, 12H; SiH(CH3)2), 0.290 (d, 3JH,H� 2.8 Hz, 12H; SiH(CH3)2);
13C{1H} NMR (100.6 MHz, [D8]toluene): �� 169.2, 140,2, 138.8, 130.2,
125.9, 125.4 (aryl), 35.8 (C(CH3)3), 29.8 (C(CH3)3), 16.8 (aryl-CH3), 3.2
(SiH(CH3)2); 29Si{1H} NMR (79.5 MHz, [D8]toluene): ���25.4.


Crystallography : Clear, colourless crystals of (R,S)-3a and (R,S)-3b
suitable for X-ray diffraction analysis were obtained by cooling a
concentrated solution of (R,S)-3a in toluene or (R,S)-3b in benzene to
room temperature. Data were collected on a Nonius KappaCCD area
detector. Crystal data for (R,S)-3a ¥ 2C7H8: C64H108N2O6Si4Y2 ¥ 2C7H8,
Mr� 1475.97, crystal size 0.35� 0.35� 0.30 mm, monoclinic, space group
P21/n (no. 14), a� 13.240(3), b� 18.517(4), c� 16.448(3) ä, �� 98.27(3)�,
V� 3990.6(14) ä3, Z� 2, �calcd� 1.228 gcm�3, F(000)� 1576, MoK� radia-
tion (�� 0.71073 ä), T� 173(2) K, �� 1.556 mm�1, 17644 reflections
measured of which 9136 independent (Rint� 0.0390), GOF� 1.052, R
(I� 2�(I))� 0.0395, wR2 (all data)� 0.1055, largest e (max/min)� 0.474,
�0.522 eä�3. Crystal data for (R,S)-3b ¥C6H6: C64H108La2N2O6Si4 ¥C6H6,
Mr� 1469.83, crystal size 0.30� 0.20� 0.20 mm, monoclinic, space group
P21/n (no. 14), a� 12.8480(2), b� 14.1186(2), c� 20.8061(3) ä, ��
94.229(1)�, V� 3763.86(10) ä3, Z� 2, �calcd� 1.297 gcm�3, F(000)� 1532,
MoK� radiation (�� 0.71073 ä), T� 173(2) K, �� 1.230 mm�1, 12733
reflections measured of which 6616 independent (Rint� 0.0153), GOF�
1.130, R (I� 2�(I))� 0.0318, wR2 (all data)� 0.0916, largest e (max/min)�
1.636, �0.872 eä�3. Cell parameters for (R,S)-3a and (R,S)-3b were
obtained from 10 frames by using a 10� scan and refined with 9377
reflections for (R,S)-3a and 6744 reflections for (R,S)-3b. Lorentz,
polarization and empirical absorption corrections were applied.[44a,b] The
space group was determined from systematic absences and subsequent
least-squares refinement. The structures were solved by direct methods.
The parameters were refined with all data by full-matrix-least-squares on
F2 by using SHELXL-97.[44c] Non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were fixed in idealized positions by using a riding
model. Scattering factors, and �f� and �f�� values, were taken from
literature.[44d] Graphical representation were prepared with ORTEP-III for
Windows.[44e]


CCDC-205801 ((R,S)-3a ¥ 2(C7H8)) and 205800 ((R,S)-3b ¥ (C6H6)) 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.uk).


[Y(trip2bino){N(SiHMe2)2}(thf)2] (4a): A solution of H2(Trip2BINO)
(380 mg, 0.55 mmol) in toluene was added dropwise (2 mL) with a syringe
to a solution of 1a (315 mg, 0.5 mmol) in toluene (2 mL) at 55 �C. The
mixture was stirred at 55 �C for 3 h. After the mixture had been cooled to
room temperature, the solvent was removed in vacuo, and the residue was
dried in vacuo for 2 h (0.1 Torr) to give a yellow glassy solid. Attempts to
crystallize this material from hexanes at �30 �C or �70 �C only resulted in
the precipitation of a yellow oily material. 1H NMR (300 MHz, C6D6): ��
7.81 (s, 2H; aryl), 7.64 (m, 2H; aryl), 7.31 (s, 2H; aryl), 7.27 (s, 2H; aryl),
6.97 ± 7.13 (m, 6H; aryl), 4.73 (sept, 3JH,H� 2.8 Hz, 2H; SiH), 3.0 ± 3.8 (vbr s,
8H; thf), 3.46, 3.26 (each sept, 3JH,H� 6.8 Hz, 2H; CH(CH3)2, partially
obscured by thf), 2.94 (sept, 3JH,H� 6.8 Hz, 2H; CH(CH3)2), 1.49 (d, 3JH,H�
6.7 Hz, 6H; CH(CH3)2), 1.35 (m, 24H; CH(CH3)2), 1.27 (d, 3JH,H� 6.8 Hz,
6H; CH(CH3)2), 1.00 (br s, 8H; thf), 0.07,�0.01 (each d, 3JH,H� 3.0 Hz, 6H;
SiH(CH3)2); 13C{1H} NMR (100.6 MHz, C6D6): �� 159.0, 148.4, 147.5,
146.1, 137.6, 136.6, 133.9, 130.9, 126.0, 125.6, 121.9, 120.8, 120.7, 118.5 (aryl),
71.8 (thf), 34.9, 31.2, 31.1 (CH(CH3)2), 26.7, 25.2, 25.1, 25.0, 24.6, 24.0
(CH(CH3)2), 2.2, 2.0 (SiH(CH3)2); 29Si{1H} NMR (79.5 MHz, C6D6): ��
�23.5.


[La(trip2bino){N(SiHMe2)2}(thf)2] (4b): A solution of H2(Trip2BINO)
(370 mg, 0.54 mmol) was added dropwise with a syringe to a solution of
1b (340 mg, 0.5 mmol) in toluene (2 mL) at 50 �C. The mixture was stirred
at 50 �C for 3 h. After the mixture had been cooled to room temperature,
the solvent was removed in vacuo, and the residue was dried in vacuo for
2 h (0.05 Torr). The purity of this material was approximately 80 ± 90%
based on 1H NMR. The crude material was crystallized from hexanes/
toluene (1:1, 2.5 mL) at �30 �C overnight, however the purity did not
improve. 1H NMR (300 MHz, C6D6): �� 7.81 (s, 2H; aryl), 7.62 (d, 2H;
aryl), 7.30 (s, 2H; aryl), 7.27 (s, 2H; aryl), 7.23 ± 6.99 (m, 6H; aryl), 4.73
(sept, 3JH,H� 3.0 Hz, 2H; SiH), 3.46 (m, 2H; CH(CH3)2), 3.30 (br s, 8H;


thf), 3.16 (m, 2H; CH(CH3)2), 2.92 (m, 2H; CH(CH3)2), 1.46 ± 1.28 (m,
36H; CH(CH3)2), 1.07 (br s, 8H; thf), 0.12, 0.03 (each d, 3JH,H� 3.0 Hz, 6H;
SiH(CH3)2); 13C{1H} NMR (100.6 MHz, C6D6): �� 158.5, 148.5, 147.6,
146.2, 136.4, 135.5, 131.9, 126.0, 125.4, 122.3, 120.9, 120.5, 118.9 (aryl), 69.9
(thf), 34.9, 31.7 (CH(CH3)2), 26.4, 25.25, 25.19 (CH(CH3)2), 25.11 (thf), 24.5,
24.4, 24.3 (CH(CH3)2), 2.5, 2.4 (SiH(CH3)2); 29Si NMR (79.5 MHz, C6D6):
���25.9.


[La((R)-trip2bino){N(SiHMe2)2}(thf)2] ((R)-4b): A solution of H2(Trip2BI-
NO) (386 mg, 0.56 mmol) was added dropwise with a syringe to a solution
of 1b (360 mg, 0.53 mmol) in toluene (2 mL) at 80 �C over 30 min. The
mixture was stirred at 80 �C for 1 h. After the mixture had been cooled to
room temperature, the solvent was removed in vacuo, and the residue was
dried for 2.5 h (0.1 Torr). The crude material was dissolved in hexanes
(2.5 mL) and cooled to �30 �C, however the whole solution solidified as a
colourless gel. The purity of this material was approximately 60 ± 70%
based on 1H NMR. 1H NMR (300 MHz, C6D6): �� 7.81 (s, 2H; aryl), 7.62
(m, 2H; aryl), 7.30, 7.27 (each s, 2H; aryl), 7.23 ± 6.99 (m, 6H; aryl), 4.73
(sept, 3JH,H� 2.9 Hz, 2H; SiH), 3.46 (brm, 6H; CH(CH3)2 and thf), 3.16 (m,
6H; CH(CH3)2 and thf), 2.92 (m, 2H; CH(CH3)2), 1.46 ± 1.28 (m, 36H;
CH(CH3)2), 1.06 (br s, 8H; thf), 0.12, 0.03 (each d, 3JH,H� 2.8 Hz, 6H;
SiH(CH3)2); 13C{1H} NMR (100.6 MHz, C6D6): �� 158.5, 148.5, 147.6,
146.2, 136.3, 135.6, 132.0, 126.0, 125.4, 122.3, 121.0, 120.5, 118.9 (aryl), 70.1
(thf), 34.9, 31.3 (CH(CH3)2), 26.3, 25.24, 25.16 (CH(CH3)2), 25.10 (thf),
24.51, 24.49, 24.43 (CH(CH3)2), 2.5, 2.3 (SiH(CH3)2); 29Si NMR (79.5 MHz,
C6D6): ���26.0.


[Y(dip2bino){N(SiHMe2)2}(thf)2] (5a): A suspension of H2(Dip2BINO)
(625 mg, 1,03 mmol) was added dropwise with a syringe to a solution of 1a
(630 mg, 1 mmol) in toluene (2.5 mL) at 50 �C. The mixture was stirred at
50 �C for 2 h and then heated to 100 �C for 30 min. After the mixture had
been cooled to room temperature, the solvent was removed in vacuo, and
the residue was dried in vacuo for 2 h (0.05 Torr). The crude material was
crystallized from hexanes (4 mL) at �30 �C overnight. The solution was
decanted from the precipitate. The precipitate was washed with hexanes
(1 mL) and dried in vacuo to give 650 mg (67%) of 5a as a white powder.
1H NMR (400 MHz, C6D6): �� 7.80 (s, 2H; aryl), 7.64 (d, 3JH,H� 8.3 Hz,
2H; aryl), 7.28 ± 7.39 (m, 6H; aryl), 7.07 (d, 3JH,H� 8.3 Hz, 2H; aryl), 6.93 ±
7.01 (m, 4H; aryl), 4.69 (m, 2H; SiH), 3.43 (brm, 10H; CH(CH3)2 and thf),
3.25 (sept, 3JH,H� 6.8 Hz, 2H; CH(CH3)2), 1.44 (d, 3JH,H� 6.7 Hz, 6H;
CH(CH3)2), 1.30 (d, 3JH,H� 6.8 Hz, 12H; CH(CH3)2), 1.23 (d, 3JH,H� 6.8 Hz,
6H; CH(CH3)2), 1.01 (br s, 8H; thf), 0.06, -0.02 (each d, 3JH,H� 3.0 Hz, 6H;
SiH(CH3)2); 13C{1H} NMR (100.6 MHz, C6D6): �� 158.8, 148.5, 146.3,
139.0, 137.7, 133.7, 130.7, 126.0, 125.7, 122.9, 122.8, 122.0, 118.5 (aryl), 71.9
(thf), 31.1, 31.0 (CH(CH3)2), 26.6 (CH(CH3)2), 25.1 (thf), 25.0, 24.9, 23.8
(CH(CH3)2), 2.1, 2.0 (SiH(CH3)2); 29Si{1H} NMR (79.5 MHz, C6D6): ��
�23.5; elemental analysis calcd (%) for C56H74NO4Si2Y: C 69.32, H 7.69, N
1.44; found: C 68.55, H 7.57, N 1.75.


[Y((R)-dip2bino){N(SiHMe2)2}(thf)2] ((R)-5a): A suspension of H2((R)-
Dip2BINO) (625 mg, 1,03 mmol) in toluene (2.5 mL) was added dropwise
with a syringe to a solution of 1a (630 mg, 1.00 mmol) in toluene (2.5 mL)
at 70 �C. The mixture was stirred at 70 �C for 2.5 h. After the mixture had
been cooled to room temperature, the solvent was removed in vacuo, and
the residue was dried in vacuo for 2 h (0.05 Torr). The crude material was
dissolved in hexanes (3 mL) and cooled to �30 �C to give an oily
precipitate after 24 h in quantitative yield. 1H NMR (400 MHz, C6D6):
�� 7.80 (s, 2H; aryl), 7.64 (d, 3JH,H� 8.3 Hz, 2H; aryl), 7.28 ± 7.39 (m, 6H;
aryl), 7.07 (d, 3JH,H� 8.3 Hz, 2H; aryl), 6.93 ± 7.01 (m, 4H; aryl), 4.69 (m,
2H; SiH), 3.61 (br s, 4H; thf), 3.44 (sept, 3JH,H� 6.8 Hz, 2H; CH(CH3)2),
3.24 (brm, 6H; CH(CH3)2 and thf), 1.44 (d, 3JH,H� 6.7 Hz, 6H; CH(CH3)2),
1.31 (d, 3JH,H� 6.8 Hz, 12H; CH(CH3)2), 1.23 (d, 3JH,H� 6.8 Hz, 6H;
CH(CH3)2), 1.00 (brm, 8H; thf), 0.06, �0.02 (each d, 3JH,H� 2.9 Hz, 6H;
SiH(CH3)2); elemental analysis calcd (%) for C56H74NO4Si2Y: C 69.32, H
7.69, N 1.44; found: C 68.45, H 7.60, N 1.44. The 13C and 29Si NMR spectra
are identical to those of racemic 5a.
2-Allyl-2-methylpent-4-enenitrile : nBuLi (100 mmol, 2.5� solution in
hexanes) was added dropwise to a solution of diisopropylamine (10.38 g,
102.6 mmol) in THF (45 mL) at � 78 �C. The resulting light yellow solution
was stirred for 90 min at 0 �C. 49 mL of this solution of lithium
diisopropylamide (LDA) was transferred to a dropping funnel and was
added slowly dropwise to a solution of propionitrile (2.89 g, 52.5 mmol) in
THF (40 mL) at �78 �C. The solution was stirred for 90 min at this
temperature and was then treated with allyl bromide (5.99 g, 49.5 mmol)
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dropwise. The solution was stirred for another 30 min at �78 �C and was
then allowed to warm to room temperature. After 1 h, the solution was
cooled back to�78 �C, and the second part of LDAwas added over 30 min.
The solution was allowed to warm to 0 �C and was stirred for 30 min.
Cooling back to �78 �C and treatment with allyl bromide (7.30 g,
60.3 mmol) resulted in a bright orange solution, which was allowed to
warm slowly to room temperature and stirred overnight. The reaction was
quenched by addition of water (3 mL), and the solvent was removed in
vacuo (40 �C, 300 mbar). The residue was taken up with Et2O (200 mL),
washed with brine (2� 30 mL) and water (10 mL), dried over MgSO4.
Concentration in vacuo (40 �C, 150 mbar) gave 6.91 g (97%) of a yellow oil,
which was shown to be clean by NMR spectroscopy and was used without
further purification. 1H NMR (400 MHz, CDCl3): �� 5.85 (m, 2H;�CH),
5.18 (m, 4H;�CH2), 2.27 (m, 4H;�CHCH2), 1.27 (s, 3H; C(CH3)); 13C{1H}
NMR (100.6 MHz, CDCl3): �� 131.9 (�CH), 123.6 (CN), 120.1 (�CH2),
43.0 (�CHCH2), 36.3 (C(CH3)), 23.4 (C(CH3)).


2-Allyl-2-methylpent-4-enylamine (12):[5k] A solution of 2-allyl-2-methyl-
pent-4-enenitrile (6.91 g, 51.1 mmol) in Et2O (50 mL) was added dropwise
to a suspension of LiAlH4 (2.15 g, 56.7 mmol) in Et2O (50 mL). The
suspension was heated at reflux for 2 h and was stirred at room temperature
overnight. The suspension was diluted with Et2O (100 mL) and treated
carefully with water (2.2 mL), 15% NaOH (2.2 mL) and then again with
water (7.4 mL). The ether phase was decanted from the white precipitate,
and the precipitate was extracted with Et2O (3� 60 mL). The organic phase
was dried over MgSO4 and concentrated in vacuo (40 �C, 100 mbar) to give
6.50 g (91%) of a yellow oil, which was shown to be clean by NMR
spectroscopy. The crude product was stirred over calcium hydride for
several days and was then distilled in vacuo, followed by a second
distillation over Al(octyl)3 (3 mol%). 1H NMR (400 MHz, C6D6): �� 5.74
(m, 2H; �CH), 4.99 (m, 4H; �CH2), 2.29 (s, 2H; CH2N), 1.92 (d, 3JH,H�
7.6 Hz, 4H;�CHCH2), 0.72 (s, 3H; C(CH3)), 0.47 (br s, 2H; NH2); 13C{1H}
NMR (100.6 MHz, C6D6): � 135.6 (�CH), 117.0 (�CH2), 50.0 (CH2N), 42.0
(�CHCH2), 37.9 (C(CH3)), 22.3 (C(CH3)).


General procedure for catalytic hydroamination/cyclization reactions : In a
glovebox, a screw-cap NMR tube was charged with the catalyst (15 �mol),
C6D6 (0.5 mL) and the substrate (0.38 mmol) in that order. The NMR tube
was then placed in a pretempered oil bath, and the conversion was followed
by NMR. Kinetic experiments were performed by placing the sample in the
thermostated probe (�0.5 �C) of a Bruker Avance400 spectrometer. NMR
spectra were taken at appropriate time intervals (e.g. 5 or 30 min) by using
the multizg script from the Bruker XWinNMR software package.


