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Introduction


Supramolecular chemistry has developed into a major re-
search field[1] since the synthesis and complexation properties
of the first crown ethers[2] (Pedersen[1]), cryptands[2] (Lehn[3])
and spherands (Cram[4]) were published. In particular, host ±
guest systems involving noncovalent interactions between a
synthetic host and either a cationic, anionic or neutral guest
have been extensively studied[1, 5] with a view to understand-
ing, and mimicking, the types of directed interactions
prelevant in nature. Furthermore, numerous macrocyclic
derivatives have been adapted for use as, for example, sensors,
imaging agents, catalysts and ion analysis[1]


Most commonly, the synthesis of macrocycles involves
nucleophilic substitution reactions at sp3-hybridised carbon
atoms or nucleophilic addition ± elimination reactions at
carbonyl groups in the ring-closing step.[6] The formation of
macrocyclic systems by nucleophilic aromatic substitution
processes has not generally been adopted, although some
syntheses have been reported[7, 8] that indicate the possibilities
of this approach.


In this context, perhalogenated heterocyclic systems, in
which all ring carbon atoms are attached to a halogen, may, in
fact, be used for the construction of a range of novel


supramolecular derivatives. This brief account aims to intro-
duce and summarise recent work involving the use of
perchloro- and perfluoro-heteroaromatic starting materials
for the synthesis of novel polyfunctional macrocyclic systems.
No special handling procedures are required for syntheses
involving perhaloheterocyclic derivatives and, consequently,
the chemistry that is discussed here could readily be used by
the general organic chemistry community. A variety of highly
halogenated heterocyclic derivatives are commercially avail-
able and, indeed, some are prepared on the industrial scale for
use as fibre-reactive dyes and as intermediates for the life-
science industry.[9]


Perchloroheteroaromatic ™Building Blocks∫–
Trichloro-s-triazine


Perchlorinated heterocycles are highly susceptible to nucleo-
philic attack because of the activating influence of the
electron-withdrawing chlorine substituents, and substitution
occurs via the well-known Meisenheimer type complexes in a
two-step addition ± elimination process (Scheme 1).
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Scheme 1. Nucleophilic substition of trichloro-s-triazine.


In principle, all three chlorine atoms in trichloro-s-triazine 1
may be sequentially replaced by nucleophiles, as shown in
Scheme 2, in which Nu1 is the first nucleophile to react with
the triazine, Nu2 is the second and so on. This polyfunction-
ality has, indeed, been utilised to prepare a library of triazine
derivatives each bearing three different substituents by
parallel chemistry techniques.[10, 11] For example 2, a triazine
ring bearing a carbohydrate and two peptide residues, was
prepared by a three-step process as part of a wide-ranging
study involving the synthesis of a library of over 40000
compounds, which were accessed by reaction of the triazine
scaffold with a range of nucleophilic species.


A polyfunctional system such as trichloro-s-triazine should,
therefore, be a very suitable ™building block∫ for the synthesis
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of macrocycles after treatment with appropriate difunctional
nucleophiles. Anelli and co-workers[12] were the first to
synthesise both macrocyclic 3 and caged structures 4 by
reaction of two and three equivalents of a diamine linker 5,
respectively, Scheme 3. The reaction temperature required for
each nucleophilic substitution reaction becomes higher as the
triazine unit becomes more substituted and, consequently, less
activated towards nucleophilic attack.


These early findings have been developed by Lowik and
Lowe for the synthesis of a variety of triazine-based recep-
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Scheme 3. Synthesis of macrocycles and cages from trichloro-s-triazine.
i) 0 ± 5 �C, KOH, acetone/H2O, 46%; ii) 50 ± 70 �C, KOH, THF/H2O, 63%;
iii) 160 ± 180 �C, K2CO3, DMSO/H2O, 14%.


tors.[13, 14] The flexibility of the
synthetic approach outlined in
Scheme 4 allows each triazine
to be functionalised separately
and macrocycles of various
sizes to be obtained, depending
upon the choice of diamine
linker. The synthesis of asym-
metrical macrocycles is less ac-
cessible by normal synthetic
routes, although a number of
systems have been pre-
pared.[15, 16] Binding studies in-
dicate the affinity of some of
these large macrocyclic rings
towards carbohydrate guests.


Macrocycles incorporating
triazine units in their structures
may also be synthesised on the
solid phase, and a range of
cyclic peptidomimetics, which


contain rings of between 11 and 37 atoms, has been
reported.[17] Treatment of a solid-phase-supported polypep-
tide with 1 gives the monosubstituted triazine derivative,
which undergoes cyclisation with an appropriate pendant
nucleophile located on a remote position on the peptide
strand (Scheme 5). Subsequent photoinduced decoupling of
the peptide yields the peptidomimetic. Of course, the poly-
peptide chain length may be varied, and cyclic peptidomi-
metics bearing 3 ± 10 amino acid residues, such as compounds
7 ± 9, have been described.


Macrocycles from Pentafluoropyridine


Several factors make perfluorinated heterocyclic systems
potentially much more preferable substrates for macrocyclic
synthesis than the corresponding chlorinated derivatives:
� The vastly increased reactivity of carbon ± fluorine bonds in


heterocylic systems towards nucleophiles compared with
corresponding carbon ± chlorine bonds.


� The enhanced selectivity of perfluorinated heterocycles
towards nucleophilic attack as compared with correspond-
ing perchlorinated derivatives. (For example, pentachloro-
pyridine gives a mixture of 2- and 4-substituted products on
reaction with sodium ethoxide whereas pentafluoropyri-
dine gives 4-substitution exclusively.[18, 19])


� The possibility for using 19F NMR as a structural probe.
Pentafluoropyridine, 10, is a very versatile building block
because, in principle, all five fluorine substituents could be
substituted by nucleophiles. Therefore, potentially, a range
of polysubstituted systems could be derived from this core
molecule by nucleophilic aromatic substitution processes.
Furthermore, it is well established[18, 19] that, in general, the
order of activation towards nucleophilic attack follows the
sequence 4-fluorine� 2-fluorine� 3-fluorine. Consequent-
ly, for a succession of five nucleophilic substitution steps, in
which Nu1 is the first nucleophile, Nu2 is the second, etc.,
the order of substitution is predicted to be selective as
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Scheme 2. Sequential controlled tri-substitution of the trichloro-s-triazine system.
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outlined below, although a few exceptions to these general
rules have been reported.[20] This idea has permitted the
synthesis of a variety of pyridine derivatives bearing five
different substituents, such as 11, by a sequence of
nucleophilic substitution processes (Scheme 6).[21] This
demonstrates the polyfunctionality and synthetic utility of
this system.
At Durham University, pentafluoropyridine 10 has been


used as the starting material for the synthesis of a variety of
structurally diverse macrocycles.[22] The general strategy for


macrocyclic synthesis is out-
lined in Scheme 7. The first
nucleophile ™blocks∫ the most
reactive 4-position, and then the
dinucleophile leads to the
bridged derivative 12. Macro-
cycles 13 are then formed by the
reaction of 12 with an equiva-
lent of a third difunctional nu-
cleophile.


Many macrocycles could be
synthesised by using this meth-
odology, and two examples are


given in Scheme 8. Perfluoroalkylation of 10 by heating it with
hexafluoropropene and a catalytic amount of tetrakis(bisdi-
methylamino)ethane (TDAE) yields the perfluoroisopropyl
derivative 14. Model studies indicated that 14 reacts with
nucleophiles to give products that arise from substitution at
the 2- and 6-positions.[23] A two-step reaction sequence
involving firstly the synthesis of the bridged derivative 15,
by reaction of a dioxygen anion (generated in situ from
bistrimethylsilylated diethylene glycol and a fluoride ion) and
14, followed by ring closure with a further equivalent of the
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Scheme 4. Large macrocyclic rings from 1. i) NaHCO3, H2O/acetone, 93%; ii) (Z)-NC4H8N-H, H2O/acetone, NaCO3, 95%; iii) R1-NH2, THF, 75 ± 99%;
iv) TFA, CH2Cl2; v) 6, Et3N, CH2Cl2, 78 ± 100%; vi) R2-NH2, THF, 92 ± 96%; vii) H2, Pd/C, THF, EtOH; vii) 1, NaHCO3, H2O/acetone, 54 ± 85%; ix) HCl,
dioxane; x) Et3N, DMF, 40 ± 85%; xi) R3-NH2, THF, 60 ± 90%.
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Scheme 5. Synthesis on the solid phase of cyclic peptidomimetics incorporting triazine units.
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difunctional glycol nucleophile, provides an effective route to
macrocycle 16. The oxoheterocalixarene derivative 17, in
which the four aromatic rings are connected by two-bond
linkages in a similar manner to the well-known calixarenes,[24]


was also synthesised by the three-step strategy outlined
above.


Macrocycles 16 and 17 exhibit some remarkable structural
and solution-phase properties. Two types of crystal for
macrocycle 16 (cubes and plates), which correspond to
different polymorphic crystalline modifications showing two
different orientations of the terminal CF(CF3)2 groups, were
observed by X-ray analysis (Figure 1). It is surprising that


Scheme 6. Polysubstitution on pentafluoropyridine allows the synthesis of pyridine systems 11 bearing five different substituents. i) CF2�CF-CF3, TDAE,
60 �C, 68%; ii) HBr, AlBr3, 160 �C, 74%; iii) piperidine, MeCN, 80%; iv) NaOMe, MeOH, reflux, 80%.


Scheme 7. Synthetic strategy for the construction of macrocycles from pentafluoropyridine.
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solid-state 16 exists in the form (Figure 1) in which the two
bulky perfluoroisopropyl groups adopt positions that are in
close proximity, and solution-phase conformational studies
are in progress.


Electrospray mass spectrometry studies indicate that, while
macrocycle 16 binds cations, macrocycle 17 binds anions!
Mixing a solution of macrocycle 17 with a mixture of aqueous
sodium chloride, bromide and iodide led to the observation by
negative ion mass spectrometry of macrocycle/anion com-
plexes. Whilst the number of macrocyclic derivatives that bind
cations is now quite extensive, the number of macrocycles
capable of anion recognition is considerably smaller. Systems
that form complexes with anionic guests, such as polyammo-
nium, guanidinium and pyrrole-based systems[25] usually
contain sites that are capable of directed hydrogen bonding,
a situation that is not present in 17. However, recent
theoretical studies have indicated that interactions between
the centre of electron-deficient heterocyclic rings, such as
trifluoro-s-triazine, and anions are possible; this may provide
a clue to the type of complexation occurring in these cases.[26]


Conclusion


Perhalogenated heteroaromatic systems may be used for the
construction of a variety of structurally diverse macrocycles
by a sequence of nucleophilic aromatic substitution processes.
The availability of perhalo-heterocyclic compounds and a
great many suitable difunctional nucleophiles makes the
number of supramolecular systems that is available through
this approach virtually limitless. The structural and complex-
ation phenomena exhibited by just the relatively few systems
that have been reported so far, indicate the opportunities that
are provided by these multifunctional systems.
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High-Pressure Structural Trends of Group 15 Elements: Simple Packed
Structures versus Complex Host ±Guest Arrangements


Ulrich H‰ussermann*[a]


Abstract: The Group 15 elements P, As,
Sb, and Bi all have layered structures
consisting of six-membered rings under
ambient conditions and attain the body-
centered cubic (bcc) structure at the
highest pressures applied. In the inter-
mediate pressure region, however, phos-
phorus and its heavier congeners behave
profoundly differently. In this region P
first attains the open packed simple
cubic (sc) structure for a wide range of
pressures and then transforms into the
rarely observed simple hexagonal (sh)
structure. For the heavier congeners
complex, incommensurately modulated
host ± guest structures emerge as inter-
mediate pressure structures. We inves-
tigated the high-pressure behavior of P


and As by ab initio density functional
calculations in which pseudopotentials
and a plane wave basis set were em-
ployed. The incommensurately modu-
lated high-pressure structure of As was
approximated by a supercell. Our calcu-
lations reproduced the experimentally
established pressure stability ranges of
the sc and sh structures for P and the
host ± guest structure for As very well.
We found that the sc and especially the
sh structure are decisively stabilized by
the admixture of d states in the occupied


levels of the electronic structure. This
admixture releases s ± s antibonding
states above the Fermi level (s ± d mix-
ing). With pressure, s ± d mixing increas-
es rapidly for P, whereas it remains at a
low level for As. As a consequence, the
band energy contribution to the total
energy determines the structural stabil-
ity for P in the intermediate pressure
region, giving rise to simple packed
structures. On the other hand, in the
intermediate pressure region of the
heavier Group 15 elements, a delicate
interplay between the electrostatic Ma-
delung energy and the band energy leads
to the formation of complex structures.