Preparation of Mosher amides :[45] A solution of the amine (175 �mol) in
C6D6 (0.5 mL) was treated with H¸nig×s base (33 mg, 255 �mol) and
(R)-(�)-�-methoxy-�-trifluoro-methylphenylacetic acid chloride (48 mg,
190 �mol). Enantiomeric excesses were determined in comparison to
racemic samples by 19F NMR spectroscopy. Spectra were collected at 60 or
80 �C with a pulse delay of 5 s. The amides were purified by chromatog-
raphy on silica by using hexanes/EtOAc (10:1) as eluent when necessary.
The following 19F NMR data are given for reference.


9 : 19F NMR (79.5 MHz, C6D6, 60 �C): ���69.7, �70.6.


11: 19F NMR (79.5 MHz, C6D6, 60 �C): ���70.1, �70.6.


13 : 19F NMR (79.5 MHz, CDCl3, 80 �C): ���70.0 (diast. a), �70.1 (diast.
b), �70.8 (diast. a), �71.0 (diast. b).


14 : 19F NMR (79.5 MHz, C6D6, 70 �C): ���69.3, �69.4.


15 : 19F NMR (79.5 MHz, C6D6, 80 �C): ���69.1 (trans), �69.5 (trans),
�69.7 (cis).
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Evidence for the Formation of Singly Bonded Dimers During the Reductive
Electrochemistry of Methanofullerenes


MaÔte¬na OÁafrain,[b] M. A¬ ngeles Herranz,[a] Lucien Marx,[c] Carlo Thilgen,[c]
FranÁois Diederich,*[c] and Luis Echegoyen*[a]


Abstract: Four methanofullerene deriv-
atives, with phosphonate or sulfone
groups attached to a C60 core through a
Bingel procedure, were synthesized to
probe their stability upon electrolytic
reduction. Derivatives 1 and 2 are the
most stable upon electroreduction and
do not exhibit retro-cyclopropanation
reactions until more than three electrons
per C60 derivative are transferred. The
cyclopropane ring is then removed and
C60(�CH2)n (n� 1 ± 3) products result
from reactions of the trianion of C60 with


the solvent, CH2Cl2. The situation with
diphosphonate 3 or phosphonatecarbox-
ylate 4 is dramatically different. For 3,
quantitative retro-cyclopropanation oc-
curs when 2.8 e� per molecule are trans-
ferred. In the case of 4, when more than
two electrons per molecule are trans-
ferred, there is evidence of the reversi-


ble formation of a very stable intermedi-
ate, which is oxidized at a potential
500 mV more positive than the first
fullerene-based reduction of the parent
compound. Electrolysis of a simple C70-
Bingel monoadduct (5) also exhibits the
formation of a similar intermediate. On
the basis of cyclic voltammetry, ESR
spectroscopy, and MALDI analysis of
products, the intermediate observed
during the electrolysis of compounds 4
and 5 is assigned to a dimeric structure.


Keywords: cyclic voltammetry ¥ di-
merization ¥ fullerenes ¥ radical ions
¥ retro-cyclopropanation


Introduction


The introduction and easy removal of protective groups in
fullerene chemistry enables the design of structures that are
otherwise not accessible by direct synthesis. Several conven-
ient protection/deprotection schemes have been developed
for fullerene derivative preparation,[1±6] one of which consists
in a cyclopropanation/retro-cyclopropanation scheme intro-
duced by us.[7±11] This methodology was developed following
our observation of how controlled potential electrolysis
(CPE) at the second reduction potential of diethyl 1,2-
methano-[60]fullerene-61,61-dicarboxylate (see Scheme 1)[12]


in CH2Cl2 led to �80% yields of recovered C60. This reaction
was called the retro-Bingel reaction, since it is the reverse of
the well-known Bingel ±Hirsch addition of malonate to form


Scheme 1. Retro-Bingel reaction on C60.


cyclopropane rings on fullerenes.[13] Soon after its discovery,
this electrochemical retro-cyclopropanation reaction was
successfully applied to a large number of Bingel derivatives
of C60, C70, C76, as well as C2v- and D3-C78.[7±9, 12] Additionally,
new isomers of C84 and a novel C78 bis-adduct were isolated
using this methodology.[10, 11]


Some spiromethanofullerenes also exhibit electrochemical
removal of the methano bridge to form C60 in high yields.[14]


Wudl and co-workers described the electrochemical irrever-
sibility of methanofullerenes bearing quinone type addends
and proposed a mechanism presumably initiated by opening
of the three-membered ring.[15] When these compounds were
electroreduced in THF, efficient addend removal was also
noticed, and a new reaction pathway was observed, namely, an
electrochemically induced intermolecular adduct transfer.
Such a reaction pathway in THF was not observed for the
diethyl 1,2-methano[60]fullerene-61,61-dicarboxylate.[14b] In-
terestingly, the bis-adduct regioisomer distribution found
after electrolysis of the mono-adduct in THF differs signifi-
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cantly from that obtained when the bis-adducts were prepared
by following the usual synthetic route.[16] A possible mecha-
nism was proposed to explain these results; this involved the
formation of dimers in which two fullerene cages share one or
two addends.[14b] Using digital simulations of the cyclic
voltammetric results of these spiromethanofullerenes has
afforded a better understanding of the mechanistic details
involved in these electroreductive reactions.[17]


Although some effort has been devoted to try to understand
the mechanism that governs these retro-cyclopropanation
processes, no product characterization has been reported yet.
Nuretdinov et al.[18] have published several papers in which
they studied bis(diethoxycarbonyl) or bis(diethoxyphosphor-
yl) fullerene derivatives electrochemically and by ESR
spectroscopy. They also observed that retro-cyclopropanation
occurs, and on the basis of cyclic voltammetry and the rate
constants derived from it, they proposed a mechanism involv-
ing the possibility of a dimerization process, but without proof.


Two articles relevant to the work presented here were
published very recently. Konarev et al.[19] isolated a singly
bonded (C70


�)2 dimer formed during the preparation of a
complex of hexamethoxycyclotriveratrylene with C70 ful-
leride. Independently, Komatsu et al.[20] synthesized a singly
bonded C60 dimer by the reaction of C60


2� with diethyl
iodomethylphosphonate, followed by treatment with iodine.


In this article we report, for the first time, the observation
and detection of intermediate species during the reductive
retro-cyclopropanation reaction of a phosphonatecarboxylate
Bingel derivative of [60]fullerene and of a bis(ethoxycarbon-
yl) derivative of methano[70]fullerene. Using electrochemis-
try, ESR spectroscopy, and product analysis we propose a
dimerization mechanism during the reductive electrolysis of
some fullerene derivatives.


Results and Discussion


Synthesis : The synthetic procedure for the preparation of
methanofullerenes 1 ± 4 is based on the Bingel reaction[13] of
C60 with bromomethylene derivatives, which generate �-
bromocarbanions in the presence of a base. Different pairs of
base/solvent systems were tried. The best results were
obtained when tetraethyl bromomethanediphosphonate,[21]


ethyl 2-bromo-2-(diethoxyphosphoryl)acetate[22] or 1-bro-
moethyl-p-tolylsulfone[23] were prepared and treated with
C60 in toluene or THF. The bases used were DBU (DBU� 1,8-
diazabicyclo[5.4.0]undec-7-ene), potassium tert-butoxide, or
lithium bis(trimethylsilyl)amide (see Experimental Section
for details). Few articles have been published concerning the
synthesis of methanofullerene derivatives bearing phosphanyl
or dialkoxyphosphoryl substituents,[24] and the latter seem to
form similarly to ethoxycarbonylmethano derivatives. The
present compounds were designed to probe the effects of
slightly different electron-withdrawing abilities, different
orbital distributions for delocalized negative charge, and
different molecular size on the electroreductive retro-cyclo-
propanation reactions.


The compounds were characterized by using different
spectroscopic techniques. The FTIR spectra (KBr) of 1, 3,


and 4 show two sharp, strong peaks at 1265 and 1016 cm�1,
corresponding to the vibration frequencies of P�O and P�O,
respectively. Methanofullerenes 1, 2, and 4 have Cs symmetry
and 3 has C2v symmetry according to the 13C NMR spectra.
For 3, 20 signals were observed, 16 of which are in the sp2-
hybridized fullerene region (�� 146.1 ± 140.3 ppm), while
similar fullerene resonances are seen for 1, 2, and 4, some of
which are overlapping. The coupling constants JHP and JCP
were measured from the corresponding 1H and 13C NMR
spectra, and the 31P NMR spectra afforded the different
shielding effects in the phosphonate series 1 (�� 16.91 ppm),
3 (�� 15.14 ppm) and 4 (�� 11.92 ppm). The [6 ± 6] adduct
structures of these compounds were confirmed by the
observation of the characteristic band of dihydrofullerenes
around 426 nm in the UV-visible spectra. Additionally, the
HR-MALDI-TOF-MS spectra were consistent with the
assigned structures.


Reductive electrochemistry of compounds 1 ± 4 : The electro-
chemical behavior of compounds 1 ± 4 has been investigated
by cyclic voltammetry in dichloromethane as shown in
Figure 1 (see Supporting Information for detailed voltam-
metric data). Based on typical fullerene core reductions,[25] all
of these compounds clearly exhibit three fullerene-based
reductions designated as C1, C2, and C3. We assume that the
fourth reduction of compounds 3 and 4 (C4) is based on the
addend. It is well known that upon fullerene mono-addition
loss of conjugation leads to a LUMO that is higher in energy
and thus to a decreased electron affinity for derivatized
fullerenes. In our case, the positive shifts (see Table 1)
obtained for the first reduction step of C60 adducts 1 ± 4, when
compared to the parent C60, evidence the strong electron-
withdrawing abilities of the substituent groups in the meth-
ano ± carbon addend, following the order SO2Ph�COOEt�
PO(OEt)2. These structures are representatives of the still
rare group of fullerene derivatives that undergo reduction
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Figure 1. Cyclic voltammograms for 0.1m� solutions of the methanoful-
lerenes 1 ± 4 in dichloromethane at v� 100 mVs�1. TBAPF6 (0.1�) was
used as supporting electrolyte, GC as working electrode, Pt as counter
electrode and an Ag/AgNO3 electrode in a CH3CN solution as quasi-
reference electrode, T� 25 �C.


more easily than C60.[26] Similar electrochemical behavior has
been recently reported for compounds 3 and 4.[18, 27]


Compounds 1 and 2 show an electrochemical behavior close
to that exhibited by the parent C60


[25] on the cyclic voltam-
metric timescale. The fullerene derivatives are reduced in
three reversible, monoelectronic, diffusion-controlled pro-
cesses. These compounds were also subjected to bulk elec-
trolyses in dichloromethane containing 0.1� Bu4NPF6 under
high-vacuum conditions. Bulk electrolyses were performed
after each reduction step at a potential 100 to 150 mV more
negative than the corresponding reduction peak potentials
(arrows 1, 2, 3 in Figure 1).


For each of the first two reduction steps, bulk electrolyses
confirmed that 1 e� per C60 derivative molecule was trans-
ferred. Re-oxidation (arrow 4 in Figure 1) and purification of
the products showed that the starting material was quantita-
tively recovered. These observations clearly prove that the


anion and dianion are stable under these conditions. How-
ever, controlled potential electrolyses of 1 and 2 performed
after the third reduction wave (arrow 3) resulted in a steady
non-background current instead of the typical current expo-
nential decay, indicating a subsequent chemical reaction
during electrolysis (EC mechanism, heterogeneous electron-
transfer reaction followed by homogeneous chemical reac-
tion). Arbitrarily, the reduction was interrupted when 4 e� per
C60 adduct molecule were discharged. The cyclic voltammo-
grams recorded after reduction and solution re-oxidation
showed double waves assigned to the presence of two
different fullerene derivatives in solution (see Supporting
Information for graphs). After silica column purification,
these products were assigned to starting compound 1 or 2 and
methanofullerenes C60(�CH2)n (mainly n� 2) in a ratio 1:1,
based on HPLC and MALDI mass spectrometry analyses.
Such methanofullerene formations have been previously
reported for the reaction of [60]fullerene trianions in di-
chloromethane.[28]


These results clearly demonstrate that compounds 1 and 2
are less prone to retro-cyclopropanation due to the reduced
charge stabilization on the methano ± carbon group relative to
bis(ethoxycarbonyl)methano[60]fullerenes.[8b] Compounds 1
and 2 do not undergo retro-cyclopropanation reactions until
the addition of more than three electrons, then the unstable
trianionic state of C60 in dichloromethane reacts rapidly with
the solvent to form methanofullerenes, C60(�CH2)n.[28] This
reaction can actually involve two main pathways: an electron
transfer from a highly negative fullerene to CH2Cl2 and/or an
SN2 reaction between the nucleophilic fullerene and the
solvent as reported by Kadish and co-workers for similar
compounds.[29]


However, if the hydrogen atom attached to the methano
carbon atom in compound 1 is substituted by another
phosphonate group, as in compound 3, or a carboxylate
group, as in compound 4, cyclopropane ring removal should
become more favorable. Under cyclic voltammetric time-
scales, these C60 adducts exhibit irreversible reduction steps,
presumably resulting from cleavage after reduction of one of
the cyclopropane bonds connecting the addend to C60. In the
case of the diphosphonate C60 adduct 3, the cyclic voltammo-
gram shown in Figure 1 exhibits an irreversible chemical
reaction following the second reduction wave C2. Compound
3 exhibits a one-electron, reversible, diffusion-controlled,
fullerene-based reduction (step C1), followed by a bi-elec-
tronic irreversible step, as reported in a recent article.[27] This
second step is dependent on the potential sweep, as other
authors have observed.[18b] The third monoelectronic reduc-
tion wave (C3) is fullerene-based, and is followed by a
reduction wave probably due to the organic addend, which in
fact is removed after reductive electrochemistry with the
concurrent disappearance of the wave in the cyclic voltammo-
gram (see Figure 2, solid line).


Controlled potential electrolysis of methanofullerene 3
after the first reduction wave (arrow 1, Figure 1) resulted in a
discharge of 1 e� per molecule and was fully reversible.
Figure 2 presents the important voltammetric changes ob-
served as the electrolysis proceeded. Cyclopropane ring
removal occurred when bulk electrolysis was performed after


Table 1. Redox potentials of 1 ± 4 versus ferrocene in dichloromethane
[mV].[a]


Compound E1/2 (C1) (�E)1�E1/2� (E1/2)C60


C60 � 980 ±
1 � 960 20
2 � 933 47
3 � 941 39
4 � 938 42


[a] Electrochemical measurements were performed using a BAS 100 W
Electrochemical Analyzer (Bioanalytical systems), GC working electrode,
an Ag/Ag� pseudo-reference electrode and a Pt counter electrode, TBAPF6


(0.1�) was used as supporting electrolyte and the scan rate was 100 mVs�1.
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Figure 2. Bulk electrolysis for compound 3. Cyclic voltammetric curves for
a 0.1 m� CH2Cl2 solution of 3 at 100 mVs�1, GC as working electrode, Pt-
mesh as counter electrode and an Ag wire as a quasi-reference electrode,
T� 25 �C, TBAPF6 (0.1�) was used as supporting electrolyte. Solid line:
electrochemical behavior before reduction. Dashed line: voltammogram
after discharging 2.84 e� per molecule. Dotted line: voltammogram after
re-oxidation.


the second reduction wave (arrow 2 in Figures 1 and 2). At
that potential, 2.84 e� per fullerene monoadduct were dis-
charged (dashed line). No starting compound 3 was present
after electrolysis at C3 and the cyclic voltammogram corresponds
to that of the C60 dianion. C60 was recovered after oxidizing
the solution mixture (dotted line). Product purification led to
the quantitative recovery of C60 based on HPLC, UV-visible
spectroscopy, and MALDI MS analyses. So, phosphonate
groups behave as good electron-withdrawing groups when
fullerene monoadducts are reduced as reported elsewhere.[18]


A similar retro-cyclopropanation reaction occurred for the
disubstituted methanofullerene 4. However, substitution of a
phosphonate by a malonate group resulted in substantial
differences during the course of the reductive electrolytic
experiment.


On the cyclic voltammetric timescale, compound 4 exhibits
four monoelectronic, diffusion-controlled reduction process-
es, see Figures 1 and 3. The reductions C1, C2, and C3 are
fullerene-based,[25] whereas C4 is addend-based. For this
compound, the chemical reaction that leads to cyclopropane
ring removal occurs after the third reduction step on the CV
timescale, since the corresponding wave presents a chemically
irreversible behavior.


Controlled potential electrolyses, performed after each
reduction step of 4, showed that a chemical reaction occurred
when more than 2 e� per molecule were transferred. As for
compounds 1, 2, and 3, the first two electron reductions are
fullerene-based and reversible, based on bulk re-oxidation
and product analyses. Purification of the solution led to the
quantitative recovery of the starting material. However, when
the transferred charge corresponds to more than 2 e� per
fullerene adduct, unexpected changes in the cyclic voltammo-
gram are observed. In Figure 3, the evolution of the electro-
chemical behavior of the solution is shown as the electrolysis
proceeds. The original CV is shown as the solid line in
Figure 3A. After 2.3 e� per molecule were transferred, the CV
shown as the dotted trace in Figure 3A was observed.
Surprisingly and interestingly, the appearance of a new and
reversible redox couple (A0, C0) approximately 0.5 V more


Figure 3. Controlled potential electrolysis results for 4. Cyclic voltammet-
ric curves for a 0.1m� CH2Cl2 solution of 4 at 100 mVs�1, GC as working
electrode, Pt-mesh as counter electrode, and an Ag wire as a quasi-
reference electrode, T� 25 �C, TBAPF6 (0.1�) was used as supporting
electrolyte. A) solid line: electrochemical behavior before reduction;
dashed line: cyclic voltammogram after 2.3 e� reduction. B) dashed line:
cyclic voltammogram after 2.75 e� reduction; dotted line: cyclic voltammo-
gram after re-oxidation.


positive than the first fullerene-based reduction is clearly
observed in the voltammogram. Confirming this finding,
controlled potential reduction showed a steady current
related to a slow follow up chemical reaction instead of the
typical current exponential decay observed until 2 e� per
compound were transferred. If reductive electrolysis is
continued, when 2.75 e� per molecule are transferred, the
new redox couple is still present (Figure 3B, dashed line).
After oxidation at this stage, the cyclic voltammogram
depicted as the dotted line in Figure 3B is observed; this
corresponds to that of C60. Purification and analysis of the
products shows a 57% yield of C60 and 33% of recovered
starting material. On the other hand, if reductive electro-
chemistry of the intermediate is continued beyond 3 e� per C60


monoadduct, efficient removal of the cyclopropane ring and
formation of C60


3� occurs, which immediately reacts with the
solvent. Methanofullerenes C60(�CH2)n (n� 1 ± 3) have been
quantitatively recovered after solution re-oxidation. Cyclic
voltammograms recorded along the electrolytic sequence
show that the dianion of compound 4 reacts to form the new
intermediate, which then evolves to a mixture of the C60


dianion and the new intermediate, and finally to C60 upon
oxidation. Therefore, the complete removal of the cyclo-
propane ring requires more than 3 e� per fullerene derivative
molecule and after 2 e�, a new intermediate species forms
during the electrolysis.
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As previously noted, Komatsu et al.[20] recently reported the
isolation of a dimer formed by coupling of monomer radicals
with diethoxyphosphorylmethyl groups and they were able to
obtain an X-ray crystal structure of it. Other dimeric fullerene
derivatives have been generated in different ways[30] and
similar observations to the ones obtained for 4, oxidation of a
fullerene derivative monoanion followed by a rapid recombi-
nation reaction to a neutral singly bonded dimer with
1-octynyl groups on each C60 cage, have been reported.[31]


The following brief consideration of our data, which clearly
show the formation of a reversible and relatively stable
intermediate, never observed previously, conclusively proves
that dimerization is taking place. We postulate a dimerization
reaction taking place in the electrolytic cell, from methano-
fullerene dianions, leading to the formation of negatively
charged dimers. Oxidation or reduction of the solution leads
to the disappearance of the intermediate dimer.


Retro-cyclopropanation reaction mechanism investigation–
nature of the intermediate : During the course of this work, a
relevant article was published by Konarev et al. in which a
singly bonded C70 dimer was characterized by X-ray crystal-
lography.[19] Based on these observations we reasoned that a
C70 Bingel adduct might also exhibit similar electrochemical
behavior to that of 4, assuming that it could also form
intermediate dimeric species. Indeed there were previous
hints of such observations in our own work.[12] So we decided
to explore in more detail the electroreductive processes
occurring during electrolysis of a C70-Bingel mono-adduct,
paying particular attention to the potential formation of
dimeric intermediates.


The electroreduction of 5 was monitored by cyclic voltam-
metry during controlled potential electrolysis under high-
vacuum conditions by using our established protocol. As
previously reported,[8b, 12] the C70-Bingel adduct 5 shows
chemical reversibility for the first and second reduction steps
on the cyclic voltammetric timescale at 100 mVs�1. However,
under bulk electrolysis conditions, irreversibility resulting
from a retro-cyclopropanation reaction occurs when control-
led potential electrolysis is carried out at the second reduction
step after discharging 2 e� per C70 adduct.[12]


Figure 4A shows that the starting material is electrochemi-
cally reduced sequentially by four mono-electronic reduction
waves. We assume that C1, C2, and C3 are fullerene-based and
C4 is adduct-based. When potentials are cathodically scanned
beyond C3 and C4, an intermediate oxidation A0 can be
observed approximately 500 mV more positive than the first
fullerene-based reduction C1 (see Figure 4). This new oxida-
tion is reversible, as shown by scanning a third segment
immediately after A0 giving rise to C0. Interestingly, this
intermediate is also observed when controlled potential
electrolysis is carried out around the first reduction wave C1


(see arrow 1 in Figure 4) when even fewer than 1 e� per C70-
Bingel mono-adduct molecule is discharged. Cyclic voltam-
mograms recorded at the end of such electrolysis (see
Figure 4B) clearly shows that two species coexist in solution:
the C70 adduct radical anion (A1 oxidation) and the inter-
mediate proposed (A0 oxidation). Electrochemical oxidation
of the solution leads to recovery of the starting material,


Figure 4. Reductive electrochemistry data for 5. Cyclic voltammetric
curves for a 0.1 m� CH2Cl2 solution of 5 at 100 mVs�1, GC as working
electrode, Pt-mesh as counter electrode, and an Ag wire as a quasi-
reference electrode, T� 25 �C, , TBAPF6 (0.1�) was used as supporting
electrolyte. A) cyclic voltammogram of 5. B) Solid line: starting CV under
high vacuum conditions; dashed line: cyclic voltammogram obtained after
1 e� reduction of 5.


whereas further reduction (potential fixed after C2: arrow 2 in
Figure 4) results in cyclopropane ring removal, that is, retro-
cyclopropanation and C70 dianion formation. C70 and the
starting fullerene derivative are recovered in a 3:1 ratio after
re-oxidation of the solution following this second reduction, in
accordance with our previous results.[8b]


We attribute this intermediate to a dimer containing two C70


adduct radical anions [{C70C(COOEt)2}2]2�. Figure 5A shows
that for a fixed conversion of C70 mono-adduct by controlled
potential electrolysis after the C1 peak, increasing the starting
compound concentration yields a larger relative dimer
amount. This concentration dependence is in accord with
the presence of the C70 adduct radical anions in equilibrium
with their dimer. Moreover, the reduction product evolution
during the first step of the electrolysis, presented in the
Figure 5B, clearly shows that the C70 adduct radical anion
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Figure 5. A) Concentration influence on intermediate structure formation,
n� 0.79 e� per C70 Bingel adduct. B) Reduction product evolution during
C70-Bingel adduct 5 reduction; solid line: C70-monoadduct radical anion
concentration, dashed line: intermediate derivative concentration. GC as
working electrode, Pt-mesh counter electrode, and an Ag wire as a quasi-
reference electrode, T� 25 �C.


concentration decreases, and that of the dimer increases, as
more charge is transferred.


An increase in dimer concentration results in the adsorp-
tion of its oxidation product at the electrode, and C0 then
appears as a desorption peak. This last observation also favors
the dimerization reaction, the dimer being less soluble in its
neutral form (see Figure S6 in the Supporting Information).


To obtain additional information about the intermediates
observed we recorded the ESR spectrum (see Supporting
Information) of the electrolysis mixture under vacuum when
less than 1 e� per C70 adduct had been transferred. Two main
signals were observed: one apparently fullerene-based signal
with a g� 1.99995 and another with a g� 2.00103. These
values are in reasonable agreement with the reported ionic
complex of a singly bonded (C70


�)2 dimer with cyclotrivera-
trylene[19] and other solid structures previously reported.[32]


Solution EPR spectra of C70
� have also been described in


CH2Cl2[33] , in THF, or THF/toluene (1:1) by chemical
reduction with metallic potassium,[34] and, even when the
conditions described are slightly different from the ones used
here, there is close agreement with our data. No evident
temperature effect on the dimerization equilibrium could be


established from the small temperature range available in
these experiments. Nevertheless, the ESR spectra appeared to
be dimer concentration dependent. These observations are in
agreement with the existence of an equilibrium between two
C70 adduct radical anions if the negative charge is localized in
the fullerene core or in the adduct. Therefore, we propose that
during reductive electrolysis, a dimerization reaction occurs
through an ECDIME (ECDIME� heterogeneous electron trans-
fer, homogeneous chemical dimerization reaction, heteroge-
neous eletron transfer, in sequence) scheme, with preequili-
bration as presented in Scheme 2. Since the starting com-
pound is primarily recovered after oxidation of the solution


Scheme 2. Proposed mechanism for the formation of dimeric [70]fullerene
derivatives from electroreduced 5 (radical position and connecting bond
between the C70 units are chosen arbitrarily with respect to possible
regioisomers).


obtained after performing bulk electroreduction at C1, the
dimerization reaction must occur between two fullerene-
based radicals, whereby negative charges are mainly localized
on the addends. The malonate group plays an important role
in the stabilization of the negatively charged dimer. Since the
fullerene groups are essentially neutral in the dimer, its redox
potential is shifted anodically. Several attempts to trap this
intermediate for further analysis led to non-conclusive results,
the intercage bond being too weak to resist out of vacuum
conditions. However, controlled potential electrolysis of 5
(0.79 e� per molecule) followed by quenching with an excess
of CH3I yielded a m/z� 2081 clear peak by MALDI mass
spectrometry, consistent with dimer formation as postulated
in Scheme 2, with the additional incorporation of two methyl
groups, molecular oxygen, and sodium. Multiple experiments
provided similar results with mass spectral peaks with m/z
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ratios that evidence the formation of dimeric [70]fullerene
structures (m/z �1700).


In Scheme 2, we propose a possible mechanism for the
retro-Bingel reaction occurring in the C70-Bingel derivative 5.
Cyclopropane ring opening happens as soon as the first
electron is added. Reductive electrochemistry heterolytically
opens the cyclopropane ring leading to charge formation
either in the fullerene core or in the addends, and these
interconvert at equilibrium. Dimers can then form between
fullerene-based radicals, as represented in Scheme 2. On the
cyclic voltammetric timescale, a fullerene-based oxidation
(A1) and an addend-based one (A0) (see Figure 4) are
observed for these equilibrium species. Bulk electro-oxidation
leads to the recovery of the starting fullerene derivative and
additional reduction results in the retro-Bingel reaction and
the formation of the C70 dianion.


For the phosphonate adduct series (1, 3, and 4), it is
reasonable to assume that similar pathways are involved in
the reaction mechanism. The first two electrons are trans-
ferred primarily to the fullerene core in these compounds. At
this point, three pathways can be followed depending on the
electron-withdrawing affinity of the adduct. Mono-substituted
methanofullerenes 1 and 2, with poor ability to stabilize
charge on the methano carbon atom, experience retro-cyclo-
propanation reactions only after the addition of more than
2 e� per molecule. The C60(�CH2)n products are recovered
after electron transfer or SN2 reaction with the solvent. When
the hydrogen is replaced by a phosphonate or a carboxylate
group, the second electron addition opens the cyclopropane
ring more or less completely, leading to a fullerene dianion
diradical. The phosphonate groups do not seem to favor the
formation of an anion diradical with delocalization of
negative charge on the adduct. So, the addition of a third
electron allows the complete removal of the addend and the
quantitative recovery of the parent C60 after bulk electro-
oxidation of the solution. However, the carboxylate group
stabilizes the negative charge in the addend and a dimer can
be formed when the transferred charge is between 2 and 3 e�


per C60 adduct derivative. In the electrolytic solution, a
mixture of negatively charged starting material, dimer, and
C60 dianion is then observed. On the cyclic voltammetric
timescale, the corresponding characteristic oxidation peaks
are A0 (adduct based) and A1 (fullerene based), respectively.
Re-oxidation of the solution leads to the recovery of a mixture
of C60 and the starting C60 derivative. Reduction of the dimer
promotes the complete removal of the addend.


Conclusion


We have reported here the synthesis of four C60 methanoful-
lerene derivatives with the purpose of analyzing their electro-
chemical behavior and understanding the pathways involved
in the retrocyclopropanation reactions that they exhibit.
Approximately 3 e� per starting fullerene molecule are
needed for cyclopropane ring removal. Analysis of the
reductive electrochemistry of a classical C70-Bingel derivative
and a mixed phosphonatecarboxylate C60 adduct has provided
evidence of a novel intermediate. This intermediate is stable


and exhibits reversible electrochemical behavior. Based on a
number of different electrochemical experiments, EPR spec-
troscopy, and MALDI mass spectrometry, the intermediates
are assumed to be singly bonded dimeric structures between
the fullerene cores. The electron-withdrawing affinity of the
malonate group allows the stabilization of the negative charge
in the adduct and then the formation of an intercage bond
between two fullerene core radicals. Quantitative retro-cyclo-
propanation reactions can occur from the diphosphonate C60


derivative (3) without dimerization, whereas the mixed
phosphonatemalonate C60 adduct (4) only yields a 60% of
the parent C60. Therefore, the dimerization reaction appears
to act as an inhibiting pathway in the retro-cyclopropanation
reaction mechanism.


Experimental Section


General methods : Reagents were purchased reagent grade from commer-
cial suppliers and used without further purification. Toluene was distilled
from Na and THF was distilled from Na/benzophenone ketyl. All reactions
were carried out in standard, dry glassware under an inert atmosphere of
Ar. Tetraethyl 1-bromomethane-1,1-diphosphonate,[21] ethyl 2-(diethoxy-
phosphoryl)acetate,[22] 1-[(1-bromoethyl)sulfonyl]-4-methylbenzene[27, 23]


diethyl 3�H-cyclopropa[8,25](C70-D5h(6))[5,6]fullerene-3�,3�-dicarboxylate[35]


5[8b, 12, 13] were prepared according to literature procedures. TLC: Alugram
SIL G/UV234, Macherey-Nagel, visualization by UV light at 254 or
366 nm. Column and flash chromatography: SiO2 Merck 0.063 ± 0.200 mesh
or Al2O3, activity III. NMR spectra were recorded on Bruker AM-500 and
Varian Gemini-300 or -200 in CDCl3 unless otherwise stated. Infrared
spectra (IR) were recorded on a Perkin ±Elmer 1600-FTIR and reported in
cm�1, KBr pellets were used for all the measurements. UV/Vis spectra were
recorded on a Varian Cary 5 spectrometer. FAB-MS: VG ZAB-2SEQ
instrument, 3-nitrobenzyl alcohol (NOBA) as matrix; HR-MALDI-TOF-
MS: Bruker Reflex spectrometer, matrix: 2,5-dihydroxybenzoic acid
(DHB) or 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malo-
nonitrile (DCTB).


Electrochemistry : Electrochemical measurements were performed by
using a BAS 100 W electrochemical analyzer (Bioanalytical systems). An
electrochemical cell designed to carry out CV and bulk electrolysis under
high vacuum was used.[36] Fullerene mono-adducts 1 ± 5 (2 ± 5 mg) and
supporting electrolyte, Bu4NPF6 (600 mg), were placed in the cell and
degassed to 10�6 mmHg. The solvent, CH2Cl2 (12 mL), which had also been
degassed, was then vapor-transferred into the cell, directly from CaH2.
Prior to CPE, cyclic voltammetry was performed with a glassy carbon
working electrode to obtain the reduction potentials versus an Ag wire
pseudo-reference electrode (note that upon electrolysis the pseudo-
reference electrode may vary significantly; therefore, potential values
should not be derived from these voltammograms). The latter was separated
from the bulk solution using a vycor tip. Bulk electrolysis was carried out
using Pt mesh electrodes for both working and counter electrode.


EPR experiments : The samples were analyzed using the X-band of a
Bruker EMX spectrometer. In order to ensure that oxygen was not
introduced in the system, the working electrode compartment in the bulk
electrolysis cell was connected to a 3 mm o.d. pyrex tube.


Preparation of 3�-methyl-3�-[(4-methylphenyl)sulfonyl]-3�H-cyclopro-
pa[1,9](C60-Ih)[5,6]fullerene (2): A solution of lithium bis(trimethylsilyl)-
amide was prepared by addition, at room temperature, of n-BuLi/hexane
(1.1 equiv) to a solution of bis(trimethylsilyl)amine (50 �L, 38 mg,
0.235 mmol) in THF (10 mL). At �78 �C a solution of 1-[(1-bromoethyl)-
sulfonyl]-4-methylbenzene (66 mg, 0.251 mmol) in THF was added, and the
mixture was stirred at this temperature for 1 h. A solution of C60 (150 mg,
0.208 mmol) in 1,2-dichlorobenzene (10 mL) was added in such a way that
the temperature stayed below �60 �C. The mixture was stirred at �40 �C
for 2 h, then at room temperature for 14 h. The reaction was quenched by
addition of brine (10 mL) and the mixture extracted several times with
toluene. The combined organic layers were dried over Na2SO4 and
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evaporated in vacuo. Flash chromatography (SiO2, toluene/pentane 90:10
� 100:0) afforded a mixture of 2 and C60. Final purification by column
chromatography (Al2O3, toluene/pentane 90:10) yielded pure 2 (5 mg,
2.6%). Rf� 0.66 (SiO2, toluene); 1H NMR (CDCl3, 200 MHz): �� 8.17 (d,
J� 8.4 Hz, 2H), 7.54 (d, J� 8.4 Hz, 2H), 2.55 (s, 3H), 2.48 ppm (s, 3H);
13C NMR (125.7 MHz, CDCl3): �� 146.13, 145.92, 145.32, 145.30, 145.27,
145.15, 144.94, 144.84, 144.79, 144.76, 144.75, 144.58, 144.48, 144.41, 144.06,
143.64, 143.54, 143.20, 143.13, 143.10, 143.07, 142.83, 142.35, 142.19, 142.08,
141.62, 141.51, 140.99, 140.84, 137.91, 135.14, 130.33, 129.49, 129.03, 128.22,
74.49, 57.13, 21.85, 16.00 ppm; IR (KBr): �� � 2955 (s), 2911 (s), 2844 (s),
1422 (s), 1394 (s), 1374 (s), 1327 (s), 1261 (s), 1211 (s), 1183 (s), 1155 (s),
1101 (s), 1077 (s), 1033 (s), 967 (s), 838 (s), 811 (s), 750 (s), 716 (s), 688 (s),
666 (s), 594 (s), 572 (s), 544 (s), 522 cm�1 (s); UV/Vis (CHCl3): �max (�)� 324
(36021), 426 nm (4588.8 Lmol�1 cm�1); FAB-MS: m/z : 901.3 [M]� , 720
[C60]� ; MALDI-TOF HRMS [M]�: m/z calcd for C69H10O2S: 902.040;
found: 902.041.