Keywords: ab initio calculations ¥
bond theory ¥ high-pressure chem-
istry ¥ pnicogens ¥ polymorphism


Introduction


High-pressure experiments, which allow the study of the
structural stability as a function of volume, have added a new
dimension to the fundamental question concerning the
relation between atom arrangement and electronic structure.
Of particular importance is the understanding of elemental
structures, and in this respect recent high-pressure investiga-
tions of main-group elements have yielded many surprising
and intriguing results. For example, it was found that at high
pressures the simple metal Li undergoes a transition to a low-
coordinate structure and becomes semimetallic.[1] Rb and Cs
attain a remarkable complexity in the high-pressure structures
of Rb-III[2] and Cs-III,[3] which contain 52 and 84 atoms in the
unit cell, respectively. An even more complex structure has
recently been found for Ga (Ga-II).[4] Interestingly, the
structures of Rb-III, Cs-III, and Ga-II are closely related
when they are considered as stackings of different layers.


Finally, Sr,[5] Ba,[6] and the heavier Group 15 elements As, Sb,
and Bi[7a] adopt structures with two interpenetrating compo-
nents, a host and a guest structure, which are incommensurate
with each other.[7b]


The occurrence of a host ± guest structure in an element,
where the host and guest is formed by the same component, is
most unusual and has attracted much attention.[8] Recently,
we performed a calculational study of the high-pressure
behavior of the heavier Group 15 elements As, Sb, and Bi.[9]


We found a supercell approximation for the incommensurate
host ± guest structure which reproduced the experimentally
established pressure stability ranges extremely well. Herein
the focus is on the striking difference between the high-
pressure behavior of P and that of its heavier congeners.
Importantly, under pressure P does not display a complex
host ± guest structure. Instead, the high-pressure structural
sequence of this element is dominated by the simple cubic (sc)
and simple hexagonal (sh) structure which otherwise are
rarely observed as elemental structures. The high-pressure
behavior of P and As was investigated by ab initio calculations
employing pseudopotentials and a plane wave basis set.
Arsenic is taken as a representative for the heavier Group 15
elements. With this study we aim to rationalize the high-
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pressure structural sequences of Group 15 elements and
establish general electronic structure trends for a wide range
of compression, which covers all experimentally reported
phase transitions. In particular, we try to find the reasons
behind the stability of simple packed structures in phosphorus
and the existence of complex structures at intermediate
pressures in As, Sb, and Bi.


Results and Discussion


High-pressure structural transitions of Group 15 elements


Summary of experimental findings : The experimentally
establised high pressure behavior (at room temperature) of
the Group 15 elements P, As, Sb, and Bi is summarized in
Figure 1. At ambient pressure phosphorus possesses the
orthorhombic A17 structure (Figure 2a), whereas the heavier
Group 15 elements adopt the rhombohedral A7 structure
(Figure 2b).[10] Both structures can be described as consisting


Figure 1. High-pressure structural behavior of P, As, Sb, and Bi established
by experiment (at room temperature).


of layers of six-membered rings in the chair conformation,
which are connected differently in the two structures. Each
atom has three short contacts in the layer and three longer
contacts with the atoms of one adjacent layer. The layered
character appears more pronounced in the A17 structure. It is
well known that the A17 and A7 structures are related to the
simple cubic structure.[11] This is especially apparent for the
A7 structure, for which the atoms attain a distorted octahedral
(3� 3) coordination (Figure 2c).
As the pressure is increased, P transforms first at about


5 GPa from the A17 ground state structure to the A7
structure[12, 13] and then at about 10 GPa into the sc struc-
ture.[12, 13] As transforms at 25 GPa from the A7 ground state
structure to the sc structure (As-II).[14] For Sb the sc structure
is closely approached,[15] but the first structural high-pressure
transition at 8.6 GPa results in tetragonal Sb-II with the Bi-III
structure.[16] Bi transforms already at 2.77 GPa via the Bi-II
structure into Bi-III.[17] The structure of Bi-III (Figure 2d) has
long-been uncertain and was only recently identified as a
complex incommensurate host ± guest structure.[7] The host
consists of 32434 nets that are stacked in antiposition. This
yields a tetragonal assembly of rows of square antiprisms in
which linear chains of guest atoms are located. The guest
structure corresponds to a body-centered tetragonal (bct)
array that is incommensurate with the host along the c
direction. At 137 GPa P transforms from the sc structure via
an intermediate structure to the sh structure (Figure 2e).[18] In
contrast, As transforms already at about 48 GPa from the sc
structure into a slightly modified Bi-III structure with a
monoclinic guest arrangement.[7a,19] At the highest pressure
applied the Group 15 elements adopt the body-centered cubic
(bcc) structure (Figure 2 f). The bcc structure represents the
current end-member of the high-pressure structural series of
P, As, Sb, and Bi and is obtained at pressures of 262,[20] 93,[19]


28,[21] and 7.7 GPa,[22] respec-
tively.
We summarize the high-pres-


sure structural sequences of
the Group 15 elements in
Scheme 1. P behaves profound-
ly differently from its higher
congeners in the intermediate
pressure region. For P this re-
gion is dominated by the simple
packed structures sc and sh,
which have large stability rang-
es of at least 100 GPa. In con-
trast As, Sb, and Bi prefer
complex host ± guest arrange-
ments. Before transforming in-
to the host ± guest structure, As
also adopts the sc structure.
However, the sc-As phase is
stable in a rather limited pres-
sure range. Further, untypical
for the heavier element, the
transition A7� sc occurs at
higher compressions than for
P. The simple packed structures


Figure 2. a) The orthorhombic A17 ground state structure of P shown approximately along [100]. b) The
rhombohedral A7 ground state structure of As, Sb, and Bi shown approximately along [11≈0]. Thicker gray lines
denote short intralayer atomic distances, thin gray lines the long interlayer ones. In the simple cubic (sc) structure
of P-III and As-II (c) interlayer and intralayer distances have equal length. d) The simple hexagonal (sh) structure
of P-V. e) The tetragonal Bi-III structure shown along [001]. Host atoms: light gray, guest atoms: black. The guest
structure, which is additionally depicted separately below, is incommensurate with the host along [001]. f) The bcc
structure as adopted by P-VI, As-IV, Sb-III and Bi-V.
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Scheme 1. Summary of the high-pressure structural sequences of the
Group 15 elements.


sc and sh are rare in the Periodic Table. Apart from P and As,
the sc structure occurs in ground state Po[10] and in a high-
pressure modification of Ca.[23] The sh structure is only known
in high-pressure phases of P,[13] Si,[24] and Ge.[25] Interestingly,
the simple packings realized in P exhibit by far the highest
pressure stability: The high-pressure stability ranges of the
other elemental simple packings do not exceed 25 GPa.


Calculational results : Figure 3 summarizes our results con-
cerning the high-pressure behavior of P and As. It displays
calculated enthalpy differences H�HA7 (relative to the A7
structure) for the elements in the considered structures as a
function of pressure. For P we find the sequence of transitions
A17 � 2.4 GPa �A7� 12.3 GPa� sc� 135 GPa� sh�
293 GPa�bcc, which is in satisfactory agreement with the


Figure 3. Calculated enthalpy differences (relative to the A7 structure) for
P (a) and As (b) as a function of pressure. Black, dotted: A17 structure,
black: A7 structure, red: sc structure, green: Bi-III structure, blue: sh
structure, magenta: bcc structure. The pressure stability ranges of the
considered structures are indicated by vertical lines (calculated, zero
temperature) and black markers (experimental, room temperature). The
gray marker in a) indicates the experimental transition from sc-P to
intermediate P-IV with unknown structure. The inset in a) represents a
close up of the low-pressure region where the first structural transitions
occur.


experimental findings. Individual high-pressure transitions
have been the subject of earlier theoretical investigations. In
1986 Chang and Cohen examined the A17�A7 and A7� sc
transitions.[26] They obtained 3 GPa for the first transition, but
could not find the second transition from their calculations.
Some years later the A7� sc transition was then properly
described in the works by Sasaki et al. , who determined the
transition pressure to be 15.8 GPa.[27, 28] The sc� sh transition
was examined recently by Nishikawa et al.[29] These authors
estimated the transition pressure to be 121 GPa, which is in
good agreement with our result.
From the enthalpy differences in Figure 3a it becomes


especially apparent that in P the host ± guest Bi-III structure
never becomes competitive with the simple packed sh
structure. The latter is almost constantly by 0.05 eV per atom
lower in enthalpy over the whole pressure range of its
existence. The flexible c/a ratio of the sh structure varies only
slightly with pressure. According to the experimental results
there is an increase from 0.948 to 0.956 when pressure is
increased from 137 to 280 GPa.[20] Our calculations show an
increase of the c/a ratio from 0.946 to 0.953 within this
pressure range, which is in very good agreement with the
experimental values (Figure 4). Thus, in the sh structure of P
the interatomic distances along the axial direction are about
5% shorter than the ones in the hexagonal plane, and the
coordination number can be described as 2� 6.


Figure 4. Pressure dependence of the lattice constants of the sh-P phase
and its c/a ratio. Open symbols indicate the experimental data according to
reference [20], filled symbols correspond to calculated results.


Turning to As, we find the following phase transition
sequence with increasing pressure: A7� 28 GPa� sc�
43 GPa�Bi-III� 97 GPa� bcc (Figure 3b). This compares
extremely well with the experimental (room-temperature)
transition pressures. The first structural transition As� sc has
been the subject of earlier theoretical investigations.[30, 31, 32]


The transition pressures predicted in these works ranged
between 20 and 35 GPa. Interestingly, for As the sh structure
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represents the most unfavorable alternative among the
considered structures at intermediate and high pressures.
Concerning the structure of As-III we applied two approx-
imations: First, we described As-III by the Bi-III type
structure with a bct arrangement of the guest structure and
did not take into account the possibility of a monoclinic
distortion.[7] Second, the incommensurate host ± guest struc-
ture was approximated by a supercell because conventional
electronic structure calculations are based on periodic boun-
dary conditions. A detailed description of the Bi-III type
model structure can be found in reference [9].
In conclusion, our calculations could reproduce the high-


pressure behavior of P and As in a highly satisfacory manner.
In the next step we analyze the electronic structure trends for
P and As under pressure. This should reveal the origin of the
different high-pressure behavior within the Group 15 ele-
ments.