Preparation of diethyl 3�H-cyclopropa[1,9](C60-Ih)[5,6]fullerene-3�-phos-
phonate (1) and tetraethyl 3�H-cyclopropa[1,9](C60-Ih)[5,6]fullerene-3�,3�-
diphosphonate (3): Tetraethyl bromomethanediphosphonate (30 mg,
0.082 mmol) was added to a solution of potassium tert-butanolate (10 mg,
0.089 mmol) in THF (5 mL) at �20 �C, and the solution was stirred for
30 min. A solution of C60 (50 mg, 0.69 mmol) in toluene (80 mL) was added
at �40 �C. The mixture was allowed to warm up to room temperature and
stirring was continued for 14 h. The reaction was quenched by addition of
brine (10 mL), and the mixture extracted several times with toluene. The
combined organic layers were dried over Na2SO4 and evaporated in vacuo.
Column chromatography (Al2O3, toluene/AcOEt 95:5 � toluene/AcOEt
80:20) afforded 1 (21 mg, 35%) and 3 (25 mg, 36%).


Fullerene 1: Rf� 0.63 (SiO2, toluene/AcOEt 60:40); 1H NMR (CDCl3,
200 MHz): �� 4.52 (quint, JHH� 7.1 Hz, 3JHP� 7.1 Hz, 4H), 4.22 (d, 2JHP�
4.5 Hz, 1H), 1.59 ppm (t, JHH� 7.1 Hz, 6H); 13C NMR (CDCl3,
125.7 MHz): �� 149.28, 149.25, 146.42, 146.37, 145.56, 145.21, 145.19,
145.12, 145.05, 144.70, 144.64, 144.63, 144.62, 144.55, 144.49, 144.34, 143.90,
143.66, 143.23, 143.02, 142.93, 142.88, 142.72, 142.37, 142.14, 142.08, 142.01,
140.99, 140.79, 140.42, 136.05, 68.93 (d, 2JCP� 4.9 Hz), 63.42 (d, 2JCP�
6.2 Hz), 33.33 (d, 1JCP� 185.5 Hz), 16.69 ppm (d, 3JCP� 5.8 Hz); 31P NMR
(CDCl3, 121.5 MHz): �� 16.91 ppm; IR (KBr): �� � 2977 (s), 2922 (s), 1422
(s), 1389 (s), 1367 (s), 1256 (s), 1183 (s), 1161 (s), 1017 (s), 828 (s), 794 (s),
733 (s), 700 (s), 672 (s), 567 (s), 522 cm�1 (s); UV/Vis (CHCl3): �max (�)� 500
(2630), 427 (2830), 326 (22646), 256 nm (77083 Lmol�1 cm�1); FAB-MS:
m/z : 871.7 [M] � , 720.8 [C60]� ; MALDI-TOF HRMS [M]�: m/z calcd for
C65H11O3P: 870.0445; found: 870.045.


Fullerene 3 : Rf� 0.34 (SiO2, toluene/AcOEt 60:40); 1H NMR (CDCl3,
200 MHz): �� 4.48 (quint, JHH� 7.1 Hz, 3JHP� 7.1 Hz, 8H), 1.53 ppm (t,
JHH� 7.1 Hz, 12H); 13C NMR (125.7 MHz, CDCl3): �� 146.12, 146.08,
146.04 (t, 3JCP� 5.2 Hz), 145.33, 145.17, 145.08, 144.96, 144.89, 144.70,
144.65, 144.06, 143.07, 143.01, 142.92, 142.35, 142.24, 140.98, 140.34, 68.20 (t,
2JCP� 4.1 Hz), 63.91 (t, 2JCP� 3.1 Hz), 39.84 (t, 1JCP� 153.8 Hz), 16.61 ppm
(t, 3JCP� 2.9 Hz); 31P NMR (CDCl3, 121.5 MHz): �� 15.14 ppm; IR (KBr):
�� � 2977 (s), 2922 (s), 2911 (s), 2855 (s), 1427 (s), 1383 (s), 1361 (s), 1255.6
(s), 1183 (s), 1155.6 (s), 1094 (s), 1050 (s), 1016 (s), 977 (s), 905 (s), 833 (s),
800 (s), 766.4 (s), 740 (s), 700 (s), 666 (s), 600 (s), 566 (s), 538 (s), 522 cm�1


(s); UV/Vis (CHCl3): �max (�)� 692 (1436), 487 (3617), 426 (5130), 325 nm
(61412 Lmol�1 cm�1); MALDI-TOF-MS: m/z : 1029 [M�Na]� , 927, 815,
745, 734, 720 [C60]� ; MALDI-TOF HRMS [M�Na]�: m/z calcd for
C69H20NaO6P2: 1029.063; found: 1029.062.


Preparation of ethyl 3�-diethoxyphosphoryl-3�H-cyclopropa[1,9](C60-
Ih)[5,6]fullerene-3�-carboxylate (4): Ethyl 2-bromo-2-(diethoxyphosphory-
l)acetate (101 mg, 0.333 mmol) and DBU (1,8-diazabicyclo[5.4.0]undec-7-
ene) (50 �L, 51 mg, 0.335 mmol) was added to a solution of C60 (200 mg,
0.278 mmol) in toluene (150 mL). The mixture was sonicated in a water/ice
bath for 4 h, after which time the reaction was quenched by addition of 1�
aq. HCl (20 mL) and the mixture extracted with toluene and CH2Cl2. The
combined organic phases were dried over Na2SO4 and evaporated in vacuo.
Column chromatography (Al2O3, toluene/CH2Cl2 50:50� toluene/CH2Cl2
70:30) afforded 4 (76 mg, 29%). 1H NMR (CDCl3, 500 MHz): �� 4.57 ±
4.53 (m, JHH� 7.1 Hz, 3JHP� 7.1 Hz, 6H), 1.55 (t, JHH� 7.1 Hz, 6H),
1.46 ppm (t, JHH� 7.1 Hz, 3H); 13C NMR (125.7 MHz, CDCl3): �� 164.11,
145.36, 145.27, 145.25, 145.14, 145.08, 145.02, 144.92, 144.87, 144.72, 144.65,
144.60, 144.57, 144.54, 143.98, 143.82, 143.14, 143.08, 142.97, 142.96, 142.70,
142.20, 142.16, 142.06, 141.88, 140.87, 140.84, 140.82, 136.93, 70.40 (d, 2JCP�


3.9 Hz), 64.5 (d, 2JCP� 6.1 Hz), 63.38, 49.05 (d, 1JCP� 163.6 Hz), 16.55 (d,
3JCP� 6.0 Hz), 14.27 ppm; 31P NMR (CDCl3, 121.5 MHz): �� 11.92ppm;
IR (KBr): �� � 2977 (s), 2922 (s), 2844 (s), 1727 (s), 1461 (s), 1422 (s), 1383
(s), 1381 (s), 1261 (s), 1222 (s), 1177 (s), 1161 (s), 1094 (s), 1039 (s), 1016 (s),
978 (s), 794 (s), 740 (s), 700 (s), 672 (s), 600 (s), 588 (s), 572 (s), 522 cm�1 (s);
UV/Vis (CHCl3): �max (�)� 494 (4337), 426 (5617), 326 nm
(62416 Lmol�1 cm�1); FAB-MS: m/z : 942.4 [M]� , 720 [C60]� ; MALDI-
TOF HRMS [M]�: m/z calcd for C68H15O5P: 942.0657; found: 942.066.
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The First Structural Characterisation of a Group 2 Metal Alkylperoxide
Complex: Comments on the Cleavage of Dioxygen by Magnesium Alkyl
Complexes


Philip J. Bailey,* Robert A. Coxall, Caroline M. Dick, Sylvie Fabre, Louise C. Henderson,
Christian Herber, Stephen T. Liddle, Daniel Loronƒo-Gonza¬ lez, Andrew Parkin, and
Simon Parsons[a]


Abstract: A new high-yield synthesis of
[(PhCH2)2Mg(thf)2] and [{(PhCH2)-
CH3Mg(thf)}2] via benzylpotassium has
allowed a simple entry into benzylmag-
nesium coordination chemistry. The syn-
theses and X-ray crystal structures of
both [(�2-Me2NCH2CH2NMe2)Mg-
(CH2Ph)2] and [�2-HC{C(CH3)NAr�}2-
Mg(CH2Ph)(thf)] (Ar�� 2,6-diisopro-
pylphenyl) are reported. The latter �-
diketiminate complex reacts with dioxy-
gen to provide a 1:2 mixture of dimeric
benzylperoxo and benzyloxo complexes.
The benzylperoxo complex [{�2-HC-
{C(CH3)NAr�}2Mg(�-�2:�1-OOCH2Ph)}2]
is the first example of a structurally


characterised Group 2 metal ± alkylper-
oxo complex and contains the benzyl-
peroxo ligands in an unusual �-�2 :�1-
coordination mode, linking the two five-
coordinate magnesium centres. The
O�O separation in the benzylper-
oxo ligands is 1.44(2) ä. Reaction
of the benzylperoxo/benzyloxo com-
plex mixture with further [�2-
HC{C(CH3)NAr�}2Mg(CH2Ph)(thf)] re-
sults in complete conversion of the
benzylperoxo species into the benzyloxo


complex. This reaction, therefore, estab-
lishes the cleavage of dioxygen by this
system as a two-step process that in-
volves initial oxygen insertion into the
Mg�CH2Ph bond followed by O�O/
Mg�C �-bond metathesis of the result-
ing benzylperoxo ligand with a second
Mg�CH2Ph bond. The formation of a
1:2 mixture of the benzylperoxo and
benzyloxo species indicates that the rate
of the insertion is faster than that of the
metathesis, and this is shown to be
consistent with a radical mechanism for
the insertion process.Keywords: alkylperoxo ligand ¥


magnesium ¥ N ligands ¥ oxygen


Introduction


The dioxygen oxidation of Grignard reagents to provide
alcohols is a reaction that was established very soon after
Grignard×s initial report of his reagents.[1] The reaction was
found to be less successful for phenols,[2] an observation
attributed to the availability of alternative reaction pathways
provided by the differing reactivity of aryl radicals thought to
be intermediates.[3] As early as 1920, the mechanism was
proposed to proceed through a two-step oxidation followed


by metathesis process [Eqs. (1) and (2)] involving the
intermediacy of an alkylperoxo species.[4] Both direct and
indirect evidence has been provided for the involvement of
radical species in the oxidation step,[3, 5, 6] but radicals are
apparently not involved in the subsequent metathesis pro-
cess.[6, 7] At low temperatures, the alkylperoxide intermediates
may be intercepted by hydrolysis to provide a useful synthetic
route to hydroperoxides in some cases.[8] However, the
magnesium alkylperoxy species present in such systems have
never been characterised. We report here for the first time the
structural characterisation of alkylperoxide and alkoxide
magnesium complexes derived by reaction of the correspond-
ing alkyl complex with dioxygen, and provide evidence which
strongly supports the mechanism represented by Equa-
tions (1) and (2).


RMgX�O2 � ROOMgX (1)


ROOMgX�RMgX � 2ROMgX (2)


Transition-metal alkylperoxide species play an important
role in oxidation reactions,[9] and the involvement of �2-
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Supporting information for this article is available on the WWWunder
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coordination of the ROO moiety is often discussed in this
context. However, although numerous examples of �1-coor-
dination of these species have been structurally authenticat-
ed,[10] there are only two examples of �2-coordination to
transition metals thus for established.[11] For main-group metals
the literature is similarly sparse, with just a single example of
�2-coordination of tBuOO� found in a lithium complex.[7] In
fact the number of structurally characterised main-group
metal alkyl peroxides is very limited, the only other examples
displaying �2-�1-coordination in [(tBu)2M(�-OOtBu)]2 (M�
Ga, In)[12] and �1-coordination in [(tBuOO)2(tBuO)(�-
OtBu)2Al(mesal)2] (mesalH�methylsalicylate).[13] These
complexes are synthesised by treatment of the corresponding
alkyl complex with dioxygen, and as such represent unusual
examples of reactions that may be stopped at the oxygen
insertion stage [Eq. (1)] without proceeding to O�O cleavage
to form alkoxo species, which is more commonly found.[14] A
few other examples of such isolation of alkylperoxo species
are also known.[15, 16] There is, however, thus far, no structural
data for a Group 2 metal complex, although the magnesium
complexes [{�3-HB(3-tBuPz)3}MgOOR] (R�CH3, CH2CH3,
CH(CH3)2, C(CH3)3) and their 18O isotopomers have been
fully characterised by 17O NMR and IR spectroscopies.[16]


Results and Discussion


Existing synthetic routes to dibenzylmagnesium are based
upon either the classical shifting of the Schlenk equilibrium,
induced by complexation and precipitation of MgCl2 by
addition of dioxane or other ethers to benzylmagnesium
chloride,[17] or transmetallation from dibenzylmercury.[18] The
former route suffers from the practical difficulties associated
with the removal of the precipitated [MgCl2(dioxane)2]� ,
which is exceptionally fine and rapidly blocks any filter, thus
necessitating centrifugation for effective separation. The best
quoted yield of crude [Mg(CH2Ph)2] from this preparation is
29%, from which crystalline [Mg(CH2Ph)2(thf)2] may be
obtained in 55% yield by crystallisation from THF.[19] Further
problems arise in the general applicability of this method in
that, for complete precipitation of [MgCl2(dioxane)2]� , a 5 ±
10% excess of dioxane is required. This excess complexes
with the dialkyl magnesium in solution and is difficult to
remove from the solid material. Heating under vacuum to
effect this is often complicated by competing alkene elimi-
nation and formation of MgH2 for alkyls with �-hydrogen
atoms. Although the transmetallation route provides halide-
free magnesium dialkyls and reasonable yields, it involves an
additional step in the synthesis of the mercury compound and
the associated toxicity hazards. For the preparation of
dimethylmagnesium we have previously followed Kaminski×s
route to avoid these problems.[20] Thus, treatment of MeMgCl
with MeLi in THF, followed by solvent removal and
extraction from LiCl into diethyl ether and subsequent
removal of coordinated THF at 150 �C under vacuum,
provides MgMe2 in good yield. To apply this route to the
preparation of dibenzylmagnesium, a source of benzyllithium
is required. In the absence of additional donors, toluene is
only lithiated by nBuLi to the extent of a few percent in


THF.[21] Clean lithiation is possible in the presence of
TMEDA or DABCO, but the presence of these additional
donors limits the usefulness of the resulting complexes for
subsequent synthesis.[22] Benzylpotassium may be prepared in
almost quantitative yield as an orange microcrystalline
precipitate by treatment of toluene with a 1:1 mixture of
nBuLi and KOtBu, a so-called ™super base∫.[23] The reaction
of a suspension of KCH2Ph in THF with benzylmagnesium
chloride, followed by removal of the THF, extraction from
KCl with diethyl ether and crystallisation, provides pure
[(PhCH2)2Mg(thf)2] (1) in 71% yield (Scheme 1). NMR


Scheme 1. Synthesis of [(PhCH2)2Mg(thf)2].


spectra indicate that attempts at removal of THF by heating
to between 50 and 150 �C under vacuum (10�2 Torr) resulted
in only partial desolvation, and even melting at the higher
temperatures proved ineffective. However, since our primary
interest is in the preparation of benzylmagnesium complexes
with chelating nitrogen donor ligands, the prior displacement
of THF is not necessary. We have also prepared the mixed
methyl/benzyl derivative from MeMgCl in 76% yield follow-
ing the same procedure. The NMR spectra of this species in
C6D6, however, suggest it to be a mono-THF adduct
[Me(CH2Ph)Mg(thf)] for which we suggest a methyl-bridged
structure [{(thf)(CH2Ph)Mg(�-Me)}2] (2) in accord with the
preference of methyl for bridging coordination. However, in
diethyl ether solutions the structure is unlikely to be static.[24]


The reaction of 1 with 1,2-bis(dimethylamino)ethane
(TMEDA) in diethyl ether leads to rapid displacement of
coordinated THFand formation of [(tmeda)Mg(CH2Ph)2] (3),
which can be precipitated in 71% yield by addition of hexane
(Scheme 2). The insolubility of 3 in hydrocarbon solvents
required that NMR spectra were obtained in [D8]THF;
however, no displacement of the TMEDA ligand was evident.
Crystals of 3 suitable for X-ray crystallography were obtained
from a toluene/THF solvent mixture at �20 �C. The molec-
ular structure of 3 is shown in Figure 1 and selected bond
lengths and angles are presented in Table 1. The structures of
both [(tmeda)MgPh2][25] and [(tmeda)MgMe2][26] have previ-
ously been determined and a comparison of the structure of 3
with these is instructive. In all three complexes the coordina-
tion geometry about the magnesium is distorted from
tetrahedral, induced by the narrow bite angle of the TMEDA
ligand (83.36(5)� in 3) and the varying bulk of the carbon
ligands. Thus in 3 the C(1A)-Mg-C(1B) angle is 117.12(7)�,
whilst the corresponding angles in the diphenyl and dimethyl
derivatives are 119.2(1) and 130.0(4)�, respectively. The


Chem. Eur. J. 2003, 9, 4820 ± 4828 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4821







FULL PAPER P. Bailey et al.


Scheme 2. Complexation of [(PhCH2)2Mg(thf)2] by chelating nitrogen
donor ligands (Ar�� 2,6-diisopropylphenyl).


Figure 1. Molecular structure of [(tmeda)Mg(CH2Ph)2] (3). Hydrogen
atoms are omitted for clarity.


N-Mg-N and C-Mg-C planes are, however, almost perpendic-
ular (88.06�). Perhaps somewhat surprisingly, the Mg�C bond
lengths do not differ significantly for the three complexes
(2.1697(7) ä for 3 and 2.167(3) and 2.166(6) ä for the Ph and
Me derivatives respectively). A feature that is evident in the
structures of both 3 and the diphenyl derivative is the
distortion of the aromatic rings; this is best characterised by
the deviation of the ortho-ipso-ortho angles from 120�
(115.38(15) and 115.82(15)� for 3 vs. 113.9(3) and 114.8(3)�
for the diphenyl derivative). There is, however, no evidence
for allylic coordination of either of the benzyl ligands in 3, as
although the Mg-C-C angles about the methylene carbon
atoms differ significantly (109.76(11) and 113.95(10)�), the
Mg�C(ipso) (C2A: 3.0037(16) and C2B: 3.0715(15) ä) and
Mg�C(ortho) (C3A: 3.6971(18), C3B: 3.7964(19), C7A:
3.8387(18) and C7B: 3.8889(18) ä) distances preclude any
such interaction. We have also synthesised and structurally
characterised complexes of dibenzylmagnesium with the
N,N,N�,N�-tetraethylethylenediamine [(teeda)Mg(CH2Ph)2],
and the tridentate N,N,N�,N��,N��-pentamethyldiethylenetri-
amine ligands [(pmdeta)Mg(CH2Ph)2] (Scheme 2), full details
of which are provided in the Supporting Information.
The reaction of [(PhCH2)2Mg(thf)2] (1) with


Ar�N�C(CH3)C(H)�C(CH3)NHAr� (Ar�� 2,6-diisopropyl-
phenyl) in THF at 50 �C for one hour provides the �-
diketiminate complex [�2-HC{C(CH3)NAr�}2Mg(CH2Ph)-
(thf)] (4) in 43% yield after crystallisation from toluene
(Scheme 2). The synthesis of 4 in 31% yield by initial
lithiation of Ar�N�C(CH3)C(H)�C(CH3)NHAr� followed by
treatment with PhCH2MgCl in THF was also achieved. The
1H and 13C{1H} NMR spectra of 4 in C6D6 contain signals for
the benzylmethylene group at 1.60 and 24.7 ppm, which
compares with values of 1.90/22.8 and 1.33/21.0 ppm for the
bis-THF (1) and TMEDA (3) dibenzyl complexes, respec-
tively. The signals attributable to the �-diketiminate ligand are
little changed from those in the corresponding methyl
complex.[27] Crystals of 4 as its monotoluene solvate suitable
for X-ray crystallography were grown from toluene; the
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Table 1. Selected bond lengths [ä] and angles [�] for 3, 4, 5 and 6.


Compound 3
Mg(1)�C(1A) 2.1697(17) Mg(1)�C(1B) 2.1697(17) Mg(1)�N(1) 2.1929(13) Mg(1)�N(4) 2.2073(12)
C(1A)�C(2A) 1.470(2) C(1B)�C(2B) 1.465(2) Mg(1)�C(2A) 3.0037(16) Mg(1)�C(2B) 3.0715(15)
C(1A)-Mg(1)-C(1B) 117.12(7) N(1)-Mg(1)-N(4) 83.36(5) Mg(1)-C(1A)-C(2A) 109.76(11) Mg(1)-C(1B)-C(2B) 113.95(10)
C(3A)-C(2A)-C(7A) 115.82(15) C(3B)-C(2B)-C(7B) 115.38(15)


Compound 4
Mg(1)�C(1B) 2.1325(18) Mg(1)�O(1T) 2.0333(13) Mg(1)�N(1) 2.0575(15) Mg(1)�N(5) 2.0484(15)
C(1B)�C(2B) 1.475(2) N(1)�C(2) 1.333(2) C(2)�C(3) 1.408(2) C(3)�C(4) 1.402(2)
C(4)�N(5) 1.333(2)
N(1)-Mg(1)-N(5) 93.29(6) C(1B)-Mg(1)-O(1T) 111.24(7) Mg(1)-C(1B)-C(2B) 121.02(12) C(3B)-C(2B)-C(7B) 116.04(17)


Compound 5
Mg(1)�O(2) 2.168(12) Mg(1)�O(3) 2.07(2) Mg(1)�O(3A) 1.93(2) O(2)�O(3) 1.44(2)
Mg(1)�N(1) 2.081(4) Mg(1)�N(2) 2.012(4) N(1)�C(2) 1.327(6) C(2)�C(3) 1.405(7)
C(3)�C(4) 1.399(6) C(4)�N(2) 1.339(6) O(2)�C(30A) 1.51(3)
N(1)-Mg(1)-N(2) 92.2(2) O(2)-Mg(1)-O(3) 39.7(5) O(3)-Mg(1)-O(3A) 81.5(8) Mg(1)-O(3)-Mg(1A) 98.5(8)


Compound 6
Mg(1)�O(1) 1.998(6) Mg(1)�O(1A) 2.033(7) Mg(1)�N(1) 2.081(4) Mg(1)�N(2) 2.012(4)
N(1)�C(2) 1.327(6) C(2)�C(3) 1.405(7) C(3)�C(4) 1.399(6) C(4)�N(2) 1.339(6)
O(1)�C(30) 1.398(10)
N(1)-Mg(1)-N(2) 92.2(2) O(1)-Mg(1)-O(1A) 82.4(3) Mg(1)-O(1)-Mg(1A) 97.6(3)
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molecular structure is shown in Figure 2 and selected bond
lengths and angles are presented in Table 1. The coordination
geometry about the Mg centre is distorted tetrahedral with


Figure 2. Molecular structure of [�2-HC{C(CH3)NAr�}2Mg(CH2Ph)(thf)]
(4) showing selected atom labels. Hydrogen atoms and toluene solvate
molecule omitted for clarity.


the N-Mg-N chelate and C-Mg-O angles being 93.29 and
111.24�, respectively; these planes are almost perpendicular
(88.92�). The six-membered chelate ring is non-planar and its
conformation is best described as a distorted boat in which the
magnesium and central carbon C(3) atoms lie 0.5 and 0.11 ä
above the least-squares plane, respectively. The planes of the
two 2,6-diisopropylphenyl rings are almost perpendicular to
that of the chelate ring and, thus, shield the magnesium centre.
A comparison of the angles around the magnesium centres in
4 and its methyl analogue[27] reveal differences consistent with
the greater bulk of the benzyl ligand.
We have previously shown that [(�2-L-X)MgMe(thf)]


(L-X�HC{C(CH3)NAr�}2, or (N,N�-diisopropylamino)tropon-
iminate) reacts with dioxygen to provide the dimeric �-
methoxide complexes [{(�2-L-X)Mg(�-OCH3)}2] via an ™in-
termediate∫ species that we tentatively identified as a
methylperoxo complex from the NMR spectra of the reaction
mixtures, but we were never able to isolate.[27] The reaction of
the corresponding benzyl complex 4 with dioxygen was
therefore examined in order to establish a similar reactivity
for this system. Treatment of a solution of 4 in [D6]benzene
with an excess of dry oxygen gas provided a solution whose
13C{1H} NMR spectrum indicated the presence of a mixture of
two species characterised by benzylmethylene signals at 67.1
and 53.2 ppm in an approximate ratio of 1:2.[28] The appear-
ance of the methylene signals in this region indicate oxygen-
bound benzyl groups in both species and should be compared
with chemical shifts of 24.7 ppm for theMg-bound benzyl CH2


in 4 and 50.4 ppm for the OMe ligands in [{{�2-(N,N�-
diisopropylamino)troponiminate}Mg(�-OMe)}2].[27] Howev-
er, no further information about the identity of the two
species could be deduced from the NMR spectra. Cooling of a
similarly prepared hexane solution to 5 �C provided crystals
which X-ray crystallography showed to contain a 1:2 mixture
of dimeric benzylperoxo and benzyloxo complexes


[HC{C(CH3)NAr�}2Mg(�-�2:�1-OOCH2Ph)]2 (5) and
[{HC{C(CH3)NAr�}2Mg(�-OCH2Ph)}2] (6). The respective
occupancies of 1:2, as determined by X-ray crystallography,
is consistent with the observation of two products in a 1:2 ratio
in the 13C{1H}NMR spectrum.[28] The molecular structures of 5
and 6 are shown in Figures 3 and 4, respectively, and selected
bond lengths and angles are presented in Table 1. Unfortu-
nately, the disorder present in the structure resulted in weak
and poor quality diffraction data and the final R factor of


Figure 3. Molecular structure of [{�2-HC{C(CH3)NAr�}2Mg(�-�2:�1-
OOCH2Ph)}2] (5) showing selected atom labels. Hydrogen atoms are
omitted for clarity.


Figure 4. Molecular structure of [{�2-HC{C(CH3)NAr�}2Mg2(�-
OCH2Ph)}2] (6) showing selected atom labels. Hydrogen atoms are omitted
for clarity. The structure of 6a is essentially identical.
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9.33% is undesirably high. However, structural and NMR
characterisation of the benzyloxo complex [{HC{C-
(CH3)NAr�}2Mg(�-OCH2Ph)}2] (6a), prepared independently
by treatment of the methyl complex [{HC{C-
(CH3)NAr�}2MgMe}2] with benzyl alcohol, confirms the
structural data obtained for this species as its co-crystal with
5.[29] Since the modelling of disorder in crystal structure
analysis can be rather subjective, we performed a difference
Fourier synthesis against the diffraction data derived from the
disordered co-crystal 5/6 using the structure determined from
the undisordered pure 6a as a phasing model. The resulting
map and the structure derived from it (Figure 5) can


Figure 5. Illustration of the benzylperoxo fragment revealed from the
difference map by refinement of the asymmetric unit of 6a against the
diffraction data of 5/6. Atoms from the alkoxide fragment, except for the
shared C(35) atom, are omitted for clarity.


unambiguously be assigned to be a benzylperoxo species in
which one carbon atom (C(35)) is shared between the two
part-weight ligands. This, taken together with the NMR data
for this system discussed above and the observations made on
its reactivity to be discussed below, confirms the identities of 5
and 6 as those deduced from the original X-ray data of the
disordered co-crystal 5/6.
The co-crystallisation of 5 and 6 is fortuitous, but inspection


of the structures reveals that the steric bulk of the �-
diketiminate ligand effectively encapsulates the central re-
gions of the dimeric species in which the benzyl groups are
located, and the exterior of both complexes are consequently
sufficiently similar to allow their co-crystallisation. This is
exemplified by the fact that the structure of 6a can be
superimposed on 6 from the disordered model with a root
mean square deviation of less than 0.2 ä. However, it is
pertinent to note that the 5/6 system is not isostructural with
the pure sample of 6a. Consequently, in 5/6 the benzylperoxo
and benzyloxo dimers are randomly disordered over the same
equivalent sites in the crystalline state, with the �-diketimi-


nate ligands and magnesium centres sharing common posi-
tions.
The benzylperoxo ligands in 5 link the centrosymmetric


dimer and are coordinated to one Mg atom through the
oxygen remote from the benzyl group (O(3)) and to the
second Mg atom through both oxygen atoms (�-�2:�1-), thus
maximising the number of Mg�O bonds. The coordination
sphere of each magnesium atom is completed by a �-
diketiminate ligand, which results in each magnesium atom
attaining a coordination number of five. The O(2)�O(3)
separation of 1.44(2) ä is consistent with values of 1.475(3)
and 1.477(3) ä found in [{LiOOtBu}12], in which the tert-
butylperoxo ligands are found in a similar �-�2 :�1-coordina-
tion mode.[7] The poor quality of the diffraction data preclude
a detailed discussion of the metrical parameters, but the
coordination of the magnesium atom by the diketiminate
ligand appears to be somewhat asymmetric with Mg�N bond
lengths of 2.012(4) and 2.081(4) ä, a feature which may be
attributed to the unsymmetrical coordination mode of the
benzylperoxo ligands and the steric crowding induced by
dimerisation. The angles around magnesium are dictated by
the narrow chelate bite angle N(1)-Mg(1)-N(2) of 92.2(2)�,
and the narrow O(2)-Mg(1)-O(3) bond angle of 39.7(5)�. In
the structure of the dimeric benzyloxo complex 6 the
centrosymmetric dimer is formed by two bridging �-benzyl-
oxo ligands. The importance of the narrow chelate bite angle
(92.2(2)�) is apparent by the resulting compression of the
O(1)-Mg(1)-O(1A) angle (82.4(3)�) and the consequent
widening of the Mg(1)-O(1)-Mg(1A) angle (97.6(3)�).
Both IR and Raman spectra of the co-crystal 5/6 and pure


6a were recorded in an attempt to identify an absorption
associated with stretching vibration of the O�O bond.
Unfortunately, a number of absorptions due to vibrations of
the �-diketiminate ligand are present in the 800 ± 1000 cm�1


region of the spectra where such an absorption would be
anticipated to occur, and no band could conclusively be
identified as being due to O�O vibration. No 18O labelling
studies were attempted.
The benzylperoxo complex 5 represents the first structur-


ally characterised example of a Group 2 metal alkylperoxo
species. Furthermore, the �-�2 :�1-coordination mode of the
benzylperoxo ligand in 5 is highly unusual and has only
previously been reported in the structure of [{LiOOtBu}12].[7]


A large number of examples of transition-metal and main-
group complexes containing alkylperoxo ligands in �1-,[10, 13]


�2-,[11] �-�1-[12, 30] and �-�2-coordination[7] modes have, how-
ever, been structurally characterised. For the peroxo ligand
[O2]2�, the �-�2 :�1-coordination mode is relatively common,
having been characterised in complexes of W,[31] Mo,[32] V[33]


and Rh,[34] for example. A �-�2 :�2-coordination mode has also
been characterised for the peroxo ligand in three copper(��)
complexes synthesised as models for the Cu2(�-�2 :�2-O2)
centres in oxyhemocyanin and oxytyrosinase.[35] Barium[36]


and magnesium[37] peroxo species have also been structurally
characterised.
The observed formation of a 1:2 mixture of the benzylper-


oxo and benzyloxo complexes 5 and 6 from the reaction of the
benzyl complex 4 with dioxygen provides mechanistic infor-
mation about the O�O bond cleavage process. For the methyl
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species [�2-HC{C(CH3)NAr�}2MgMe(thf)] and [{�2-(N,N�-di-
isopropylamino)troponiminate}MgMe(thf)] we have shown
that reaction with oxygen provides methoxy complexes.[27]


Our proposed mechanism for this process (Scheme 3) in-
volves initial insertion of O2 into the Mg�R bond of the


Scheme 3. Mechanism of O�O cleavage by magnesium alkyl complexes
[(�2-L-X)MgR]. i) O2, benzene, 20 �C; ii) [(�2-L-X)MgR], benzene, 20 �C.


starting complex A to provide the alkylperoxo species B ;
subsequent reaction of this with a further mole of A provides
the alkoxo speciesCwith cleavage of the O�O bond by means
of a �-bond metathesis and a 4-centre transition state
(Scheme 4). For such a process to proceed to complete


Scheme 4. Cleavage of the O�O bond in magnesium alkylperoxo com-
plexes [Mg]OOR by �-bond metathesis with the Mg�C bond of [Mg]R,
[Mg]� (�2-L-X)Mg.


conversion to the alkoxo species, the rate of the O�O cleavage
process (k2) must equal or exceed that of the O2 insertion
process (k1). This condition is clearly satisfied in the reaction
of the methyl species discussed above as, although a species
assigned to be an OOMe complex could be observed in the
reaction of [{�2-(N,N�-diisopropylamino)troponiminate}Mg-
Me(thf)] with O2 by NMR spectroscopy, this was completely
consumed as the reaction proceeded to completion with
formation of the methoxy product.[27] The corresponding
reaction of [HC{C(CH3)NAr�}2MgMe(thf)] with O2 proceed-
ed more rapidly and, although NMR spectra could provide no
evidence for a methylperoxo intermediate, a similar replace-
ment of the Mg�Me signal by one attributable to a magne-
sium-bound methoxo ligand was observed.
The mechanism of O2 insertion into the Mg�C bond


[Eq. (1)], which represents the first step in the generally
accepted insertion/metathesis mechanism for the oxidation of
Grignard reagents to alcohols as discussed above, has been a
matter of some debate. It may be argued that direct insertion
of the triplet ground state of dioxygen into metal ± carbon
bonds is unlikely, and there is much evidence to suggest that
the reaction proceeds via radical intermediates.[3, 5, 6, 7] In
particular, the observation of the loss of stereochemistry in
configurationally stable cyclopropyl compounds during the
reaction of their Grignard reagents with O2 to provide the
corresponding alcohols is convincing evidence for the inter-


mediacy of radical species, especially when contrasted with
the retention of stereochemistry during the oxidation of the
same Grignards with tBuOOLi.[5f] Radical chain mechanisms
according to Equations (3) ± (5) have therefore been suggest-
ed for the insertion process, and this may be followed by O�O
cleavage by means of �-bond metathesis in the presence of an
excess of the alkyl complex [Eq. (6)].


LnM-R�O2 � LnM-OO. � R . (initiation) (3)


R .�O2 � ROO. (4)


LnM-R�ROO. � LnM-OOR�R . (propagation) (5)


LnM-OOR�LnM-R � 2 LnM-OR (6)


Although we cannot be certain that such a mechanism is
operating in the present case, it is consistent with certain of
our observations. According to this mechanism, for a given
metal ± ligand fragment LnM, the rate of formation of the
alkylperoxide species LnM-OOR (k1 in Scheme 3) must be
dependent upon the stability of the alkyl radical R . . A more
stable radical will result in a more rapid initiation [Eq. (3)]
and a faster liberation of R . in the propagation step [Eq. (5)].
The relative stability of methyl and benzyl radicals would
therefore suggest that the rate of the O2 insertion process (k1
in Scheme 3) would be considerably faster for the benzyl
complex. The observed progress of the reaction to yield
exclusively the alkoxide when R�CH3, but a mixture of
alkylperoxide and alkoxide when R� benzyl, therefore,
supports the radical mechanism illustrated by Scheme 1 and
Equations (3) ± (6). This is also consistent with the observa-
tion that, for the complexes [{�3-HB(3-tBuPz)3}MgR], the
reaction with dioxygen could be monitored over a period of
days at room temperature when R�CH3, while the corre-
sponding reactions in which R�CH2CH3, CH(CH3)2, and
C(CH3)3 were too fast to be similarly monitored,[16] again
illustrating a direct relationship between the rate of O2


insertion and radical stability consistent with the proposed
radical mechanism. The effect of the increased steric bulk of
the benzyl ligand on the rate of the O�O cleavage process
[Eq. (6), k2 in Scheme 3] cannot, however, be ruled out as a
contributory factor in reducing the value of k2 below that of
k1. A similar steric hindrance argument was used to account
for the slow O�O cleavage reaction of [{�3-HB(3-tBuPz)3}-
MgOOCH(CH3)2] on reaction with the corresponding alkyl
complex [{�3-HB(3-tBuPz)3}MgCH(CH3)2].[16]


Final confirmation of the two-step mechanism (Scheme 3)
is provided by NMR monitoring of the addition of the benzyl
complex 4 to the 1:2 mixture of 5 and 6 obtained by reaction of
4 with O2 in [D6]benzene. This shows complete consumption
of the benzylperoxo complex 5 and its clean conversion to 6 ;
this is also further corroborated by comparison with the NMR
spectra of pure 6a.[28]


Conclusion


In summary, we have synthesised and characterised a series of
new benzylmagnesium complexes based upon a new high
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yielding synthesis of [(PhCH2)2Mg(thf)2]. The reaction of the
�-diketiminate complex [�2-HC{C(CH3)NAr�}2MgCH2Ph-
(thf)] with O2 provides a 1:2 mixture of dimeric benzylperoxo
and benzyloxo complexes 5 and 6, consistent with a mecha-
nism involving initial O2 insertion into the Mg�C bond
followed by O�O cleavage by means of �-bond metathesis of
the resulting benzylperoxo O�O bond with a further Mg�C
bond. This reactivity contrasts with that previously estab-
lished for the corresponding methyl complex, which is
converted into the methoxy species only. The conclusion,
therefore, is that for the methyl species k1� k2 , while for the
benzyl complex k1� k2 (Scheme 3). Given the large difference
that must exist between the two reaction steps in terms of the
steric congestion of their transition states and the strong
affinity of magnesium for oxygen donor ligands, it is surprising
that the rate of the reaction of Mg�R with O2 is comparable
with the subsequent O�O cleavage reaction in these systems,
and indeed apparently slower for the methyl species. How-
ever, this apparent anomaly may be accounted for by
proposing a radical mechanism for the initial O2 insertion
step [Eqs. (3) ± (5)] and is consistent with the low stability of
the methyl radical and the consequent slow rate of the O2


insertion process in comparison to that involving the more
stable benzyl radical.