Electronic structure changes under pressure


Density of states : We computed the electronic density of
states (DOS) of P and As in the ground state and high-
pressure structures and assembled the obtained curves in
Figure 5. Figure 5a compares the electronic structures of P in
the A17 with that of As in the A7 structure at the respective
ground state volumes. Most conspicuous is the characteristic
splitting of the DOS into four parts: s ± s bonding, s ± s
antibonding, p ± p bonding, and p ± p antibonding. Owing to
the atomic electron configuration of P and As the Fermi level
is situated between the p ± p bonding and antibonding bands.
The Fermi level is at a narrow band gap in A17-P and in a
deep pseudo gap with a very low value of density of states in
A7-As. This is in agreement with the electronic properties of
these materials.
With increasing pressure, P transforms from the A17 to the


A7 structure. The DOS of A7-P is virtually identical to the
DOS of A7-As at a volume close to the transition to sc-As
(Figure 5b). Both elements remain pronounced semimetals.
Figure 5c displays the DOS of sc-P and sc-As at volumes
slightly above the respective transition pressures. Again, the
DOS curves of both elements are very similar. Compared to
the A7 structure, the density of states at the Fermi level is
drastically increased in the sc structure, and the deep pseudo
gap separating p ± p bonding from antibonding states has
changed into a shallow, although marked, well.
Figure 5d shows the DOS of Bi-III type As-III and sh-P at a


volume approximately corresponding to the center of the
respective pressure stability ranges. Now, the differences in
the high-pressure behavior of P and As become also apparent
in their electronic structures. For Bi-III type As, the overall
shape of the DOS curve is reminiscent of that of sc-As, apart
from the spikey feature which is due to the complexity of the
Bi-III structure. As in A7-As and sc-As the s and p bands are
energetically separated, that is their overlap is rather limited.
Further, the Fermi level of Bi-III type As is still located at a
recognizable valley in the p bands. This persistence of the p
band bonding ± antibonding splitting indicates a still signifi-
cant covalent p ± p bonding in the host ± guest structure. Thus,
the structural transition sc�Bi-III in As is accompanied with


Figure 5. Density of states (DOS) of P and As in the ground state and high-
pressure structures. Black: total DOS, red: s-projected DOS, green:
p-projected DOS, blue: d-projected DOS.


a smooth variation in the electronic structure. This is
completely different for P: In sc-P at higher compressions
(not shown) and sh-P s and p bands overlap heavily and the p
band bonding ± antibonding splitting has disappeared. At the
same time the d state contribution to the occupied bands has
increased considerably. The DOS of P and As in the bcc
structure at a volume slightly above the respective transition
pressures are displayed in Figure 5e. We observe that for bcc-
As the Fermi level is no longer situated in a well and that the
DOS curves of bcc-P and bcc-As attain an approximately
parabolical nearly-free-electron distribution. However, in
bcc-As s and p bands are still separated to a large extent
and the admixture of d states in the occupied bands remains at
a low level. Thus, as the pressure increases the orbital
character of the occupied bands seems to evolve differently
for P and As.
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Structural stability : To understand high-pressure structural
transitions it is advantageous to divide the total energy into
the band energy Eband, which represents the sum over the
occupied one-electron states (as presented in Figure 5), and a
part containing the remaining contributions, of which the
electrostatic (Madelung) energy that includes the repulsion of
the positively charged ions, is the most significant. Eband favors
the formation of open-packed structures in which the atoms
are closer to each other and thus covalent bonding can be
realized. The electrostatic contributions (summarized asEMad)
display an antagonistic behavior with the tendency to stabilize
high-symmetry densely packed structures. In this respect the
bcc structure is the most favorable structure of all dense
packings (bcc, fcc, hcp), since it has the highest Madelung
constant.[33] Clearly, for the Group 15 elements the band
energy Eband determines the structural stability of the layered
A17 and A7 ground state structures. Usually, the EMad


contribution increases relative to Eband under compression,
and densely packed structures are obtained as high-pressure
modifications.
How does the band energy Eband for P and As evolve with


pressure? To answer this question we analyze the trend in the
number of occupied s, p, and d states (Nl). In particular, we
calculated the ratios Xl�Nl/Ntot (Ntot being the total number
of occupied states) for P and As in the different structures at
different volumes (Figure 6). Generally, in any atom arrange-
ment of Group 15 elements with an electron configuration s2p3


the resulting electronic structure will possess a large number
of occupied s ± s antibonding states. Thus, for these elements
optimizing the band energy is equivalent to diminishing the
number of s ± s antibonding states below the Fermi level, while
keeping favorable p ± p bonding. Or to put it simply, the band
energy will be lowest for the structure that expresses the
lowest value of Xs. For the ground state volume and at
moderate compressions layered A17 and A7 display the
lowest values of Xs among all considered structures for the
two elements. It was recently shown by Seo and Hoffmann
that this is a result of s ± p mixing: Lone pair formation at each
site is equivalent to a situation in the band structure where
strongly s ± s antibonding states are partly raised above the
Fermi level, and in exchange, p ± p nonbonding or weakly
antibonding states are lowered below the Fermi level.[34] This
is also seen clearly in the DOS of A17-P, A7-P, and A7-As as
presented in Figure 5a and 5b. At higher compressions the
admixture of empty d states becomes important, and this
stabilizes the simple packed structures. The sc structure
attains the lowest values of Xs for P and As at lower volumes.
For P at highest compressions the sc structure is succeeded by
the sh structure.
The evolution of s ± d mixing is nicely seen in the trends


displayed by the Xs and Xd curves. Xs and Xd vary in a
correlated way with pressure, the former decreasing and the
latter increasing. Xp remains more or less constant, apart from
the region of highest compression in P. Importantly, for As–


and the heavier Group 15 ele-
ments in general[9]–s ± d mix-
ing increases smoothly with
pressure and remains at a rath-
er low level. For P s ± d mixing
increases rapidly and the Xd


values approach 25% at the
highest compressions. The in-
creased d state contribution in
the occupied levels of sc-P and
sh-P was already noted by Sa-
saki et al.[28] and Nishikawa
et al.[29] in their investigations
of the A7� sc and sc� sh
transitions, respectively. How-
ever, in these works the clear
relation between Xs and Xd,
that is s ± d mixing, was not
recognized. Figure 6 also shows
clearly that the stabilizing
mechanism of s ± p mixing es-
pecially affects the layered
structures and that the one of
s ± d mixing affects the simple
packed structures (sc or sh).
Interestingly, for P the trend in
the lowest Xs values follows the
trend in the structural transi-
tions. The Bi-III type host ±
guest structure takes an inter-
mediate position between
open-packed A17 or A7 and


Figure 6. The ratios Xl� (Nl/Ntot) for P (a) and As (b) as a function of volume. Nl (l� s, p, d) is the number of
occupied s, p, and d states, Ntot is the total number of occupied states. Black-dotted: A17 structure, black: A7
structure, red: sc structure, green: Bi-III structure, blue: sh structure, magenta: bcc structure.
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densely packed bcc. At low compressions this structure
realizes Xl values close to that of the layered structures and
approaches values close to that of the bcc structure with
increasing pressure.
In conclusion, structural stability in P follows to a large


extent a principle of minimal Xs values, which is achieved by
s ± p and s ± d mixing in the low and intermediate pressure
region, respectively. This means that the band energy Eband


also determines structural stability in the intermediate
pressure region and accounts for the stability of the simple
packed structures. Thus, the structural changes in P up to
pressures of 250 GPa are electronically driven. For As and the
heavier Group 15 elements Eband governs structural stability
only for the ground state and at moderate compressions. In
the intermediate pressure range the significance of Eband to
structural stability lowers and that of EMad increases. This is
illustrated in Figure 7 where we compare ratios EMad/EMad


bcc as a


Figure 7. Variation of the electrostatic energies of A7-As, Bi-III-As, sc-As,
and sh-As relative to bcc-As as a function of volume. Volume ranges of
structural transitions are indicated by gray bars.


function of pressure. The bcc structure with a Madelung
constant of 1.79188 is the most favorable arrangement from an
electrostatic point of view. The Madelung constants for sc and
sh are 1.76012 and 1.77464, respectively. The large structural
flexibility of the Bi-III structure implies a flexible EMad with
pressure. At low compression the Bi-III structure attains an
electrostatic energy that is similar to that of the layered
structures and at high compressions a situation close to that of
the bcc structure is approached. In the volume range of the
structural transition sc�Bi-III in As the electrostatic energy
of the Bi-III structure is more favorable than that of the sh
structure. At the same time the Xs values corresponding to
this volume range are very similar for Bi-III and sh (cf
Figure 6), which means that the Eband contribution to the total
energy should be comparable in both structures. Thus, the
formation of the Bi-III type host ± guest structure can be
thought of as a consequence of a delicate interplay of Eband


and EMad in the intermediate pressure regions of the heavier
Group 15 elements, that is both important parts of the total
energy account equally for structural stability. Finally, at high
pressures EMad governs structural stability for all Group 15
elements and the densely packed bcc structure is formed for
electrostatic reasons.
The high-pressure behavior of the Group 15 elements P, As,


Sb, and Bi can be rationalized by their different ability to s ± p
and s ± d mixing. The degree of s ± p and s ± d mixing is


dependent on the size of the energy separation between the
atomic s ± p and s-d levels (��sp and��sd) and on the size of the
dispersion of the s, p, and d bands. The dispersion of the bands
is determined by the size of the overlap between the atomic
orbitals and by how strongly the valence electrons are bonded
to the core of the free atom. The latter is reflected by the
energies of the atomic levels �s, �p, �d. As one moves down
Group 15, p orbital interactions weakens because p orbitals
become more diffuse and higher in energy. At the same time s
orbitals becomemore compact and their energy decreases due
to the relativistic effects. Thus, s ± p mixing decreases from P
to Bi. The ability of s ± d mixing is especially pronounced in P.
In P d electrons are absent in the core and thus for the 3d
valence orbitals there is no repulsive core-orthogonality
requirement. The structures A7 and A17 are decisively
stabilized by s ± p mixing. The more layered A17 structure is
realized for P, which displays the largest ability to s ± p mixing.
The pressure stability of the A7 ground state structure
decreases from As to Bi in accordance with decreasing s ± p
mixing (cf Figure 1). The simple packed structures sc and sh
are decisively stabilized by s ± d mixing. This mixing is most
effective in P. As a consequence, the A7� sc transition occurs
earlier than in heavier As, which violates the tendency for the
same transition to occur at lower pressures in the heavier
element (i.e. the empirical corresponding-states principle[35]).
In general, s ± d mixing in P enlarges considerably the range of
compression where Eband determines structural stability. For
the heavier congeners EMad influences structural stability
already in the intermediate pressure region and this leads to
the formation of complex structures.


Conclusion


Recently, many surprising and spectacular elemental main-
group modifications have been revealed by high-pressure
experiments.[1±7] As a matter of fact, these findings challenge
our traditional understanding of the relationship between
electronic structure and atom arrangement in elemental
structures. In most cases the underlying reason for ™strange∫
high-pressure structures is subtle changes of the valence states
of the elements under pressure. This influences the one-
particle energy (Eband) contribution to the total energy. The
band energy Eband favors the formation of open-packed
structures in which the atoms are closer to each other and
thus covalent bonding can be realized. This tendency is
balanced by the electrostatic energy (EMad), which stabilizes
densely packed high-symmetry structures.
We attempted to rationalize the high-pressure structural


sequences of the Group 15 elements P, As, Sb, and Bi on the
basis of electronic structure theory. These elements possess
the layered structures A7 or A17 under ambient conditions,
and the bcc structure as end-member in their high-pressure
structural series. The intermediate pressure region displays
several peculiarities: P attains the simple sc and sh structure,
whereas the heavier congeners prefer a complex host ± guest
arrangement. We could show that the layered ground state
structures are stabilized by s ± p mixing, which gradually
weakens on going down the group. The simple packed
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structures are stabilized by s ± d mixing, which is effective
especially in P because of the absence of d electrons in the
core. The formation of a host ± guest structure in the heavier
congeners is explained as a consequence of a delicate
interplay of the energies Eband and EMad in the intermediate
pressure region of As, Sb, and Bi, that is both important parts
of the total energy account equally for structural stability.