Experimental Section


General procedures : The 2-(2,6-diisopropylphenylamino)-4-(2.6-diisopro-
pylphenylimino)2-pentene,[38] Ar�N�C(CH3)C(H)�C(CH3)NHAr� and
benzylmagnesium chloride in THF[39] were prepared according to the
literature methods. Methylmagnesium chloride (3� solution in THF),
nbutyl lithium (2.5� solution in hexanes), benzylalcohol (pre-dried) and
potassium tert-butoxide were purchased from Aldrich and used as received
unless stated otherwise. Deuterated NMR solvents and 1,2-bis(dimethyl-
amino)ethane (TMEDA) were purchased from Aldrich and dried over
activated 4 ä sieves. All reactions and manipulations were undertaken
under an atmosphere of purified nitrogen in standard Schlenk apparatus or
inside a Saffron Scientific glovebox unless otherwise stated. Diethyl ether
and hydrocarbon solvents were distilled from sodium benzophenone ketyl
radical under an atmosphere of nitrogen immediately prior to use.
Dioxygen was purchased from BOC Gases and passed over a column of
activated 4 ä sieves prior to use. All NMR spectra were recorded on a
Bruker AC250 spectrometer.


[(PhCH2)2Mg(thf)2] (1): nBuLi (20 cm3, 2.5� in hexanes, 50 mmol) was
added by syringe to a stirred suspension of KOtBu (5.6 g, 50 mmol) in
toluene (100 cm3) at 0 �C. The mixture was warmed to room temperature
and allowed to stir for an additional 30 min. The orange/red suspension was
filtered, and the resulting solid was washed twice with toluene (50 cm3) and
once with hexane (20 cm3). The volatiles were removed under vacuum to
provide benzylpotassium as a free flowing orange solid (6.4 g, 49 mmol,
98%). PhCH2MgCl in THF (0.71�, 49 mmol) was added to a stirred
suspension of PhCH2K (6.4 g, 49 mmol) in THF (30 cm3) at �78 �C. The
mixture was allowed to warm to room temperature and stirred over night.
The volatiles were removed under vacuum and the product extracted from
KCl into diethyl ether (100 cm3). Diethyl ether was removed from the
resulting solution under vacuum until precipitation began; at this point
hexane (15 cm3) was added and resulted in the deposition of microcrystal-
line [(PhCH2)2Mg(thf)2]. The product was isolated by filtration, washed
with hexane (15 cm3) and dried under vacuum to yield 1 as a light yellow
solid (12.2 g, 34.8 mmol, 71%). 1H NMR [D6]benzene: �� 1.28 (t,
3J(H,H)� 6.45 Hz, 8H; THF), 1.9 (s, 4H; -CH2), 3.34 (t, 3J(H,H)�
6.30 Hz, 8H; THF), 6.83 (t, 3J(H,H)� 7.03 Hz, 2H; p-C6H5), 7.18 (d,
3J(H,H)� 7.10 Hz, 4H; o-C6H5), 7.25 ppm (t, 3J(H,H)� 7.56 Hz, 4H; m-
C6H5); 13C{1H} NMR [D6]benzene: �� 22.8 (-CH2Ph), 25.8 (THF), 67.7


(THF), 115.4 (Ph), 123.2 (Ph), 127.7 (Ph), 157.2 ppm (ipso-Ph). Despite
repeated attempts, and the lack of any impurities in the NMR spectra, it
was not possible to obtain reliable microanalysis ; we attribute this to the
air- and moisture-sensitive nature of 1.


[{(thf)(CH2Ph)Mg(�-Me)}2] (2): This complex was prepared in a manner
similar to the procedure outline for the preparation of 1 from PhCH2K
(2.5 g, 19.2 mmol) and MeMgCl (6.4 cm3, 3.0� in THF, 19.2 mmol) to yield
3.0 g of 2 (76%) as a light yellow powder. 1H NMR [D6]benzene: ���0.76
(s, 3H; CH3), 1.22 (t, 3J(H,H)� 6.46 Hz, 4H; THF), 1.88 (s, 2H; -CH2), 3.34
(t, 3J(H,H)� 6.30 Hz, 4H; THF), 6.79 (t, 3J(H,H)� 4.20 Hz, 1H; p-C6H5),
7.21 ppm (m, 4H; o-C6H5,m-C6H5 ; 13C{1H} NMR (C6D6): ���14.9 (CH3),
23.3 (-CH2Ph), 25.3 (THF), 69.5 (THF), 116.9 (Ph), 124.1 (Ph), 128.6 (Ph),
156.4 ppm (ipso-Ph). Despite repeated attempts, and the lack of any
impurities in the NMR spectra, it was not possible to obtain reliable
microanalysis; we attribute this to the air- and moisture-sensitive nature
of 2.


[(tmeda)Mg(CH2Ph)2] (3): TMEDA (0.30 cm3, 2 mmol) was added by
syringe to a stirred solution of [(PhCH2)2Mg(thf)2] (1) (700 mg, 2 mmol) in
diethyl ether (20 cm3) at room temperature. The mixture was allowed to stir
over night and diethyl ether was then removed in vacuum until
precipitation began, at which point hexane (5 cm3) was added to complete
precipitation. The resulting product was isolated as a white powder by
filtration followed by washing with hexane (20 cm3) and drying under
vacuum (460 mg, 1.43 mmol, 71%). 1H NMR [D6]benzene: �� 1.33 (s, 4H;
-CH2), 2.15 (s, 12H; CH3), 2.33 (s, 4H; �CH2CH2- ), 6.30 (t, 3J(H,H)�
7.09 Hz, 2H; p-C6H5), 6.67 (d, 3J(H,H)� 7.86 Hz, 4H; o-C6H5), 6.75 ppm (t,
3J(H,H)� 7.60 Hz, 4H; m-C6H5); 13C{1H} NMR [D6]benzene: �� 21.0
(-CH2Ph), 43.9 (-CH3), 56.0(-CH2CH2-), 113.6 (Ph), 121.6 (Ph), 125.9 (Ph),
155.2 ppm (ipso-Ph). Despite repeated attempts, and the lack of any
impurities in the NMR spectra, it was not possible to obtain reliable
microanalysis; we attribute this to the air- and moisture-sensitive nature
of 3.


[HC{C(CH3)NAr�}2Mg(CH2Ph)(thf)] (Ar�� 2,6-diisopropylphenyl) (4)


Method 1: [(PhCH2)2Mg(thf)2] (1) (1.05 g, 3.0 mmol) was added to
Ar�N�C(CH3)C(H)�C(CH3)NHAr� (1.26 g, 3.0 mmol) in THF (20 cm3);
the mixture warmed to 50 �C for 1 hour and then allowed to stir at room
temperature over night. The volatiles were removed under vacuum and the
resulting solid dissolved in toluene (20 cm3). Storage of at �20 �C over
night provided 4 ¥ toluene as a colorless microcrystalline solid (0.90 g,
1.30 mmol, 43%). Crystals suitable for X-ray crystallography were
obtained by storage of a solution of 1.0 g of this solid in 10 cm3 toluene at
7 �C over night.


Method 2 : nBuLi (1.20 cm3, 2.5� in hexanes, 3.0 mmol) was added to a
solution of Ar�N�C(CH3)C(H)�C(CH3)NHAr� (1.26 g, 3.0 mmol) in THF
(20 cm3) at�78 �C. The mixture was allowed to warm to room temperature
and stirred for 1 hour. At room temperature PhCH2MgCl in THF
(6.25 cm3, 0.48�, 3.0 mmol) was added to this solution and the mixture
allowed to stir over night. The volatiles were removed under vacuum and
the product extracted from LiCl into toluene (20 cm3). From this solution
microcrystalline 4 ¥ toluene could be obtained (0.55 g) by cooling to �20 �C
over night. A further 0.10 g of 4 ¥ toluene could be obtained from the
mother liquor by reducing the volume and recooling to �20 �C. Overall
yield 0.65 g (31%). 1H NMR [D6]benzene: �� 1.34 (d, 3J(H,H)� 6.86 Hz,
24H; CH(CH3)2), 1.6 (s, 4H; THF), 1.77 (s, 6H; CH3), 2.24 (s, 3H; PhCH3),
3.1 ± 3.48 (m, 4H; CH(CH3)2), 3.66 (t, 3J(H,H)� 6.72 Hz, 4H; THF), 4.90
(s, 1H; CH), 6.54 (d, 3J(H,H)� 7.02 Hz, 2H; o-C6H5), 6.72 (t, 3J(H,H)�
7.46 Hz, 1H; p-C6H5), 7.01 (t, 3J(H,H)� 7.65 Hz, 2H; m-C6H5), 7.15 ± 7.33
(m, 6H; -C6H3iPr2), 7.34 ppm (s, 5H; C6H5CH3); 13C{1H} NMR [D6]ben-
zene: �� 20.3 (THF), 24.3 (-CH3), 24.7 (-CH2Ph), 25.2, 25.6 (-CH3), 28.4
(-CH(CH3)2), 70.1 (THF), 94.8 (-C�), 117.0, 124.2, 124.7, 125.6, 128.3, 142.6,
145.9, 156.1 (Ar-CH), 168.6 ppm (-C�); elemental analysis calcd (%) for
C40H56N2OMg: C 79.38, H 9.33, N 4.63; found: C 79.50, H 9.23, N 4.53.


[{HC{C(CH3)NAr�}2Mg(OOCH2Ph)}2] (5) and [{HC{C(CH3)NAr�}2-
Mg(OCH2Ph)}2] (6) (Ar�� 2,6-diisopropylphenyl): A solution of
[HC{C(CH3)NAr�}2Mg(CH2Ph)(thf)] (Ar�� 2,6-diisopropylphenyl) (4)
(1.55 g, 2.22 mmol), prepared by Method 1, in toluene (30 cm3) was
bubbled with pre-dried oxygen for 1 minute (an excess of O2) to afford
an off-white precipitate. The precipitate was dissolved with gentle warming
and the volatiles removed under vacuum. The resulting orange oil was
extracted into n-hexane (10 cm3). Concentration and storage at 5 �C for
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3 days afforded colourless crystals of co-crystallised 5 and 6 in a 1:2 ratio as
determined by X-ray crystallography (0.51 g, 0.46 mmol, 45%). 1H NMR
[D6]benzene: �� 1.32 (d, 3J(H,H)� 6.85 Hz, 144H; CH(CH3)2), 1.79 (s,
36H; CH3), 2.25 (s, 8H; O-CH2Ph), 3.1 ± 3.48 (m, 24H; CH(CH3)2), 3.49 (s,
4H; O2-CH2Ph), 4.75 (s, 6H; CH), 7.12 ± 7.56 (m, 66H; Ar-CH); 13C{1H}
NMR [D6]benzene: �� 20.7, 21.0 (-CH3), 23.1, 23.6, 23.9, 24.7 (-CH3), 28.5,
28.8 (-CH(CH3)2), 53.2 (O-CH2Ph), 67.1 (O2-CH2Ph), 94.5, 97.8 (-C�),
123.5, 123.8, 124.2, 124.3, 125.8, 126.1, 128.7, 129.5, 136.6, 136.8, 141.4, 142.9,
147.0, 147.6, 161.7, 164.5 (Ar-CH), 167.7, 170.2 (-C�); elemental analysis
calcd (%) for C72H96N4O2.63Mg2 (5/6): C 78.03, H 8.73, N 5.06; found: C
78.23, H 8.79, N 5.07.


Reaction of [{HC{C(CH3)NAr�}Mg(OOCH2Ph)}2] (5) and
[{HC{C(CH3)NAr�}Mg(OCH2Ph)}2] (6) with [HC{C(CH3)NAr�}2Mg-
(CH2Ph)(thf)] (4) (Ar�� 2,6-diisopropylphenyl): Compound 4 (0.02 g,
0.03 mmol) in deuteriated benzene (0.2 cm3) was added to a solution of
(5) and (6) (0.11 g, 0.1 mmol) in deuteriated benzene (0.4 cm3), prepared as
above and contained in a 5 mm NMR tube. Monitoring of the mixture by
13C NMR showed rapid consumption of 4 and 5 and formation of a clean
solution of 6.[28]


Independent synthesis of [{HC{C(CH3)NAr�}2Mg(OCH2Ph)}2] (6a) (Ar��
2,6-diisopropylphenyl): Benzylalcohol (0.45 cm3, 4.34 mmol) was added by
syringe to a slurry of [{HC{C(CH3)NAr�}MgMe}2] (1.98 g, 2.17 mmol)[27] in
toluene (20 cm3) affording rapid evolution of methane and yielding a
yellow solution. Concentration and standing at room temperature over-
night yielded colorless crystals of 6a suitable for an X-ray crystallographic
study (1.25 g, 1.32 mmol, 61%). 1H NMR [D6]benzene: �� 1.32 (d,
3J(H,H)� 6.88 Hz, 48H; CH(CH3)2), 1.78 (s, 12H; CH3), 2.26 (s, 4H;
O-CH2Ph), 3.1 ± 3.47 (m, 8H; CH(CH3)2), 4.74 (s, 2H; CH), 7.06 (d,
3J(H,H)� 7.03 Hz, 4H; o-C6H5), 7.24 (t, 3J(H,H)� 7.41 Hz, 2H; p-C6H5),
7.29 (t, 4H; p-C6H3iPr2), 7.43 (t, 3J(H,H)� 7.65 Hz, 4H; m-C6H5), 7.54 ppm
(d, 8H; m-C6H3iPr2); 13C{1H} NMR [D6]benzene: �� 20.9 (-CH3), 23.6,
24.6 (-CH3), 28.8 (-CH(CH3)2), 53.2 (O2-CH2Ph), 94.6 (-C�), 123.7, 124.2,
125.8, 128.7, 136.6, 141.5, 146.9, 161.7 (Ar-CH), 167.7 ppm (-C�); elemental
analysis calcd (%) for C72H96N4O2Mg2: C 78.75, H 8.81, N 5.10; found: C
78.86, H 8.81, N 5.05.


X-ray crystallography : Crystal samples were mounted using frozen oil drop
techniques. Selected geometric parameters are given in Table 1, and crystal
data and refinement parameters are listed in Table 2. All data sets were
collected at 150 K using graphite-monochromated MoK� radiation (��
0.71073 ä) on a Bruker AXS SMART APEX CCD area detector


diffractometer equipped with an low-temperature device. Data were
corrected semi-empirically for absorption. The structures were solved by
direct methods (SHELX 97),[40] and refined by least-squares against F 2


with anisotropic non-hydrogen atoms using SHELX 97.[40] Hydrogen atoms
were placed in geometrically calculated positions and refined isotropically.
There were no significant features in the final difference maps.


In the co-crystal 5/6 the benzylperoxo and benzyloxo dimers are disordered
over the same site in the ratio 31:69 (this ratio was refined as part of the
model), sharing common positions for the diketiminate ligand and
magnesium centre. All full weight atoms were refined with anisotropic
displacement parameters. Similarity restraints for bond lengths and angles
were required for the benzylperoxo component and it was necessary to
refine some atoms isotropically. One iPr group was orientationally
disordered over two sites in the ratio 77:23; similarity restraints were
again applied for the minor component.


Our interpretation of structure 5/6 in terms of a mixed alkylperoxo/
alkoxide system was dependent upon the modelling of the disordered
region in the crystal structure. In order to support our interpretation of the
disorder, the structure of the pure alkoxide complex was taken from
structure 6a, and its orientation and position refined as a rigid body against
the data set derived from the disordered crystal structure 5/6. For the
purpose of this refinement, the alkoxy ligand was assumed to have an
occupancy of 50%. Isotropic thermal parameters were allowed to refine
freely. The difference map calculated subsequently to this can be
unambiguously interpreted as an alkylperoxo ligand, in which one atom
(C(35)) was shared with the alkoxy ligand.