Computational Methods


Total energy calculations for P and As as a function of volume were
performed within ab inito density functional theory using pseudopotentials
and a plane wave basis set as implemented in the program VASP.[36]


Ultrasoft Vanderbilt-type pseudopotentials[37] were employed and P 3s
and 3p, and As 4s and 4p were treated as valence electrons. We considered
the elements in the structure types A17 (orthorhombic), A7 (rhombohe-
dral), simple cubic (sc), Bi-III (tetragonal), simple hexagonal (sh), and
body centered cubic (bcc). The Bi-III structure corresponds to an
incommensurately modulated composite structure. Since conventional
electronic structure calculations are based on periodic boundary conditions
an incommensurate structure has to be approximated by a supercell.
Details of the structural model are given in reference [9]. The atomic
position parameters and lattice parameters of the structure types A17, A7,
and Bi-III, as well as the axial ratio of the sh structure were relaxed for a set
of constant volumes until forces had converged to less than 0.01 eVä�1. In a
second step we fitted the E versus V values of all structures to polynomials
whose curvature yielded the pressure. After having obtained the pressure,
enthalpies H were calculated according to H(p)�E(p) � pV(p). The
exchange and correlation energy was assessed by the generalized gradient
approximation (GGA).[38] Convergency of the calculations was carefully
checked with respect to the plane wave cutoff and the number of k points
used in the summation over the Brillouin zone. Concerning the plane wave
cutoff an energy value of 300 eV was chosen for all systems. k points were
generated by the Monkhorst ± Pack method[39] and sampled on grids of 4�
4� 4 (Bi-III type), 13� 13� 13 (A17), 15� 15� 15 (A7) and 17� 17� 17
(sc, sh and bcc types). The integration over the Brillouin zone was
performed with a Gaussian smearing of 20 mRy. Total energies were
converged to better than 1 meV per atom.
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A Novel Design Method of Ratiometric Fluorescent Probes
Based on Fluorescence Resonance Energy Transfer Switching
by Spectral Overlap Integral
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Abstract: A ratiometric measurement,
namely, simultaneous recording of the
fluorescence intensities at two wave-
lengths and calculation of their ratio,
allows greater precision than measure-
ments at a single wavelength, and is
suitable for cellular imaging studies.
Here we describe a novel method of
designing probes for ratiometric meas-
urement of hydrolytic enzyme activity
based on switching of fluorescence res-
onance energy transfer (FRET). This
method employs fluorescent probes with
a 3�-O,6�-O-protected fluorescein ac-
ceptor linked to a coumarin donor
through a linker moiety. As there is no
spectral overlap integral between the
coumarin emission and fluorescein ab-
sorption, the fluorescein moiety cannot


accept the excitation energy of the
donor moiety and the donor fluores-
cence can be observed. After cleavage of
the protective groups by hydrolytic en-
zymes, the fluorescein moiety shows a
strong absorption in the coumarin emis-
sion region, and then acceptor fluores-
cence due to FRET is observed. Based
on this mechanism, we have developed
novel ratiometric fluorescent probes
(1 ± 3) for protein tyrosine phosphatase
(PTP) activity. They exhibit a large shift
in their emission wavelength after reac-


tion with PTPs. The fluorescence
quenching problem that usually occurs
with FRET probes is overcome by using
the coumarin ± cyclohexane ± fluores-
cein FRET cassette moiety, in which
close contact of the two dyes is hindered.
After study of their chemical and kinetic
properties, we have concluded that com-
pounds 1 and 2 bearing a rigid cyclo-
hexane linker are practically useful for
the ratiometric measurement of PTPs
activity. The design concept described in
this paper, using FRET switching by
spectral overlap integral and a rigid link
that prevents close contact of the two
dyes, should also be applicable to other
hydrolytic enzymes by introducing other
appropriate enzyme-cleavable groups
into the fluorescein acceptor.


Keywords: fluorescent probes ¥ flu-
orescence resonance energy transfer
¥ protein tyrosine phosphatase ¥
ratiometric measurement


Introduction


In recent years, many fluorescent probes have been developed
to study biological phenomena in living cells.[1] A fluorescent
probe is advantageous due to its high sensitivity; however, the
fluorescence measurement can be influenced by many factors,
such as the localization of the probe, changes of environment
around the probe (e.g., pH, polarity, temperature) and
changes in the excitation intensity. To reduce the influence


of such factors, a ratiometric measurement is to be utilized,
namely, simultaneous recording of the fluorescence intensities
at two wavelengths and calculation of their ratio. This
technique provides greater precision than measurement at a
single wavelength, and is suitable for cellular imaging studies.
To carry out a ratiometric measurement, the probe must
exhibit a large shift in its emission or excitation spectrum after
it reacts (or binds) with the target molecule. Fluorescence
resonance energy transfer[2] (FRET) is one mechanism used
as a basis to obtain a large shift in the spectral peak. FRET is
an interaction between the electronic excited states of two
fluorophores, in which excitation energy is transferred from a
donor to an acceptor without emission of a photon. The
efficiency of FRET depends on the donor ± acceptor distance,
the relative orientation of the donor and acceptor transition
dipoles, the extent of spectral overlap of the emission
spectrum of the donor with the absorption spectrum of the
acceptor (spectral overlap integral), and other factors. Re-
cently, several ratiometric fluorescent probes using FRET
have been developed,[3] such as the �-lactamase probe CCF2[4]
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and the phosphodiesterase probe CPF4.[5] They are all based
on the same principle, that is, that FRET efficiency is
dependent upon the donor ± acceptor distance. To design such
probes, it is necessary that the donor and acceptor should be
located on opposite sides of an enzyme-cleavable structure. It
is difficult to apply this design method widely, because of the
fluorescence quenching problem due to dye-to-dye close
contact[6] and a decrease in affinity for the target enzymes.[5]


To expand the range of application of FRET-based fluores-
cent probes, we have utilized a novel approach to design
probes whose absorption characteristics are altered by
enzymatic reaction, but which do not suffer from the above
problems.


Results and Discussion


Detection mechanism : FRET efficiency is dependent on the
spectral overlap integral between the donor emission and
acceptor absorption. We thought that if the acceptor absorp-
tion could be dramatically changed by hydrolytic enzymes,
FRET switching by spectral overlap integral would be
possible. It was anticipated that fluorescein would be appro-
priate as such an acceptor, because it has two conformations
(lactone form and quinoid form) with distinctly different
absorption properties. Fluorescein in the quinoid form has
strong absorption at around 490 nm, whereas the lactone form
has absorption only in the UV region. If a coumarin derivative
is chosen as the donor, there is a significant difference in the
spectral overlap between the two forms of fluorescein (Fig-
ure 1). So, we propose a novel ratiometric detection method


Figure 1. Spectral overlap of the coumarin emission with the fluorescein
absorption. �: normalized emission spectrum of 7-hydroxycoumarin-3-
carboxylic acid, �ex� 400 nm; �: absorption spectrum of 10 �� 6-carboxy-
fluorescein diacetate (lactone form); �: absorption spectrum of 10 ��
6-carboxyfluorescein (quinoid form).


for hydrolytic enzyme activity based on resonance energy
transfer switching by spectral overlap integral (Scheme 1).
This method employs fluorescent probes with 3�-O,6�-O-
protected fluorescein linked to coumarin through an appro-
priate linker. As fluorescein is locked in the lactone form, it
has no absorption band in the wavelength region of the
coumarin emission, so there will be no overlap integral
between the coumarin emission and fluorescein absorption.
Thus, the fluorescein moiety cannot accept the excitation
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Scheme 1. The FRET-based detection mechanism.


energy of the donor moiety, and the donor fluorescence can be
observed. After cleavage of the protective groups by hydro-
lytic enzymes, the fluorescein structure changes to the quinoid
form, which has a strong absorption in the coumarin emission
region. Then, acceptor fluorescence due to FRET will occur,
and so the probes will exhibit a large red shift in their emission
spectrum after the reaction with the target enzymes. To
validate the proposed strategy, we designed and synthesized
novel fluorescent compounds bearing phosphate groups in the
fluorescein moiety.


Design and synthesis of the ratiometric fluorescent probes : As
shown in Figure 2, three compounds which have a coumarin
moiety as the donor and a phosphorylated fluorescein moiety
as the acceptor were designed and synthesized as candidate
probes for protein tyrosine phosphatase (PTP). PTPs are
involved in many biologically important processes,[7] including
cell differentiation, synaptic function, cytoskeletal function
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and immune responses, and also in human diseases[8] such as
cancers and diabetes. However, there is little effective real-
time method to monitor their activity in living cells. In
compound 1, two phosphate residues are introduced into the
fluorescein moiety as enzyme-cleavable groups, and this
moiety is linked to the coumarin donor through a cyclohexane
moiety as a rigid linker. In compound 2, the second phosphate
group was replaced by a methyl residue in order to eliminate
the complication of two dephosphorylation steps. To inves-
tigate the effect of the linker structure on the fluorescence


properties and the affinity for PTPs, an ethylene moiety was
introduced as a flexible linker in compound 3. The synthetic
schemes are shown in Scheme 2.


Spectroscopic properties of 1 ± 3 : The emission spectra of 1 ± 3
in an aqueous buffer excited at the excitation wavelength of
the coumarin donor exhibited the emission of the coumarin
donor at around 450 nm before the enzymatic reaction.
Addition of PTP1B, an intracellular PTP,[9] to aqueous
solutions of 1 ± 3 resulted in a decrease in the donor
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fluorescence at around 450 nm and an increase in the acceptor
fluorescence at around 515 nm, as shown in Figure 3. The
same spectral changes were also observed upon the addition
of CD45, a receptor-like PTP.[10] These observations demon-


Figure 3. The emission spectra of compounds 1 ± 3 (1.0 ��) after the
addition of PTP1B (10 �gmL�1) in 0.1� HEPES buffer (pH 7.4) containing
1.0 m� DTTand EDTA at 30 �C. a) Emission spectra of 1measured at 1, 5,
10, 20, 30, 60, and 120 min after the addition, �ex� 402 nm. b) Emission
spectra of 2 measured at 1, 5, 10, 20, 30, 60, and 180 min after the addition,
�ex� 402 nm. c) Emission spectra of 3 measured at 1, 5, 10, 30, 60, 120, and
180 min after the addition, �ex� 407 nm.


strate that the proposed FRET switching by spectral overlap
integral worked as expected. As the time courses of the
changes in the emission spectra show, the enhancement of the
acceptor fluorescence was slower than the decrease of the
donor fluorescence in the cases of 1 and 3 ; on the other hand,
they occurred simultaneously in
the emission spectrum of 2.
The absorption spectra of 1 ±


3 measured in an aqueous buf-
fer exhibited the donor absorp-
tion peak at around 400 nm
(Figure 4). After the addition
of PTP1B or CD45, the absorp-
tion peaks of the fluorescein
moiety appeared and increased
with time. In the cases of 1 and
3, the absorption at around
450 nm was initially enhanced,
then the absorption at around


Figure 4. The absorption spectra of compounds 1 ± 3 (1.0 ��) after the
addition of PTP1B (10 �gmL�1) in 0.1� HEPES buffer (pH 7.4) containing
1.0 m� DTTand EDTA at 30 �C. a) Absorption spectra of 1measured at 1,
5, 10, 20, 45, 60, and 120 min after the addition. b) Absorption spectra of 2
measured at 1, 5, 10, 20, 30, 60, and 120 min after the addition.
c) Absorption spectra of 3 measured at 1, 5, 10, 20, 120, 240, and 360 min
after the addition.


500 nm was enhanced with a slight decrease of the absorption
at around 450 nm. These observations in the fluorescence and
absorption spectra indicate that the two phosphate groups of 1
and 3 are hydrolyzed in two steps through the monophosphate
intermediates, whereas 2 is hydrolyzed in one step. The
fluorescence and absorption properties of compounds 1 ± 3
before and after hydrolysis by the enzymes are summarized in
Table 1. Compound 3 with the flexible ethylene linker
exhibited weaker fluorescence and longer wavelength of the
absorption maxima compared to 1 and 2 with the rigid


Table 1. Chemical Properties of Compounds 1 ± 3 before and after enzymatic hydrolysis.


Compound Absorption Emission Quantum FRET
max [nm][a] max [nm][a] efficiency[a] efficiency [%][b]


1 before hydrolysis 402 445 0.53 0
after hydrolysis 402 515 0.32 96


494 515 0.76
2 before hydrolysis 402 445 0.36 0


after hydrolysis 402 515 0.11 96
458 515 0.20


3 before hydrolysis 404 445 0.11 0
after hydrolysis 407 515 0.033 ±


498 520 0.088


[a] Data were measured in HEPES buffer (0.1�, pH 7.4). [b] Data were obtained from the fluorescence quantum
efficiency of the donor in the presence and in the absence of acceptor.
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cyclohexane linker. These observations indicate that fluores-
cence quenching due to dye-to-dye close contact[6] occurred in
3. In other words, the cyclohexane linker is sufficiently rigid to
prevent dye-to-dye close contact. After hydrolysis by PTPs,
efficient FRET could be observed in 1 and 2. Although
compound 2 after enzymatic cleavage shows weaker fluo-
rescence intensity in the acceptor emission than compound 1
due to the effect of the methyl group incorporated into
fluorescein acceptor, the fluorescence quantum yield of the
fluorescein moiety in compound 2 is equivalent to that of
some widely used fluorescent indicators, and so, the fluo-
rescence of 2 should be sufficient to be detected in living cells.


Kinetic studies : Kinetic parameters such as Km and kcat were
determined by direct fitting of the initial velocity versus
substrate concentration data to the Michaelis ±Menten equa-
tion (Table 2). As a standard, Km and kcat of 4-nitrophenyl
phosphate were also measured under the same conditions.
Compounds 1 and 3 had significantly lower Km values than
compound 2 and 4-nitrophenyl phosphate, especially with
CD45. The higher affinity of 1 and 3 would be due to the
presence of the second phosphate group with its negative
charges, that is, electrostatic interaction between the second
phosphate group and PTPs is important for the enhanced
binding.[11] A comparison of the Km values of 1 and 3 shows
that there is no significant difference in their affinities for
PTP1B or CD45. This indicates that the rigid and bulky
structure of the cyclohexane linker does not affect substrate
binding.


Development of membrane-permeable derivative : Since
compounds 1 ± 3 have low membrane permeability due to
their negative charges, we derivatized compound 1 to the
membrane-permeable 1-AM, which bears acetoxymethyl
residues on the phosphate and hydroxyl groups (Scheme 3).
Compound 1-AM is more lipophilic, and should thus perme-


ate better into the cells, where it should be hydrolyzed to
compound 1 by esterase in the cytosol. In order to determine
whether 1-AM can detect intracellular PTPs activity, it was
used for ratiometric imaging in human umbilical vein
endothelial cells (HUVEC). The fluorescence ratio of the
acceptor and donor within the cells was monitored, in the
presence and absence of sodium orthovanadate, a membrane-
permeable PTP inhibitor, as shown in Figure 5. We observed a
significant difference in the increase of the fluorescence ratio
between inhibitor-treated and untreated cells. Thus, 1-AM
should be practically useful for the ratiometric measurement
of intracellular PTP activity.


Figure 5. Ratiometric imaging of PTPs activity in HUVEC by using 1-AM.
The fluorescence ratio (acceptor/donor) is shown in pseudo color.
a) Ratiometric image of the inhibitor-untreated cells 20 min after the
probe labeling. b) Ratiometric image of cells in the presence of 1.0 m�
sodium orthovanadate 20 min after the probe labeling. c) Time course of
the changes in the fluorescence ratio. �: the fluorescence ratio at randomly
selected regions in HUVEC in the absence of sodium orthovanadate; �:
the fluorescence ratio at randomly selected regions in HUVEC in the
presence of 1.0 m� sodium orthovanadate.


Conclusion


Our results indicate that FRET switching by spectral overlap
integral is feasible for practical use. It should be possible to
develop novel ratiometric fluorescent probes for various
hydrolytic enzymes by introducing other appropriate enzyme-
cleavable groups into the fluorescein acceptor. The fluores-
cence quenching problem that usually arises in developing


Table 2. Kinetic parameters of compounds 1 ± 3 with PTPs.[a]


Compound Enzyme Km kcat kcat/Km


[��] [s�1] [m��1 s�1]


1 PTP1B 67 0.8 12
CD45 12 3.7 300


2 PTP1B 87 1.6 18
CD45 1000 4.1 4.1


3 PTP1B 27 0.33 12
CD45 14 6.7 480


4-nitrophenyl PTP1B 1100 13 12
phosphate CD45 6500 63 10


[a] Data were measured at 30 �C in HEPES buffer (0.1�, pH 7.4),
containing DTT (1.0 m�) and EDTA (1.0 m�).
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FRET probes can be overcome by using the coumarin-
cyclohexane ± fluorescein FRET cassette moiety. In addition
to fluorescein, it should be possible to use rhodamine as the
acceptor, because rhodamine also exhibits a large shift in its
absorption spectrum. Consequently, this study has provided
important information about the design and synthesis of
FRET-based fluorescent probes.
Furthermore, by using the above design approach we have


succeeded in developing the PTP probes 1 ± 3. Based on their
chemical and kinetic properties, we anticipate that com-
pounds 1 and 2 bearing the rigid cyclohexane linker are
practically useful for the ratiometric measurement of PTPs
activity. Although compound 1 has the two dephosphoryla-
tion sites, it exhibits PTP activity-dependent increase in the
ratio value of the acceptor and donor fluorescence with a
large dynamic range. So, it should be useful for monitoring the
PTP activity with high sensitivity, especially for comparing the
PTP activity between the different regions in cells or tissues.
Meanwhile, compound 2 does have the advantage of only one
dephosphorylation step, and this could be especially impor-
tant for quantitative detection. The range of biological
applications could be extended by selecting a suitable probe
according to the experimental aim. In summary, chemically
synthesized FRET-based probes for ratiometric measurement
of PTP activity have been developed for the first time by using
spectral overlap integral switching, with a rigid linker moiety
to prevent close contact of the two dyes. These probes should
allow precise, quantitative detection of PTPs activity, and so
should be useful for studies on the biological functions of
PTPs and for studies aimed at developing effective therapeu-
tics for PTP-related diseases.


Experimental Section


Materials and general methods : PTP1B and CD45 were purchased from
BIOMOL Research Laboratories Inc. (Plymouth Meeting, PA). Fluores-
cence spectra were measured using an F4500 spectrometer (Hitachi, Tokyo,
Japan). Slit width was 2.5 nm for both excitation and emission. The
photomultiplier voltage was 950 V. Absorption spectra were measured
using a UV-1600 spectrometer (Hitachi, Japan). Compounds were dis-
solved in DMSO to make stock solutions, which were diluted to the
required concentration for measurement. 1H NMR and 13C NMR spectra
were recorded on a JEOL JNM-LA300 instrument; � values are given
relative to tetramethylsilane. Fast atom bombardment mass spectroscopy
(FAB-MS) was conducted with a JEOL SX-102Amass spectrometer. High-
resolution mass spectroscopy (HRMS) was done with a JEOL JMS-700T
mass spectrometer. Silica gel column chromatography was performed using
BW-300 (Fuji Silysia Chemical Ltd.).


Preparation of 4 : Dibenzyl diisopropylphosphoramidite (1.8 g, 5.2 mmol)
was added to a solution of 6-carboxyfluorescein (500 mg, 1.3 mmol),
triethylamine (TEA) (1.3 g, 13 mmol) and 1H-tetrazole (930 mg, 13 mmol)
in chloroform (20 mL). The reaction mixture was stirred for 30 min at room
temperature and then cooled to 0 �C. The phosphite intermediate was
oxidized by adding mCPBA (2.0 g, 12 mmol) in portions and the mixture
was stirred for 30 min at room temperature. The mixture was diluted with
chloroform, then washed with 1.5� Na2SO3, 2� HCl and brine, and dried
over sodium sulfate. After evaporation of the chloroform, the residue was
purified by chromatography on silica gel to afford 4 (960 mg, 81%).
1H NMR (300 MHz, CDCl3): �� 5.14 (d, J� 9.2 Hz, 8H), 6.66 (d, J�
8.8 Hz, 2H), 6.81 (dd, J� 2.5, 8.8 Hz, 2H), 7.02 (d, J� 2.5 Hz, 2H), 7.31
(m, 20H), 7.79 (d, J� 1.3 Hz, 1H), 8.09 (d, J� 8.1 Hz, 1H), 8.34 (dd, J� 1.3,
8.1 Hz, 1H); MS (FAB): m/z : 897 [M��H].