CCDC-208183 [(TEEDA)Mg(CH2Ph)2], CCDC-208184 [(PMDE-
TA)Mg(CH2Ph)2], CCDC-208185 [Mg(CH2Ph)2(tmeda)] (3), CCDC-
208186 [MgBz(MeNDiip)(thf)] ¥ PhMe (4), CCDC-208187 [{CH(MeN-
Diip)2MgO/O2Bz}2] (5/6 co-crystal) and CCDC-208188 [{CH(MeN-
Diip)2MgOBz}2] (6a) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or deposit@ccdc.cam.uk).
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Complementary Nucleobase Interaction Enhances Peptide ±Peptide
Recognition and Self-Replicating Catalysis
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Abstract: The availability of the com-
plementary interaction of nucleobases
for influencing the formation of peptide
architectures was explored. Nucleobases
were incorporated as additional recog-
nition elements in coiled-coil peptides
by employing nucleobase amino acids
(NBAs), which are artificial �-�-amino
�-nucleobase-butyric acids. The effect of
the base-pair interaction on intermolec-
ular recognition between peptides was
evaluated through a self-replication re-
action. The self-replication reactions of
the peptides with complementary base


pairs such as thymine ± adenine or gua-
nine ± cytosine at the g ± g� heptad posi-
tions were accelerated in comparison
with those of the peptides with mis-
matched base pairs or without nucleo-
bases. However, thymine ± adenine pairs
at the e ± e� positions did not enhance the
self-replication. In the presence of a
denaturant, the enhancement effects of


complementary base pairs on the reac-
tion disappeared. Thermal denaturation
studies showed that the thymine ± ade-
nine pairs contributed to stabilization of
the coiled-coil structure and that the
pairs at the g ± g� positions were more
effective than those at the e ± e� posi-
tions. The peptide ± peptide interaction
was reinforced by complementary nu-
cleobase interactions appropriately ar-
ranged in the peptide structure; these
led to acceleration of the self-replication
reactions.


Keywords: coiled-coil structures ¥
complementary interactions ¥ nucle-
obases ¥ peptides ¥ self-replication


Introduction


Complementary interactions are required to recognize and
assemble molecules for creation of a specific structure or
function and are essential for various chemical and biological
processes in life systems. Natural proteins utilize various
interactions including hydrophobic, electrostatic, and hydro-
gen-bonding interactions for complementary recognition.
Interactions in proteins occur through a variety of amino acid
functions and their arrangements in the highly ordered
structure.


Advances in de novo peptide and protein design have made
possible the construction of various structures, including
native-like structures of proteins and those with nonnatural
components.[1±10] De novo designed peptides have been
demonstrated to provide a simple model for investigating
sequence ± structure and/or structure ± function relationships
and to create a sophisticated artificial system that resembles
the natural system. However, at present, peptide de novo


design cannot completely reach the elegance of nature. In
many cases of de novo peptide architecture, the development
of complementary interactions has not been successfully
carried out for the creation of structural and functional
specificity.


On the other hand, DNA and RNA can form complemen-
tary base pairs through hydrogen bonds and can achieve the
specific recognition necessary for the ensuing genetic infor-
mation transfer. The simple and elegant strategy of base
pairing has been widely applied to molecular design, not only
in biology but also in engineering, for example, in DNA-
directed nanoscaled assemblies.[11] In the field of chemical
biology, various peptide ± nucleobase conjugates have been
developed.[12±16] The most famous one is a peptide nucleic acid
(PNA), which has a high ability to hybridize strongly and
specifically with DNA, RNA, and PNA.[12] Although it
contains an amide bond in the skeleton, PNA is not regarded
as a peptide that constructs a protein-like tertiary structure.
Unlike simple analogues of DNA, peptide ± nucleobase con-
jugates are regarded as material with the structural character-
istics of peptides and the complementary recognition of
nucleic acids. By using secondary-structured peptides in which
nucleobases were arranged, DNA and RNA recognition were
demonstrated.[14, 15] However, most peptide ± nucleobase con-
jugates, including these examples, are directed at targeting
DNA and RNA.
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Employing the base-pair interaction in de novo peptide
architecture is promising for the creation of novel structures
and functions equipped with manipulatable and/or multifunc-
tional abilities. In this study, we have attempted to employ a
nucleobase interaction as a functional factor for a peptide ±
peptide interaction. In order to evaluate the utility of the
complementary interaction of nucleobases between peptides,
we selected a self-replication system (Figure 1), because the


Figure 1. Schematic illustration of the self-replication system for the
nucleobase-combined peptides. The template (t) is assumed to assemble
with N- and C-terminal fragments (n and c) in the antiparallel orientation.


effects of the nucleobase interaction can be amplified through
the replication reaction. Self-replication systems are chemical
systems capable of templating and catalyzing their own
synthesis, and complementary recognition is necessary for
the catalytic reactions.[17] Throughout these systems, informa-
tion is amplified by product formation. Many self-replicating
molecular systems have been studied from the viewpoint of
the nature of living systems,[18±20] and self-replicating peptides
have also been developed.[21, 22] These peptide systems are
based on coiled-coil structures, and hydrophobic interactions
and adjacent charged residues mainly act for the molecular
recognition. On the basis of the coiled-coil structure, addi-
tional incorporation of nucleobases is expected to encourage
the structural complementarity. If a self-replicating peptide
can obtain complementary recognition ability like that of
DNA and RNA, the peptide, which is equipped with addi-
tional information, will greatly expand the possibilities of
molecular evolution.


To combine nucleobases with a peptide structure, we used
artificial �-�-amino �-nucleobase-butyric acids (nucleobase
amino acids, NBAs; Figure 2b). NBAs would assuredly not
interrupt the secondary structure of the peptide and can be
incorporated at any position in a peptide sequence by
conventional solid-phase peptide synthesis.[15, 16] We demon-
strated that peptides containing NBAs can take an �-helix
form or a zinc-finger structure and that they can interact with
the target RNA specifically.[15] In another case with a short
two-�-helix peptide containing NBAs, the structure was
stabilized with the base-pair interaction.[16] Here, we incor-
porate NBAs as additional recognition units into a coiled-coil
structure, and evaluate the base-pair interaction for intermo-
lecular peptide ± peptide recognition by using a peptide self-
replication system. Several peptide systems were constructed
that varied in the NBA species or positions. We describe how
complementary base pairs incorporated as additional recog-
nition elements perform peptide ± peptide recognition and
lead to acceleration of the replicating catalysis.


Figure 2. Designed structures of 35-residue peptide systems. a) Amino
acid sequences of the template and fragment peptides. KK35 is the same
peptide as K1K2 reported by Yao and co-workers.[22a] b) Chemical
structures of the thymine (TNBA), adenine (ANBA), cytosine (CNBA), and
guanine (GNBA) residues within the peptide chain. c) A helix wheel drawing
of the template (product) peptide in the dimeric antiparallel coiled-coil
form.


Results


Design of 35-residue peptide replication systems : In order to
examine the nucleobase interaction in peptide ± peptide
recognition, we used the self-replication peptides reported
by Yao and co-workers as a first model system; this system
was composed of a 35-residue template peptide (K1K2) and
the fragment peptides (K1 and K2).[22a] These peptides were
designed to form a coiled-coil structure. The amino acid
sequences of coiled-coil structures are characterized by a
seven-residue periodicity (heptad repeat) denoted as (abc-
defg)n. The a and d positions are usually occupied by
hydrophobic residues and form a hydrophobic interface
required for helix ± helix interaction. The e and g positions
flanking the hydrophobic face are often charged residues that
participate in interhelical interaction. K1K2 was composed of
five heptad repeats with Leu residues at the a and d positions
and Lys residues at the e and g positions. The N-terminal
fragment K1 was activated at its C terminus as a thiol ester,
and the C-terminal fragment K2 had a Cys residue at its N
terminus. The coupling reaction of these fragments produced
the template K1K2 by the native chemical ligation method.[23]


The Lys residues at the e and g positions in K1K2 were
reported to adjust the coiled-coil formation of template and
fragment peptides.[22a] Since these peptide sequences were
simple and would be suitable to evaluate an advantage of
NBAs, we employed this peptide system as a reference. The
K1K2 template is denoted as KK35-t in this study, and the N-
and C-terminal fragments K1 and K2 are denoted as KK35-n
and KK35-c, respectively (Figure 2).


For the evaluation of the advantages of NBA units on
peptide ± peptide recognition, NBAs were incorporated at the
g and g� positions of this system. Since the C� ±C� vectors of
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the pair of amino acids at the g ± g� positions are directed
toward each other in an antiparallel coiled-coil dimer,
molecular modeling suggests that hydrogen bonds can be
formed between nucleobases. The nucleobases at these
positions are expected to work as interhelical recognition
elements through specific base-pair interaction. Indeed,
incorporation of complementary base pairs at the g ± g�
positions in antiparallel two-�-helix peptides contributed to
�-helix formation and stabilization.[16] Hence, three types of
NBA-incorporated peptide system were designed (Figure 2).
Two systems contain complementary base pairs of thymine ±
adenine (the TA system) or guanine ± cytosine (the GC
system), and another has mismatched base pairs of thy-
mine ± thymine (the TT system). Considering the effects of
charged residues at the g and g� positions, we also designed the
QQ35 system, in which the NBAs were replaced with Gln
residues. In the 35-residue systems, since each template
contains four bases and each of the two fragments has two
bases, two by two base-pair formation is expected between
one template and each of the two fragments.


Design of 28-residue peptide replication systems : To clarify
the positional preference of NBAs for their interaction
between peptides, 28-residue peptide systems with NBA pairs
at the g ± g� positions or the e ± e� positions were designed
(Figure 3). As a basic template peptide, 28-residue peptide,
QQ28, was designed. QQ28 was composed of four heptad
repeats with Gln residues at both the e and g positions to allow
easy comparison upon substitution with NBA. The length was
shortened relative to the above systems; the aim of this was to
avoid stronger peptide association. The N- and C-terminal
fragments are denoted as QQ-n and QQ-c, respectively. Two


systems of peptides incorporating NBAs were designed. The
eTeA template is designed to form two thymine ± adenine
pairs at the e ± e� positions in an antiparallel fashion, and the
N- and C-terminal fragments are denoted as eT-n and eA-c,
respectively. Similarly, the gTgA template is designed to have
two thymine ± adenine pairs at the g ± g� positions, and the N-
and C-terminal fragments are denoted as gT-n and gA-c,
respectively. Since each template peptide contains two bases
and each of the two fragments has one base, one by one base-
pair formation is expected between one template and each of
the two fragments.


Furthermore, in order to examine whether base pairs can
work in either parallel or antiparallel orientation, the gAgT
system was also designed. The difference between gAgT and
gTgA is the alignment of nucleobases, that is, the order of
NBAs from N to C terminus is adenine and thymine in gAgT
and thymine and adenine in gTgA. gAgT was designed to
associate with eTeA into a parallel coiled-coil structure with
two thymine ± adenine pairs, that is, gAgT and eTeA would
make a heteroassembly. Of course, gAgT can also associate
with itself in an antiparallel coiled-coil structure (Figure 3b).
The gAgT system includes the corresponding two fragment
peptides, gA-n as the N-terminal fragment and gT-c as the
C-terminal one.


Self-replication of 35-residue peptide systems : The self-
replication reactions of 35-residue systems were carried out
to estimate the influence of pairs of nucleobases at the g ± g�
positions on the peptide ± peptide interaction. In all the
designed peptide systems, the ligation reaction of the corre-
sponding two fragments (100 �� each) produced product
identical to the template peptide. The rate was dependent on


the added initial template con-
centration (0 ± 20 �� ; Fig-
ure 4a); this indicates the self-
replicating reaction.[21, 22] The
product formation ability of
each peptide system was com-
pared (Figure 4b). In the pres-
ence of 10 �� concentrations of
the initial template, after 9 h,
the product formation of the
KK35 system (16 ��) was al-
most equal to that of the QQ35
system, a fact indicating that
the effect of charged residues at
the g and g� positions was not
significant in the conditions
used in our study. Compared
to the peptides without NBAs, a
significant reaction enhance-
ment was observed in the TA
and GC systems with their
complementary base pairs. The
TA system showed a 3.5-fold
increase in production over the
KK35 system, and, further-
more, the increase for the GC
system relative to KK35 was


Figure 3. Designed structures of 28-residue peptide systems. a) Amino acid sequences of the template and
fragment peptides. b) Helix wheel drawings of the template (product) peptide in the dimeric coiled-coil form.
Prospective complementary nucleobase pairs are shown in three species of homodimers in an antiparallel
orientation and one heterodimer in a parallel orientation.
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Figure 4. Self-replication reaction of 35-residue peptide systems. a) Prod-
uct formation of the TA system is dependent on the initial template
concentrations. The reactions were performed in buffer with 100 ��
concentrations of each of the N- and C-terminal fragments and with the
template peptide at a concentration of 0 �� (�), 10 �� (�), or 20 �� (�)
(see Experimental Section for details). b) Relative efficiency of the
reactions with 10 �� template peptide in different peptide systems after
9 h, as compared with the KK35 system.


5.8 times. These results imply that the thymine ± adenine and
guanine ± cytosine interactions contribute to the assembly of
the template and fragments into the coiled-coil formation,
thereby enhancing the replication reaction. The base-pair
interactions seemed to contain hydrogen-bonding interactions
and hydrophobic interactions. The TT system (with mis-
matched base pairs) showed a production increase of only
1.4 times over the KK35 system. This indicated that non-
specific base-pair interactions, such as hydrophobic interac-
tions, did not have large influences on the enhancement of the
TA system.


In the presence of exogenous free adenine, the self-
replicating reaction in the TA system was inhibited to some
extent. Addition of excess adenine (0.5 m�) into the reaction
solution with 10 �� concentrations of template reduced
product formation by at least 30% relative to the reaction
without adenine (Figure 5). This result suggests that the
interaction between thymine and adenine in the coiled-coil
structure is disturbed by exogenous adenine; the monomeric
base did not influence the reaction of KK35. Thus, the base-
pair interaction was suggested for recognition between the
peptides.


The importance of the coiled-coil structure with the
nucleobase interaction to the reaction was ascertained by
ligation reactions in the presence of a denaturant (Figure 6).
In the TA system with 10 �� template, the product formation
after 9 h (56 ��) was reduced to 13 �� in the reaction in the
presence of 4.4 � guanidine hydrochloride (GuHCl). In the
absence of the template, added GuHCl also reduced the
product formation, from 17 to 8 ��. In the presence of 4.4 �
GuHCl, the product formation of the TA system was almost
equivalent to that of the KK35 system, in spite of the


Figure 5. Inhibition of the self-replication reaction by addition of adenine.
a) Product formation for reaction mixtures initially containing 10 ��
template peptide in the absence (�) and presence (�) of 0.5 m� adenine.
b) Illustration of inhibition of coiled-coil formation by added adenine.


Figure 6. Decrease in product formation induced by denaturation of the
coiled-coil structure by addition of GuHCl. Product formation was
measured after 9 h in the absence (gray bar) and presence of 4.4 � GuHCl
(black bar) and with and without 10 �� template peptide (t).


difference of peptides with or without NBAs. These results
confirmed that template-assisted preorganization of reactant
peptides derived from the coiled-coil structure was required
for efficient catalysis.


Self-replication of 28-residue peptide systems : The aim of
these 28-residue systems was to investigate the position of
base pairs appropriate for effective interaction between
peptide strands (Figure 3). At first, we compared the effects
of pairs of NBAs at the g ± g� or e ± e� positions. The gTgA
system was designed to have one thymine ± adenine pair at the
g ± g� positions between the template and each of the frag-
ments, thus two pairs would be formed between the template
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and the product. Similarly, the eTeA system may form
thymine ± adenine pair(s) at the e ± e� positions. The gTgA,
eTeA, and QQ28 (without NBAs) systems showed a self-
replication profile, since template production was accelerated
when larger amounts of the template peptide were initially
added to the reaction mixture (Figure 7). In the gTgA system
the effect of NBAs on product formation was clearly
observed, even though the peptides had only two thymine ±
adenine pairs. Figure 7b shows the relative product formation
of the systems after 8 h in the presence of 5 �� initial
template. The gTgA system generated twice as much product
as the QQ28 system did. In contrast, the product formation in
the eTeA system was almost the same as that in the QQ28
system, although the eTeA system was designed to have
thymine ± adenine pairs at the e ± e� positions. As was con-
sistent with the results of 35-residue systems, pairs of NBAs at
the g ± g� positions could contribute to the reaction, probably
by effective assembly of peptides due to the additional
interaction between thymine and adenine. In the e ± e�
positions the pairs of NBAs did not exhibit an effect on the
replication reaction under the conditions used in this study.


Reactions in the presence of GuHCl confirmed the require-
ment of the coiled-coil structure (data not shown). In all
systems where 6 � GuHCl was added, product formation was
reduced by approximately 80%, in both the absence and
presence of an initial template and regardless of the absence
or presence and positions of NBAs. These results suggested
that the coiled-coil structure was responsible for the catalytic
reaction; they further suggested that the nucleobase inter-
action was associated with the positioning of nucleobases in
the restricted structure and that the interaction would not
occur in random (denatured) peptide chains.


The specificity of the template in the reaction was
demonstrated. The production of gTgA by condensation of
the fragments, gT-n and gA-c (75 �� each), was examined in
the presence of 20 �� concentrations of inappropriate tem-
plate, QQ28 or eTeA, compared with the same amount of


appropriate gTgA template (Figure 8). The appropriate
template gTgA clearly increased product formation more
than eTeA or QQ28, although the reaction with these
inappropriate templates showed a little increase over the
case in the absence of template. Since the peptide self-


Figure 8. Formation of the gTgA product depending on the template
species. a) The production of gTgA by ligation between gT-n and gA-c in
the presence of template gTgA (�), eTeA (�), or QQ28 (�), or in the
absence of template (�). The reactions were performed in buffer with
75 �� concentraions of each of the N- and C-terminal fragments and with
the template peptide at a concentration of 20 �� (see Experimental Section
for details). b) Helix wheel drawings of potential coiled-coil dimers
composed of the product gTgA and the template gTgA (left side) or the
product gTgA and the template eTeA (right side) in the ligation reaction of
gT-n and gA-c.


Figure 7. Self-replication reaction of the 28-residue peptide systems QQ28, eTeA, and gTgA. a) The reactions were performed in buffer with 100 ��
concentrations of each of the N- and C-terminal fragments and with the template peptide at a concentration of 0 �� (�), 5 �� (�), and 10 �� (�), (see
Experimental Section for details). b) Relative efficiency of the reactions with 5 �� template peptide in different peptide systems after 8 h, as compared with
the QQ28 system.
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replication reaction was, in itself, based on recognition by the
hydrophobic interface derived from the coiled-coil structure,
it was reasonable that QQ28 had some template activity. It
was noteworthy that the eTeA showed the same effect on the
reaction as QQ28 did, in spite of the presence of NBAs. These
results indicated that the NBAs at the e positions did not
contribute to the reaction of fragment peptides with NBAs at
the g positions. For the ligation of fragments with NBAs at the
g position, the template eTeA is required to orient itself
parallel to the fragments to afford e ± g and e� ± g� interactions,
and in this case mismatched base pairs, adenine ± adenine and
thymine ± thymine, are predicted (Figure 8b). In an antipar-
allel orientation, the nucleobase interaction is not expected
between this template and the fragments. Considering that the
ability of eTeA and QQ28 to influence the reaction was
almost same, the antiparallel orientation was dominant, and
the mismatched base pairs in a parallel orientation did not
affect the reaction.


To examine the above supposition and determine whether
the nucleobase interactions occur in a parallel or antiparallel
orientation, we designed the gAgT system (Figure 3). As with
the above systems, the gAgT system is expected to self-
associate in an antiparallel coiled-coil form with thymine ±
adenine pairs. In fact, the gAgT system showed the self-
replication and the reaction was superior to that of eTeA.
Additionally, the new gAgT system may associate with eTeA
through parallel coiled-coil formation with thymine ± adenine
pairs. In the production of gAgT by ligation of gA-n and gT-c,
the effect of each template was estimated by using the gAgT
template for the formation of base pairs in an antiparallel
coiled-coil structure, the eTeA template for a parallel coiled-
coil structure, and the QQ28 template for the reaction in the
absence of nucleobases (Figure 9). The presence of any
template increased product formation because of the hydro-
phobic interactions in the coiled-coil structure as described
above. Among the three template species, gAgT acted as the
most effective template, and the effect of eTeA was nearly
identical to that of QQ28. These results again suggested that
the nucleobase interaction in an antiparallel orientation was
preferable.


Circular dichroism study : In order to evaluate the preorga-
nization of the template and fragments (coiled-coil forma-
tion), circular dichroism (CD) spectra were measured (Fig-
ure 10). Template peptides took a highly helical structure, as
evaluated from the bimodal spectra with two negative peaks
at 208 and 222 nm. The CD spectra of individual fragments
and equimolar mixtures (50 �� each) showed that fragment
peptides were predominantly in random-coil formation, with
no preorganization indicated between the two fragments. In
the TA system, when the two fragments and the template
were mixed, the coiled-coil formation was induced. The
observed CD signal at 222 nm was �15300 degcm2dmol�1,
whereas the calculated signal of the additional spectrum of
each peptide was �13600 degcm2dmol�1. The signal increase
(�[�]222� 1700 degcm2dmol�1) suggests that the TA template
induced the �-helical formation of fragments. Therefore, we
considered that the thymine ± adenine pairs offered advan-
tages for peptide recognition and association followed by


Figure 9. Formation of gAgT product depending on the template species
and the helix strand orientation. a) Production of gAgT by ligation
between gA-n and gT-c in the presence of the template gAgT (�), eTeA
(�), or QQ28 (�), or in the absence of template (�). The reaction
conditions were the same as those in Figure 8. b) Helix wheel drawings of
potential coiled-coil dimers between the product gAgT and the template
eTeA (left side) and the product gAgT and the template gAgT (right side)
in the ligation reaction of gA-n and gT-c.


Figure 10. CD spectra of the mixture of fragment and template peptides in
the 35-residue peptide systems. Thin lines represent observed spectra of a
mixture of N- and C-terminal fragments (50 �� each), and dashed lines are
the calculated additional spectra of the N and C fragments. Bold lines
represent observed spectra of a mixture of N- and C-terminal fragments
with the template (50 �� each), and dotted lines are the calculated
additional spectra of N and C fragments with the template. For further
details, see the Experimental Section.


coiled-coil formation of the template and both fragments. In
contrast, in the KK35 and QQ35 systems, the helix induction
in the mixture of fragments and the template was not
observed.


The nucleobase interaction also affected peptide stability.
Thermal denaturation studies were carried out with template
peptides in which the thiol side chain of the Cys residue was
alkylated to prevent interhelical disulfide formation during
the measurement. We considered that the alkylation did not
affect the peptide structure, since the spectra of the alkylated
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peptides were same as those of the original peptides measured
immediately after the solution preparation. The thermal
denaturation curves of heating and cooling were superimpos-
able, which indeicates that reversible denaturation occurred.
The melting curves were fitted by using an equation assuming
a two-state transition (Figure 11a) to afford the melting


Figure 11. Thermal denaturation profiles of the template peptides esti-
mated by thermal dependence of the ellipticities at 222 nm for the peptides.
a) 35-residue peptide systems: KK35-t (�), QQ35-t (�), and TA-t (�) in
100 m� sodium phosphate buffer (pH 7.5). [Peptide]� 9 ��. b) 28-residue
peptide systems: QQ28 (�), eTeA (�), and gTgA (�) in 100 m� sodium
phosphate buffer (pH 7.5) containing 2.5 � GuHCl. [Peptide]� 10 ��.
Fitting curves were obtained assuming the two-state transition.


temperatures, Tm, for the 35-residue template peptides.[24, 25]


The Tm value of the template TA-t (with four nucleobases)
was over 100 �C, much higher than those of KK35-t and
QQ35-t (44 and 73 �C, respectively). These results suggested
that the nucleobase interaction increased the structural
stability. Moreover, in the 28-residue templates (with two
nucleobases), a significant difference with respect to the
position of the NBAs was observed (Figure 11b). The Tm


value of the gTgA template was 80 �C, which was higher than
the values of 68 �C for the eTeA template and 63 �C for the
QQ28 template (Tm values in the presence of 2.5 � GuHCl).
The thymine ± adenine pairs at the g ± g� positions (in gTgA)
raised the Tm value by 17 �C compared with the Tm value of
QQ28, whereas the thymine ± adenine pairs at the e ± e�
positions (in eTeA) showed a small increase of 5 �C. The
difference between gTgA and eTeA implied the advantage of
the g ± g� positions for the nucleobase interaction, and this
implication was compatible with the results of the self-
replication reactions.


Discussion


By using the self-replication system, we successfully demon-
strated that nucleobase interactions in the peptide structures


effectively contributed to peptide ± peptide recognition. The
self-replication reaction was based on recognition through the
coiled-coil formation of template and fragment peptides.
Additional complementary nucleobase interaction reinforced
peptide ± peptide recognition and accelerated the reaction. In
the presence of the denaturant GuHCl, the replication
reactions were largely suppressed, a fact indicating that the
formation of the coiled-coil structure was responsible for the
recognition and that the nucleobases could work in the folded
structure. We found that the nucleobases are required to be
arranged in the peptide structure; however, there was no
direct evidence for what type of interaction (such as hydro-
gen-bonding or hydrophobic (base-stacking) interactions)
dominantly worked between the nucleobases. It was shown
that the TT system (having mismatched base pairs) was not
effective in the self-replication reaction. Our previous study
had demonstrated that at the g ± g� positions one or two
thymine ± adenine pair(s) was more effective than two thy-
mine ± thymine or adenine ± adenine pairs in formation of a
coiled-coil structure.[16] We also showed that interactions of
pairs of NBAs at the g ± g� positions were preferable to those
at the e ± e� or e ± g� positions. Considering these results, it can
be concluded that some specific interactions other than
hydrophobic ones were at work.


The selectivity of the nucleobase position was very sugges-
tive. The fact that the g ± g� positions were superior to the e ± e�
positions for the peptide ± peptide interaction might be
explained by the difference in the direction of the amino acid
side chains. In an antiparallel coiled-coil structure, the
directions at g ± g� positions are pointed toward each other
whereas those at e ± e� positions are pointed away from each
other. Therefore, the nucleobases preferably interacted
between the g and g� positions in the antiparallel coiled-coil
form. This suggestion about the strand orientation was further
supported by the demonstration with the gAgT system. The
fragments gA-n and gT-c were designed to associate with the
gAgT template and also with the eTeA template (Figure 9).
By use of the gAgT template, two thymine ± adenine pairs can
be performed between the g ± g� positions in an antiparallel
coiled-coil structure. On the other hand, with the template
eTeA, two thymine ± adenine pairs may be formed at the e ± g�
positions in a parallel coiled-coil formation. The results
showed that only the gAgT template could give the accel-
eration effect derived from nucleobase interaction, since the
effect of the eTeA template was almost the same as that of the
QQ28 template which does not have nucleobases. These
results allowed us to conclude that the nucleobase interaction
could work between the g ± g� positions in an antiparallel
coiled-coil structure. One of the reasons why an antiparallel
coiled-coil formation was preferred may be the inherent
properties of the coiled-coil peptide. Without NBAs, coiled-
coil peptides used in this study are predicted to be more stable
in an antiparallel orientation, since coiled-coil peptides in
which Leu residues were placed at both the a and d positions
were reported to be more stable in antiparallel orientation
than in parallel orientation,[26] due to the dipole moment from
the C terminus to the N terminus in the �-helical peptide.[27]


Additionally, the advantage of the g ± g� position compared
with the e ± e� positions was shown even in reactions with a
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mixture of four kinds of fragments, such as gA-n, gT-c, eT-n,
and eA-c (data not shown). Although the four fragments
generated four species of products (gAgT, eTeA, gAeA, and
eTgT), the production of gAgTwas most active. Furthermore,
by addition of gAgT as a template in this mixture, production
of gAgTwas increased more than by addition of eTeA. From
consideration of the apparent preference for the g ± g�
positions as shown, the strand orientation is assumed to be
dominantly antiparallel, although the aggregation state might
not be limited to only a dimer. Through this orientation the
nucelobases are arranged by the peptide structure to be able
to interact specifically with each other.


The replication systems previously reported were kineti-
cally analyzed by using the program SimFit.[20±22] Following
the reactions, we had attempted the analysis, and a fitting
curve for each reaction was obtained (Figure 4a). The
apparent rate constants for the autocatalytic reactions of the
KK-35 and QQ-35 systems were 12 and 6 ��3/2 s�1, and the rate
constants for the uncatalyzed reactions were 0.01 and
0.02 ��1 s�1, respectively. These values are comparable to
those of reported reactions.[21, 22] However, in the case of
NBA-containing systems such as the TA system, the rate
constants in the system varied at each template concentration.
In the TA system, the rate constant for the autocatalytic
reaction ranged from 11 ± 75 ��3/2 s�1 for the initial template
concentrations of 0 ± 20 ��. These results implied that the
association state of the template (product) was not simple,
depending on the peptide concentration, and further implied
the probability of product inhibition. Product inhibition is a
serious problem related to the catalytic efficiency and causes
parabolic growth curves.[22a, b, 28] Product inhibition is related
to the stability of the product ± template complex and is
probably dependent on the peptide concentration. In some
cases, the deviation between fitting curves and actual product
formation plots became larger at higher template concen-
trations.[22b, 28] To reduce product inhibition, destabilization of
the coiled-coil structure was reported to be effective.[22c] In
this study, improved thermal stability of template peptides by
nucleobase interactions was indicated. Therefore, the inter-
actions might induce additional association and product
inhibition, although the K1K2 peptide (corresponding to
KK35-t) was reported to be in both the monomeric and
dimeric forms.[22a] Peptide association might not be simple,
thereby preventing the satisfactory kinetic analysis of the TA
system. Although the aggregation states were still unclear, as
described above, the preference in the nucleobase positions
for the interaction and reaction strongly implies that the
helical strands in an active species were at least not in random
orientation but regulated in antiparallel orientation.


We demonstrated that the thermal stability of coiled-coil
peptides was improved by incorporated nucleobase interac-
tions. Previously, we had shown that complementary base
pairs stabilized the coiled-coil peptide in which two helical
strands were linked through a disulfide bond.[16] In this study,
we found that nucleobase interactions can work between
peptides not linked with each other. The positional preference
and base selectivity of incorporated nucleobases, in a sense,
implied regulated association. These demonstrations indicat-
ed the availability of nucleobases for the enhancement of


structural complementarity for designing functional peptide
assembly.


Conclusion


Peptides with complementary base pairs facilitated the self-
replicating reaction. These results successfully demonstrated
an advantage of complementary nucleobase interaction for
peptide ± peptide interactions. Peptide assembly was largely
attributed to the nucleobase interactions appropriately ar-
ranged in the coiled-coil structure. Thus, the structured
peptide and nucleobases cooperatively functioned to rein-
force the structural complementarity. Complementarity is
indispensable for the regulation of molecular assembly. The
combination of nucleobase and peptide has the potential to
create a specific and stable structure, more complicated than a
coiled-coil formation, in a designed peptide assembly; this
could lead to the design of unique functions. Moreover, this
demonstration may provide inspiration for the design of
peptides together with nucleic acid functions. Nucleic acids fill
the role of information storage and transfer as genetic
materials. In chemical evolution on the early earth, molecules
to amplify and transfer information might have existed.
Peptides equipped with self-replicating ability and nucleobase
information may be candidates for the prebiotic mole-
cule.[29, 30]


Experimental Section


Peptide synthesis : 9-Fluorenylmethoxycarbonyl (Fmoc)-protected NBA
monomers were synthesized according to the reported methods.[15]


Peptides, including NBA-combined peptides, were synthesized by the
solid-phase method with Fmoc strategy[31] on an Advanced Chemtech
BenchMark 348 multiple peptide synthesizer by using the following Fmoc-
protected amino acid derivatives: Fmoc-Ala-OH, Fmoc-Cys(Trt)-OH,
Fmoc-Gln(Trt)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Lys-
(Boc)-OH, Fmoc-Leu-OH, Fmoc-Tyr(tBu)-OH, Fmoc-ANBA(Z)-OH,
Fmoc-CNBA(Z)-OH, Fmoc-GNBA-OH, Fmoc-TNBA-OH (Trt� triphenyl-
methyl, tBu� tert-butyl, Boc� tert-butyloxycarbonyl, Z�benzyloxycar-
bonyl).


The C-terminal fragment peptides were synthesized on the 4-(2�,4�-
dimethoxyphenyl-aminomethyl)phenoxy resin (Rink amide resin),[32] by
using Fmoc-protected amino acid derivatives (6 equiv), N,N-diisopropyl-
ethylamine (DIEA, 12 equiv), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-
uroniumhexafluorophosphate (HBTU, 6 equiv), and 1-hydroxybenzotri-
azole hydrate (HOBt ¥H2O, 6 equiv) in N-methylpyrrolidone (NMP) for
coupling, and 25% piperidine/NMP for Fmoc removal. To cleave the
peptide from the resin and to remove the side-chain protecting groups, the
peptide ± resin was treated with trifluoroacetic acid (TFA) in the presence
ofm-cresol, thioanisole, and ethanedithiol. In the case of peptide fragments
containing ANBA, for the complete removal of the Z group on the adenine
moiety, the peptide was further treated with 1� trimethylsilyl trifluoro-
methanesulphonate (TMSOTf) in TFA in the presence of m-cresol,
thioanisole, and ethanedithiol at 0 �C.[33]


The N-terminal peptides were synthesized on a 2-chlorotrityl chloride resin
(Cl-Trt resin).[34] The elongated peptide was detached from the resin by
treatment with acetic acid/2,2,2-trifluoroethanol/dichloromethane (1:1:3)
for 2 h. The resulting peptide was treated with 3-mercaptopropionic acid
ethyl ester (20 equiv), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC ¥HCl, 10 equiv), and HOBt ¥H2O (10 equiv) in N,N-
dimethylformamide at 0 �C overnight.[35] The removal of protecting groups
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from amino acid side chains was carried out by TFA or TMSOTf treatment
as described above.


The template peptides were synthesized by native chemical ligation[22]


between the N-terminal thiol ester fragment and the C-terminal fragment.
Chemical ligation of the fragment peptides was carried out in 100 m�
sodium phosphate buffer (pH 7.5) containing thiophenol (4% v/v) and
6 � GuHCl under a nitrogen atmosphere.


All peptides were purified by semipreparative reversed-phase HPLC and
identified in satisfactory results by MALDI-TOF MS and amino acid
analyses. The amino acid analyses were also utilized to determine the
peptide concentration of the stock solutions.


CDmeasurements : CD measurements were performed on a Jasco J-720WI
spectropolarimeter equipped with a thermoregulator and by using a quartz
cell with 1.0 or 2.0 mm pathlength. The stock solution of each peptide was
diluted with 100 m� sodium phosphate buffer (pH 7.5) containing 0.5 m�
dithiothreitol (DTT) and 0.5 m� tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP). For the thermal denaturation studies, to prevent the
formation of a disulfide bond during the measurement, template peptides
with the Cys residue alkylated by treatment with bromoacetic acid methyl
ester were prepared.


Self-replication reactions : All fragment and template peptides were
dissolved in 0.1% aqueous TFA. The appropriate peptide solutions were
mixed, then the reactions were initiated by adding to the peptide mixture
250 m� 3-morpholinopropanesulfonic acid (MOPS) buffer (pH 7.5) con-
taining 1% (v/v) 3-mercaptopropionic acid ethyl ester and 0.4 m�
4-dimethylaminobenzoic acid as an internal standard; the buffer had been
bubbled with nitrogen prior to addition. Average final concentrations:
[MOPS]� 140 m�, [4-dimethylaminobenzoic acid]� 0.2 m�, 0.7% (v/v)
3-mercaptopropionic acid ethyl ester. The reaction temperature was
maintained at 4 or 22 �C. Aliquots (15 �L) were removed from the reaction
solution at each time point, immediately quenched with 5% aqueous TFA
(20 �L), and stored at �20 �C prior to HPLC analysis. Product formation
was analyzed quantitatively by reversed-phase HPLC against a standard
curve of the product. HPLC peaks were detected at 220 and 260 nm and
identified by comparing the retention times with those of the standard
samples. This was followed by MALDI-TOF MS.
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