Preparation of 5 : Compound 4 (600 mg, 0.67 mmol) was added to a
solution of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC ¥HCl) (190 mg, 0.99 mmol) and N-hydroxysuccinimide (120 mg,
1.0 mmol) in chloroform. The reaction mixture was stirred for 2 h at room
temperature, washed with an aqueous solution of citric acid and brine, and
dried over sodium sulfate. After evaporation of the chloroform, the residue
was purified by chromatography on silica gel to afford 5 (650 mg, 98%).
1H NMR (300 MHz, CDCl3): �� 2.89 (s, 4H), 5.14 (d, J� 9.0 Hz, 8H), 6.66
(d, J� 8.8 Hz, 2H), 6.82 (dd, J� 2.4, 8.8 Hz, 2H), 7.08 (d, J� 2.4 Hz, 2H),
7.32 (m, 20H), 7.86 (d, J� 1.3 Hz, 1H), 8.18 (d, J� 8.1 Hz, 1H), 8.40 (dd,
J� 1.3, 8.1 Hz, 1H); MS (FAB): m/z : 994 [M��H].
Preparation of 6 : trans-1,4-Cyclohexanediamine (82 mg, 0.73 mmol) was
added to a solution of 5 (600 mg, 0.60 mmol) and the N-hydroxysuccini-
midyl ester of 7-hydroxycoumarin-3-carboxylic acid (190 mg, 0.63 mmol) in
DMF, and the mixture was stirred for 1 h at 0 �C. Then it was extracted with
ethyl acetate, and the extract was washed with an aqueous solution of citric
acid and brine, and dried over sodium sulfate. After evaporation of the
ethyl acetate, the residue was purified by chromatography on silica gel to
afford 6 (240 mg, 34%). 1H NMR (300 MHz, CDCl3): �� 1.45 (m, 4H),
2.12 (m, 4H), 3.90 (m, 2H), 5.15 (d, J� 9.0 Hz, 8H), 6.22 (d, J� 7.7 Hz,
1H), 6.68 (d, J� 8.8 Hz, 2H), 6.80 (dd, J� 2.2, 8.8 Hz, 2H), 6.85 (dd, J�
2.4, 8.2 Hz, 1H), 6.87 (d, J� 2.4 Hz, 1H), 7.02 (d, J� 2.2 Hz, 2H), 7.33 (m,
20H), 7.44 (s, 1H), 7.47 (d, J� 8.2 Hz, 1H), 8.08 (s, 2H), 8.65 (d, J� 7.9 Hz,
1H), 8.75 (s, 1H); MS (FAB): m/z : 1181 [M��H].
Preparation of 1: 10% Pd/C (10 mg) was added to a solution of 6 (35 mg,
30 �mol) in methanol, and the reaction mixture was stirred for 30 min
under a slight positive pressure of H2 gas using a balloon. The progress of
the reduction was followed by reverse-phase HPLC. When no more
starting material was evident and only the product peak was observed, the
reaction mixture was filtered and the filtrate was evaporated to give 1
(20 mg, 82%). 1H NMR (300 MHz, CD3OD): �� 1.48 (m, 4H), 2.00 (m,
4H), 3.75 (m, 2H), 6.74 (d, J� 2.0 Hz, 1H), 6.86 (d, J� 8.8 Hz, 2H), 6.87
(dd, J� 2.0, 8.6 Hz, 1H), 7.00 (dd, J� 2.4, 8.8 Hz, 2H), 7.25 (d, J� 2.4 Hz,
2H), 7.63 (d, J� 8.6 Hz, 1H), 7.63 (d, J� 1.3 Hz, 1H), 8.10 (d, J� 8.1 Hz,
1H), 8.16 (dd, J� 1.3, 8.1 Hz, 1H), 8.71 (s, 1H); 13C NMR (125 MHz,
CD3OD): �� 32.0, 32.4, 49.8, 49.9, 83.5, 103.1, 109.7, 112.8, 114.4, 115.7,
115.9, 118.1, 123.9, 126.4, 129.5, 130.5, 130.9, 132.9, 142.7, 149.6, 153.0, 154.6,
154.7, 158.2, 163.2, 163.7, 165.7, 167.3, 170.3; HRMS (FAB� ):m/z : calcd for
[M��H]: 821.1149; found: 821.1166.
Preparation of 7: A solution of 6-carboxyfluorescein (600 mg, 1.6 mmol)
and H2SO4 (1.0 mL) in methanol (30 mL) was heated under reflux
overnight. The reaction mixture was concentrated and diluted with
dichloromethane, then washed with sodium phosphate buffer (pH 7.0)
and brine, and dried over sodium sulfate. After evaporation of the
dichloromethane, compound 7 (330 mg, 52%) was obtained. 1H NMR
(300 MHz, CDCl3): �� 3.64 (s, 3H), 3.94 (s, 3H), 6.79 (dd, J� 2.0, 9.2 Hz,
2H), 6.90 (d, J� 2.0 Hz, 1H), 6.91 (d, J� 9.2 Hz, 2H), 7.98 (s, 1H), 8.31 (s,
2H); MS (FAB): m/z : 405 [M��H].
Preparation of 8 : MeI (100 mg, 0.70 mmol) was added to a solution of 7
(130 mg, 0.32 mmol) and cesium carbonate (130 mg, 0.4 mmol) in DMF
(5.0 mL). The reaction mixture was stirred for 20 min at room temperature
and then diluted with ethyl acetate. The mixture was washed with an
aqueous solution of citric acid and brine, and dried over sodium sulfate. The
organic phase was concentrated and diluted in methanol. To the methanol
solution, 2� NaOH (5.0 mL) was added and the mixture was stirred for 1 h
at room temperature. The methanol was evaporated and the aqueous
residue was acidified with 2� HCl. The resulting precipitate was collected
by filtration and dried to afford 8 (110 mg, 90%). 1H NMR (300 MHz,
CD3OD): �� 3.95 (s, 3H), 6.78 ± 7.14 (m, 6H), 7.84 (s, 1H), 8.22 (d, J�
8.4 Hz, 1H), 8.37 (d, J� 8.4 Hz, 1H); MS (FAB): m/z : 391 [M��H].
Preparation of 9 : Dibenzyl diisopropylphosphoramidite (510 mg,
1.5 mmol) was added to a solution of 8 (290 mg, 0.74 mmol), TEA
(730 mg, 7.2 mmol) and 1H-tetrazole (530 mg, 7.6 mmol) in chloroform
(10 mL). The reaction mixture was stirred for 30 min at room temperature
and then cooled to 0 �C. The phosphite intermediate was oxidized by
adding mCPBA (1.5 g, 8.7 mmol) in portions and the mixture was stirred
for 30 min at room temperature. Then it was diluted with chloroform,
washed with 1.5� Na2SO3, 2� HCl and brine, and dried over sodium
sulfate. After evaporation of the chloroform, the residue was purified by
chromatography on silica gel to afford 9 (400 mg, 83%). 1H NMR
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(300 MHz, CDCl3): �� 3.81 (s, 3H), 5.14 (d, J� 9.0 Hz, 4H), 6.61 ± 7.06 (m,
6H), 7.29 (m, 5H), 7.83 (d, J� 1.1 Hz, 1H), 8.08 (d, J� 7.9 Hz, 1H), 8.31
(dd, J� 1.1, 7.9 Hz, 1H); MS (FAB): m/z : 651 [M��H].
Preparation of 10 : Compound 9 (300 mg, 0.46 mmol) was added to a
solution of EDC ¥HCl (130 mg, 0.68 mmol) and N-hydroxysuccinimide
(80 mg, 0.70 mmol) in chloroform and the mixture was stirred for 2 h at
room temperature. Subsequently the reaction mixture was washed with an
aqueous solution of citric acid and brine, and dried over sodium sulfate.
After evaporation of the chloroform, the residue was purified by
chromatography on silica gel to afford 10 (330 mg, 96%). 1H NMR
(300 MHz, CDCl3): �� 2.82 (s, 4H), 3.81 (s, 3H), 5.14 (d, J� 9.2 Hz, 4H),
6.66 ± 7.12 (m, 6H), 7.31 (m, 10H), 7.91 (d, J� 1.3 Hz, 1H), 8.16 (d, J�
8.0 Hz, 1H), 8.36 (dd, J� 1.3, 8.0 Hz, 1H); MS (FAB): m/z : 748 [M��H].
Preparation of 11: trans-1,4-Cyclohexanediamine (64 mg, 0.56 mmol) was
added to a solution of 10 (350 mg, 0.47 mmol) and the N-hydroxysuccini-
midyl ester of 7-hydroxycoumarin-3-carboxylic acid (140 mg, 0.46 mmol) in
DMF, and the mixture was stirred for 1 h at room temperature. The
reaction mixture was then extracted with ethyl acetate and the extract was
washed with an aqueous solution of citric acid and brine, and dried over
sodium sulfate. After evaporation of the ethyl acetate, the residue was
purified by chromatography on silica gel to afford 11 (100 mg, 24%).
1H NMR (300 MHz, CDCl3): �� 1.42 (m, 4H), 2.04 (m, 4H), 3.81 (s, 3H),
3.94 (m, 2H), 5.14 (dd, J� 5.1, 9.0 Hz, 4H), 6.57 ± 7.03 (m, 6H), 6.68 (d, J�
2.2 Hz, 1H), 6.73 (dd, J� 2.2, 8.4 Hz, 1H), 7.33 (m, 10H), 7.47 (d, J�
8.4 Hz, 1H), 7.60 (s, 1H), 8.03 (d, J� 8.0 Hz, 1H), 8.12 (d, J� 8.0 Hz, 1H),
8.71 (s, 1H); MS (FAB): m/z : 935 [M��H].
Preparation of 2 : 10% Pd/C (10 mg) was added to a solution of 11 (20 mg,
21 �mol) in methanol, and the reaction mixture was stirred for 30 min
under a slight positive pressure of H2 gas using a balloon. The progress of
the reduction was followed by reverse-phase HPLC. When no more
starting material was evident and only the product peak was observed, the
reaction mixture was filtered and the filtrate was evaporated to give 2
(12 mg, 75%). 1H NMR (300 MHz, CD3OD): �� 1.44 (m, 4H), 2.00 (m,
4H), 3.77 (s, 3H), 3.78 (m, 2H), 6.56 (dd, J� 2.6, 8.6 Hz, 1H), 6.69 (d, J�
2.6 Hz, 1H), 6.75 (d, J� 2.4 Hz, 1H), 6.82 (d, J� 8.4 Hz, 1H), 6.86 (dd, J�
2.4, 8.6 Hz, 1H), 6.90 (d, J� 8.6 Hz, 1H), 7.00 (s, 1H), 7.03 (d, J� 8.6 Hz,
1H), 7.49 (d, J� 1.5 Hz, 1H), 7.62 (dd, J� 1.5, 8.2 Hz, 1H), 7.65 (d, J�
8.4 Hz, 1H), 7.90 (d, J� 8.2 Hz, 1H), 8.73 (s, 1H); 13C NMR (125 MHz,
CD3OD): �� 31.9, 32.4, 49.3, 49.9, 56.2, 79.5, 102.0, 103.1, 103.5, 109.7,
111.6, 112.8, 113.3, 114.4, 115.7, 116.3, 117.8, 123.9, 126.2, 129.8, 130.2, 130.5,
130.8, 132.9, 142.7, 149.6, 153.3, 153.6, 154.5, 158.2, 163.2, 163.4, 163.7, 165.7,
167.4, 170.2; HRMS (FAB� ): m/z : calcd for [M��H]: 755.1642; found:
755.1638.


Preparation of 12 : Ethylenediamine (60 mg, 1.0 mmol) was added to a
solution of 5 (800 mg, 0.81 mmol) and the N-hydroxysuccinimidyl ester of
7-hydroxycoumarin-3-carboxylic acid (240 mg, 0.79 mmol) in DMF, and
the mixture was stirred for 30 min at 0 �C. The reaction mixture was
extracted with ethyl acetate and the extract was washed with an aqueous
solution of citric acid and brine, and dried over sodium sulfate. After
evaporation of the ethyl acetate, the residue was purified by chromatog-
raphy on silica gel to afford 12 (180 mg, 20%). 1H NMR (300 MHz,
CDCl3): �� 3.61 (m, 4H), 5.13 (d, J� 9.0 Hz, 8H), 6.58 (d, J� 8.8 Hz, 2H),
6.65 (dd, J� 2.2, 7.3 Hz, 1H), 6.67 (d, J� 2.2 Hz, 1H), 6.72 (dd, J� 1.3,
8.8 Hz, 2H), 6.94 (d, J� 1.3 Hz, 2H), 7.27 ± 7.36 (m, 21H), 7.73 (s, 1H), 8.15
(s, 2H), 8.41 (m, 1H), 8.63 (s, 1H), 9.12 (m, 1H); MS (FAB): m/z : 1127
[M��H].
Preparation of 3 : 10% Pd/C (15 mg) was added to a solution of 12 (35 mg,
31 �mol) in methanol/chloroform 1:1 (5 mL), and the reaction mixture was
stirred for 10 min under a slight positive pressure of H2 gas using a balloon.
The progress of the reduction was followed by reverse-phase HPLC. When
no more starting material was evident and only the product peak was
observed, the reaction mixture was filtered and the filtrate was evaporated
to give 3 (21 mg, 90%). 1H NMR (300 MHz, CD3OD): �� 3.50 ± 3.65 (m,
4H), 6.55 (dd, J� 2.4, 8.8 Hz, 1H), 6.63 (d, J� 8.8 Hz, 1H), 6.71 (d, J�
2.4 Hz, 1H), 6.75 (d, J� 2.4 Hz, 1H), 6.79 (d, J� 8.8 Hz, 1H), 6.87 (dd, J�
2.4, 8.8 Hz, 1H), 6.93 (dd, J� 2.4, 8.7 Hz, 1H), 7.20 (d, J� 2.4 Hz, 1H), 7.62
(d, J� 1.3 Hz, 1H), 7.63 (d, J� 8.7 Hz, 1H), 8.07 (d, J� 8.6 Hz, 1H), 8.12
(dd, J� 1.3, 8.6 Hz, 1H), 8.62 (s, 1H); 13C NMR (75 MHz, CD3OD): ��
40.0, 40.9, 83.6, 103.1, 103.5; 109.6, 112.7, 114.4, 115.7, 116.0, 118.1, 124.0,
126.4, 129.6, 130.4, 133.0, 142.8, 149.5, 153.1, 154.5, 154.7, 158.2, 161.0, 162.9,


165.0, 165.7, 170.0; HRMS (FAB� ): m/z : calcd for [M��H]: 765.0523;
found: 765.0507.


Preparation of 1-AM : Acetoxymethyl bromide (30 �L, 300 �mol) and
diisopropylethylamine (100 �L, 600 �mol) were added to a solution of 1
(5.0 mg, 6.1 �mol) in DMF, and the reaction mixture was stirred for 2 h at
room temperature under Ar. Subsequently the mixture was extracted with
ethyl acetate, and the extract was washed with HEPES buffer (pH 7.4), and
dried over sodium sulfate. After evaporation of ethyl acetate, the residue
was purified by chromatography on silica gel to afford 1-AM (3.2 mg,
45%). 1H NMR (300 MHz, CDCl3): �� 1.44 (m, 4H), 2.07 (m, 4H), 2.11 (s,
12H), 2.14 (s, 3H), 3.95 (m, 2H), 5.68 ± 5.78 (m, 8H), 5.83 (s, 2H), 6.08 (d,
J� 8.3 Hz, 1H), 6.81 (d, J� 8.8 Hz, 2H), 6.97 (dd, J� 2.2, 8.8 Hz, 2H), 7.04
(dd, J� 2.3, 8.1 Hz, 1H), 7.06 (d, J� 2.3 Hz, 1H), 7.23 (d, J� 2.2 Hz, 1H),
7.41 (s, 1H), 7.62 (d, J� 8.1 Hz, 1H), 8.05 (dd, J� 1.5, 7.5 Hz, 1H), 8.10 (d,
J� 7.5 Hz, 1H), 8.65 (d, J� 7.9 Hz, 1H), 8.81 (s, 1H); MS (FAB):m/z : 1181
[M��H].
Ratiometric imaging : HUVEC were cultured in EGM-2 medium (Sanko-
Junyaku, Japan). The cells were incubated with PBS containing 5.0 �� 1-
AM for 10 min, in the presence or absence of 1.0 m� sodium orthovanadate
(a PTP inhibitor), and the fluorescence ratio was measured every 2 min.
The imaging system comprised an Olympus IX-70 inverted fluorescence
microscope, a Hamamatsu Photonics ICCD camera C2400, a Hamamatsu
Photonics Argus 50 image processor, and a Hamamatsu Photonics
W-VIEW system A4313. The microscope was equipped with a xenon
lamp, an objective lens X 40, a 400DF15 excitation filter (OMEGA), a
420DCLP dichroic mirror (OMEGA), and a 435ALP emission filter
(OMEGA).
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DFT Study of the NMR Properties of Xenon in Covalent Compounds and
van der Waals Complexes–Implications for the Use of 129Xe as a Molecular
Probe


Alessandro Bagno*[a] and Giacomo Saielli[b]


Abstract: The NMR properties (chem-
ical shift and spin ± spin coupling con-
stants) of 129Xe in covalent compounds
and weakly bound complexes have been
investigated by DFT methods including
relativistic effects. For covalent species,
a good agreement between experimen-
tal and calculated results is achieved
without scalar relativistic effects, but
their inclusion (with a triple-�, double-
polarization basis set) leads to some
improvement in the quality of the cor-
relation. The spin ± orbit coupling term


has a significant effect on the shielding
constant, but makes a small contribution
to the chemical shift. Coupling constants
contain substantial contributions from
the Fermi contact and paramagnetic
spin ± orbit terms; unlike light nuclei
the spin ± dipole term is also large,


whereas the diamagnetic spin ± orbit
term is negligible. For van der Waals
dimers, the dependence of the xenon
chemical shift and anisotropy is calcu-
lated as a function of the distance. Small
(�1 Hz) but non-negligible through-
space coupling constants between 129Xe
and 13C or 1H are predicted. Much larger
couplings, of the order of few Hz, are
calculated between xenon and 17O in a
model silicate residue.


Keywords: density functional calcu-
lations ¥ NMR spectroscopy ¥ spin ±
spin coupling ¥ van der Waals inter-
action ¥ xenon


Introduction


The noble gas xenon has found widespread use as a molecular
probe, owing to its low chemical reactivity and to the
favorable NMR properties of the naturally occurring 129Xe
isotope (natural abundance 26.44%, I� 1³2, ���7.4521�
107 rads�1T�1), which render its observation relatively easy.
More importantly, 129Xe chemical shifts are sensitive to even
tiny changes in the surroundings.[1] The scope of application of
the xenon probe has received further strong impetus by
exploiting the enormous NOE effects that can be achieved
through hyperpolarization by optical laser pumping, taking
advantage of its very slow intermolecular spin-lattice relax-
ation.[2] The other NMR-active isotope (131Xe, I� 3³2) has
received less attention, although it is also finding use as


molecular probe by techniques appropriate for quadrupolar
nuclei.[3]


Among many examples of the use of 129Xe as NMR probe,
we will mention a few general areas. a) Study of the pore
structure and adsorption properties of zeolites, since the
position and width of 129Xe lines depend on the interaction of
Xe atoms with one another and with the pore walls.[4±6] Along
with experimental investigations, computer simulations have
been used in order to get atomic-level information of the
arrangement of xenon atoms in zeolitic pores[6±8] and other
porous materials.[9] b) Study of the ordering properties of
liquid crystals: when dissolved in an anisotropic environment
it is possible to observe the induced anisotropy of the
shielding tensor and, therefore, to obtain information on the
degree of order of the liquid crystalline material.[10] c) Study
of proteins in aqueous solutions,[11] where nonspecific xenon ±
protein interaction can reveal conformational changes in the
protein structure. d) Investigation of xenon ±membrane in-
teraction:[12] xenon is finding use as anaesthetic in medicine,
and the interaction of xenon with lipids has received much
attention because hyperpolarized 129Xe can be dissolved in
biologically compatible lipid emulsions while maintaining
sufficient polarization for in vivo vascular imaging.[13] e) Ex-
ploiting isotope shifts of xenon caged in a deuterated
cryptophane.[14] f) Study of Xe@C60, for which an experimen-
tal 129Xe NMR spectrum has been obtained.[15]
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Despite its widespread use, quantum chemical character-
ization and predictions of the NMR properties of 129Xe (as
free atom, in covalent compounds or weakly bound com-
plexes), are limited.[16, 17] Among these, we note that GIAO-
HF calculations of xenon shifts in Xe@C60, as well as an MP2
calculation for the Xe ¥ ¥ ¥ benzene complex at a selected
distance, have been reported.[18] Recently, the HF-level
calculation of xenon shifts in xenon dimers and other simple
van der Waals complexes have also been reported,[19] with the
aim of modelling the NMR properties of xenon in nano-
channels. Similarily, chemical shift for xenon adsorbed on
molecular sieves were reported, based on model Xe ¥ ¥ ¥Xe and
Xe ¥ ¥ ¥H2O dimers.[20] Also, the calculation of spin ± spin
couplings in Xe ¥ ¥ ¥Xe and Xe ¥ ¥ ¥H dimers, based on a variant
of density functional theory[21] was presented. These data had
previously prompted us to investigate the transmission of
spin ± spin coupling through space in van der Waals dimers.[22]


Our results, as well as those by other groups, consistently
indicated an almost ubiquitous occurrence of through-space
or through-hydrogen-bond couplings for several pairs of
nuclei (notably 1H ± 13C and 1H± 19F, where they may be far
from small[23, 24]). Finally, 1JXe,F for some xenon fluorides from
relativistic DFT calculations have been recently reported.[25]


The observation of through-space couplings involving
xenon would have important consequences. The existence of
scalar coupling is normally taken as strong evidence of
chemical bonding. In weakly dispersion-bound complexes
there is, obviously, no such implication; however, the rapid
decay of calculated values with increasing distance (see
e.g.[22, 26]) renders this quantity a sensitive probe of spatial
proximity akin to the NOE. In other words, the strong
structural information that it carries would in fact allow one to
map specific probe-pore/channel interactions at atomic level.
Thus, the capability to predict such through-space couplings
may be viewed as a guideline for tailoring NMR experiments
to hopefully observe this phenomenon.
Prompted by the increasing scope of application of xenon as


probe, we have endeavored to provide a comprehensive set of
calculations to predict its relevant NMR parameters. Given
the scarcity of such calculations, in this paper we firstly
validate the methodology by investigating the NMR proper-
ties of xenon in covalent compounds. We then turn our
attention to weakly bound complexes, for which hardly any
experimental data are available for direct comparison.
Van der Waals complexes are chosen so as to represent model
systems of the weak interactions of xenon in common
environments such as zeolites, liquid crystals, cryptophanes.
In these cases the analysis of the calculated chemical shift and
shielding anisotropy, as well as the through-space coupling,
will serve as a tool to rationalize experimental observations
and hopefully to enable the prediction of these NMR
parameters.


Computational Methods


The calculation of NMR properties has been carried out using density
functional theory (DFT) as implemented in the Amsterdam Density
Functional (ADF) code,[27] in which frozen-core, as well as all-electron,


Slater basis sets are available for all atoms. The most frequently used basis
set in this work was the triple-�, double-polarization TZ2P, including
functions up to 5d and 4f for Xe. Relativistic frozen-core potentials for
relativistic calculations (not to be confused with effective core potential
basis sets), required to run ZORA calculations, were generated with the
�irac utility.[27] The ADF code also offers the possibility of taking
relativistic effects into account, by means of the Pauli method, or the
more recent, recommended two-component zero-order regular approx-
imation (ZORA) method, which requires specially optimized basis sets. It
is possible to include either only the scalar (Darwin and mass-velocity)
correction or spin ± orbit coupling too. The ADF NMR property modules
allow for the calculation of nuclear shieldings and spin ± spin couplings by
the ZORA method. Details about theory and implementation are
described in refs. [28, 29]. The nonrelativistic contribution to the spin ±
spin coupling obtained by Ramsey,[30] that is the Fermi-Contact (FC),
diamagnetic spin-orbit (DSO), paramagnetic spin-orbit (PSO) and spin-
dipole (SD) can be also derived within the relativistic approximation,
although the ZORA terms are somewhat different.[28, 29]


Ziegler and co-workers have carried out broad computational investiga-
tions of heavy-atom nuclei (e.g. 183W, 195Pt, 199Hg, 205Tl, 207Pb, 235U), and
observed large relativistic effects on their NMR properties.[31] For lighter
atoms such as Xe, these effects on NMR parameters may still be substantial
since both the shielding and the coupling constant involve core orbitals (or
the core tails of valence orbitals). Whether these effects show up or not
depends, to some extent, on the fact that chemical shifts are the difference
between the shieldings in two species, implying that they may partly cancel.
Thus, for example, an excellent agreement between experimental 99Ru
chemical shifts and nonrelativistic calculated values was obtained.[32] This
will not be the case if one or more 3rd- or 4th-row atoms, typically iodine,
are bonded to the observed NMR nucleus and the bond has a high s
character, where spin ± orbit coupling makes a large contribution to the
overall shielding.[33, 34] Even though this investigation involves only light
atoms bonded to Xe, the limited knowledge base concerning spin ± orbit
effects prompted us to determine the relevance of relativistic effects in the
calculated NMR properties of xenon.


With regard to weak dispersion-bound complexes, since DFT may not treat
the energetics of this interaction correctly, we have evaluated the
interaction energies by the MP2 ab initio method, with the DZVP[35]


Gaussian basis set for all atoms, using Gaussian 98.[36] Energies were
corrected for basis set superposition error (BSSE) by the counterpoise
method.[37] In order to assess the basis-set effect, we also ran a
corresponding set of calculations for two test cases (Xe dimer and Xe ±
benzene complex) with the recently defined[38] SDB-cc-pVTZ basis, which
includes an effective-core potential for xenon.


Results and Discussion


Covalent compounds : Among the noble gases, xenon features
the largest number of covalent compounds known, most of
which are binary or ternary species where xenon is bonded to
F, O or N. Although many such species are unstable, for a fair
number of them a high-resolution 129Xe spectrum is available,
from which accurate chemical shifts and coupling constants
can be extracted. The whole known shielding range, even
within the limited structural variability allowed, amounts to
more than 7000 ppm (free Xe being the most shielded at ��
�5331, up to XeO6


4� at ���2077), that is, the typical range
for nuclei of this atomic number. A strong dependence of the
chemical shift on the oxidation state is known; noticeable
temperature and solvent effects are also found, whereby
experimental values often span a rather broad interval.
Nevertheless, the wide experimental window of data make
xenon a suitable candidate to test the performance of density
functional calculations. We have investigated the covalent
compounds listed in Tables 1 and 2, below, where we report
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the experimental results for the chemical shift (relative to the
commonly accepted standard XeOF4), and coupling con-
stants.[1] Spin ± spin couplings to 129Xe involve the typical
nuclides 35Cl, 29Si, 19F, 17O, 15N, 13C, 1H. The structures of most
compounds considered in the calculations were obtained from
X-ray experimental data as reported in Table 1. For some
species (XeF6, XeF�, XeCl�) the solution structure is un-
certain, and neither the calculated chemical shift and,
especially, the couplings satisfactorily correlated with the
experimental data. These compounds will be dealt with
separately, and the results are not included in the fitting of
the calculated versus experimental data.
The results of the calculations are the components of the Xe


shielding tensor �, that is, the diamagnetic term �d, the
paramagnetic term �p and, for the relativistic spin ± orbit
approximation, also the spin ± orbit term, �SO. The chemical
shift � is calculated from the isotropic component � of the
shielding tensor as �� �ref� � where �ref refers to XeOF4. The
other property of interest that we calculated is the spin ± spin
coupling constant between xenon and the other NMR-active
nuclei in the molecule. The total coupling tensor J is obtained
as a sum of the four constituent contributions, as already
mentioned: FC, DSO, PSO and SD. At the spin ± orbit ZORA
level, apart from the DSO contribution, only the sum
(FC�SD) can be determined along with PSO, each containing
cross terms with the other. We are only interested in the
isotropic component of the shielding and coupling tensors,
since the anisotropic part is averaged to zero in isotropic
solution due to the rapid tumbling motion.
As a preliminary test we investigated the effect of some of


the functionals available in ADF, namely Perdew ±
Wang 91,[52] Perdew ±Burke ±Ernzerhof 96,[53] the PBE re-
vised by Hammer±Hansen ±Norskov,[54] the PBE revised by
Zhang and Wang,[55] the Becke 88 exchange[56] plus Lee ±
Yang ±Parr correlation,[57] and the Becke 88 exchange[56] plus
the Perdew 86 correlation[58] (BP). This was done by calculat-
ing the 1JXe,F and 1JXe,O coupling constants (apparently the
most-demanding properties) in XeOF4 at the nonrelativistic
level, with the TZP basis set Xe.4p for xenon and all-electron
for O and F. We did not find any functional to perform
systematically better than any other (Table S1 of the Support-
ing Information); we therefore chose the BP functional for all
subsequent calculations. We also performed some further
tests to investigate the basis set effect. Thus, we ran a series of
calculations of 1JXe,F in XeF2 and XeF4 at the scalar ZORA
level with the all-electron DZ, TZP, TZ2P and QZ4P basis
sets defined in ADF. We found a systematic improvement of
the results up to the TZ2P basis set, while the effect of the
larger and computationally quite expensive QZ4P appears to
be difficult to assess (Table S2 in the Supporting Information).
We therefore decided to use the TZ2P basis for all our
relativistic calculations, and the TZP basis for the nonrelativ-
istic ones. The choice was dictated by the fact that the all-
electron TZ2P basis set for xenon is only available for ZORA
calculations.
An additional test was run to compare the performance of


ab initio and DFT nonrelativistic calculations. Thus, in
Figure 1 and Table S3 we report the results for few cases
(Xe, XeF2, XeF4, XeOF4) with two such methods, that is,


Figure 1. Correlation between experimental and calculated chemical shifts
relative to XeOF4 (�, ppm) from nonrelativistic calculations. MP2/DZVP
(*, - - - -); BP/TZP (�, ––).


MP2/DZVP and BP/TZP with frozen core up to 4p for xenon
(Xe.4p) and all-electron for light atoms. The linear fit (a�bx)
of calculated versus experimental � yielded a� 100, b� 0.77,
r� 0.999 (MP2) and a��42, b� 0.87, r� 0.996 (DFT).
Hence, the outcome is rather similar, in that MP2 results
show a slightly better correlation but with a slope farther from
unity. However, the computational cost of MP2 shielding
calculations increases dramatically for species bigger than
XeOF4, and this approach was not further pursued.
In the following we report the results obtained at the three


levels of theory employed for covalent compounds. a) Non-
relativistic, b) relativistic scalar ZORA and c) relativistic
spin ± orbit ZORA. At the nonrelativistic level we used the
frozen core Xe.4p basis set for xenon and all-electron basis
sets for the light atoms. At the relativistic spin ± orbit level we
used the TZ2P all-electron basis on all atoms, while at the
intermediate relativistic scalar level we ran calculations with
both basis sets. Whenever a range of experimental data was
available, we considered the mean value. For brevity, we will
report in detail only the results obtained at the scalar ZORA/
TZ2P level; the nonrelativistic and relativistic spin ± orbit
level results are available as Supporting Information (Ta-
bles S3 ± S6).
At the nonrelativistic level �d is almost constant, while �p is


strongly dependent on the oxidation state. Owing to its
spherical symmetry, for the free xenon atom �p is exactly zero
at the nonrelativistic level (and very small at relativistic
levels) and accordingly the free atom turns out to be the most
shielded. Covalent compounds are much less shielded in the
order XeII�XeIV�XeVI, in agreement with experiment. With
regard to spin ± spin couplings, we observe that the FC
contribution is not dominant, since the PSO term is of
comparable magnitude or even larger. The SD term is also
very important, especially for 1JXe,F couplings, while the DSO
term is negligible, being always less than 0.1% of the total
coupling (this applies also to relativistic results, so it will not
be further reported). The correlation between the calculated
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and experimental results for the chemical shift is rather good,
since only the chemical shift of xenon atom does not fit well in
the correlation. The linear fit (a�bx) of calculated versus
experimental � yielded a��41.8, b� 0.87, and correlation
coefficient r� 0.997. The correlation between spin ± spin
couplings is also good, as can be appreciated from the fit
parameters: a��126.4, b� 0.96, r� 0.994. Hence, nonrela-
tivistic calculations underestimate shifts and couplings by 4 ±
13%. Including the scalar relativistic effects, but with the
same basis set (TZP-Xe.4p) led to somewhat worse results.
Therefore we ran calculations at the relativistic scalar


ZORA approximation with the TZ2P all-electron basis set.
The results of shielding calculations are reported in Table 1; in
Figure 2a we report the correlation between experimental and
calculated chemical shifts.


We note an improvement on going from the nonrelativistic
to the scalar relativistic case, as indicated by the slope b (a�
28, b� 1.02, r� 0.996). In particular, the chemical shift of the
xenon atom is in much better agreement. However, by
comparing with the results seen above it is evident that this
result is due to the larger basis set used, rather than to the
inclusion of relativistic effects. In Figure 2b we report the
correlation between experimental (absolute value) and calcu-
lated coupling constants (data in Table 2). For this property
we did not find a significant improvement (a��79; b� 1.06;
r� 0.993). Actually, 1JXe,F in XeF4 shows a relatively large
error of about 16%. In order to check whether this is due to a
problem with the geometry, we ran a calculation for a
structure optimized at the scalar ZORA/TZ2P level. The
bond length changed from the experimental value[44] of 1.940
to 1.955 ä. However, the coupling constant at the optimized
geometry was essentially unchanged.
At the spin ± orbit relativistic ZORA/TZ2P level we found


�SO to be quite significant, reaching up to about 30% of the
total value. This contribution is, however, rather similar for
most species (with a range of ca. 400 ppm), so that it partly
cancels out in the resulting chemical shift, and � values are not


Figure 2. Correlation between experimental and calculated NMR param-
eters (Tables 1 and 2). a) Chemical shifts relative to XeOF4 (�, ppm) at the
scalar ZORA/TZ2P level. The data points for XeF�, XeCl� and XeF6 (�)
are not included in the fit (see text). b) Spin ± spin couplings (J, Hz;
absolute values).


much affected by this contribution. This approach in fact gives
a correlation of similar quality as the scalar one (chemical
shifts: a��207, b� 1.03, r� 0.995, coupling constants: a� 15,
b� 1.03, r� 0.997). 1JXe,F in XeF4 is now in better agreement
with experiment; however, given that all other parameters are
well reproduced at the scalar ZORA level, this may be
fortuitous. Solvent coordination may also play a role, since
XeF4 is structurally related to other square-planar complexes
for which similar problems were encountered.[31] Interestingly,
the species with the largest �SO are XeF� and XeCl� (see
below).
We note that a very good agreement was obtained[25] for


1JXe,F in XeF4 at this level of theory. However, the basis set has
one polarization function (5d) less than the one included in
the latest version of ADF.[27] Indeed, by using the same basis
set we obtained the same result.
In conclusion, a good correlation between calculated and


experimental NMR properties of xenon covalent compounds
can be obtained at a nonrelativistic level using density
functional theory with basis sets of moderate size and frozen
core for xenon (TZP-Xe.4p). An almost quantitative agree-
ment is found including scalar relativistic corrections with the
larger all-electron TZ2P basis set, while the inclusion of the
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Table 1. Calculated and experimental 129Xe nuclear shieldings and chem-
ical shifts [ppm] at the scalar ZORA/TZ2P level.


Species �p �d � �calcd �exptl Ref.


Xe 82 5578 5660 � 5414 � 5331 [1]


XeF2 � 3478 5571 2093 � 1847 � 1592; �2009 [44,45]


FXeOSO2F � 3753 5572 1818 � 1572 � 1407; �1666 [47]


FXeN(SO2F)2 � 3420 5572 2152 � 1906 � 1997; �2053 [50][a]


XeF4 � 5880 5565 � 315 561 166.1; 259 [44,45]


XeO2F2 � 5239 5571 332 � 86 17; 73 [46,48]


XeOF4 � 5320 5566 246 0 0 [44,45]


XeO3 � 5395 5575 180 66 217 [49]


XeF6 � 5387 5561 174 72 � 35; �45 [39±42]


XeF� � 7458 5570 � 1888 2134[b] � 574; �911 [43]


Xe2F3
� � 4557 5570 1013 � 767 [51]


XeCl� � 2276 5574 3298 � 3052[c] � 551 [43]


[a] The geometry used in the calculations was obtained by optimization at
the scalar ZORA/TZ2P level, starting from the experimental structure. The
average difference in bonds lengths and angles is 0.016 ä and 10,
respectively. [b] �� 705 ppm at the ZORA spin ± orbit/TZ2P level.
[c] ���3551 ppm at the ZORA spin ± orbit level.
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spin ± orbit interaction does not markedly improve the results,
although the shielding constant is strongly affected.


XeF6 and ionic species : As mentioned above, for some species
(XeF6, XeF�, XeCl�) large deviations can be seen from the
fitting line of Figure 1, and these discrepancies must be
reconciled. We note in passing that spin ± orbit coupling has a
sizable effect (e.g., for XeF�, � goes from 2134 to 705 ppm,
and 1JXe,F from �13655 to �10302 Hz; see footnotes to
Tables 1 and 2), but this correction is far from being sufficient
to bring the calculated values into the target range; hence, we
will again restrict the discussion to scalar ZORA results.
A major point to note is that there appears to be a large


uncertainty with regard to the actual structure in solution, as
summarized below.
For XeF6, according to recent calculations,[39, 40] the most


stable conformation in the gas phase has C3v symmetry,
whereas the octahedral one is calculated to be a transition
state connecting two C3v conformers. The calculation of NMR
parameters was performed on the MP2 structure obtained in
ref. [39], which resulted in a substantial discrepancy in 1JXe,F
(Table 2). However, it is not yet clear whether the solution
structure is monomeric, or rather tetrameric or hexameric as
postulated for the solid state.[41, 42] The large size and uncertain
nature of these higher species prevented us from further
pursuing the issue. However, given the good performance just
seen for well-behaved compounds, this seems the most likely
cause for the discrepancy and, indeed, the calculated values
may be used as evidence indicating this structural change.
For XeF� experimental NMR data, obtained in superacid


media (HF/SbF5), are reported.[1] In such media, there is again
some uncertainty as to the nature of the species, so that the
disagreement probably stems from a substantial divergence
with the structure considered in the computations. Given the
coordinatively unsaturated nature of this species, strong


interactions involving the counterion or other ions may be
held responsible. The large discrepancy for coupling constants
(calcd 1JXe,F��13.7 kHz, exptl ca. 7 kHz) is suggestive;
explicit inclusion of coordinated solvent molecules was found
essential in order to acceptably calculate couplings for
coordinatively unsaturated complexes such as MeHgX,
Hg(CN)2, PtX2(PMe3)2 and [(CN)5Pt�Tl(CN)]� .[31]
The simplest species that XeF� can form in superacid


solutions is probably Xe2F3
�, that is, a fluoride-bonded


[FXe�F�XeF]� dimer, which was indeed postulated[45] as a
possible actual structure of XeF� in such media. A calculation
for Xe2F3


� (Tables 1 and 2) yields a � value (�767 ppm) quite
consistent with the rather broad range of experimental values.
The 1JXe,F couplings are �5107 and �7947 Hz with the central
and terminal fluorine atoms, respectively. Thus, apart from the
sign, the average 1JXe,F��6527 Hz agrees with the exper-
imental values ranging between 6.7 ± 7.6 kHz. (Incidentally,
we note the substantial 2JXe,Xe coupling of 792 Hz, which
should be detectable in less symmetric adducts.)
The case of XeCl� deserves particular attention, since an


experimental NMR spectrum has been carefully obtained
very recently.[43] The NMR spectrum in HF/SbF5 features two
very broad (8 kHz) signals centered at ���551 (calcd ��
�3052), separated by 5165 Hz (calcd 1JXe,Cl��1899 Hz). The
line width and splitting were tentatively ascribed to coupling
with 35,37Cl. Hence, there are major differences with the
calculated values. Moreover, the large line broadening and
multiplicity must also be accounted for. On the basis of the
above results, we are inclined to believe that in superacid
solution XeCl� may also be present as a bridged species of
unknown nature. However, this statement must be strength-
ened by further results.[59]


Van der Waals dimers : We have studied the xenon dimer and
the van der Waals complexes shown in Figure 3. The inter-
action energy was calculated with a step of 0.2 ä, at least


Figure 3. Xenon van der Waals complexes investigated.


around the minimum, and a cubic spline is used to determine
the equilibrium distance req, together with the energy
stabilization at the equilibrium separation, �E.
All NMR properties have been calculated at the scalar


ZORA/TZ2P level, in accord with our previous findings for
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Table 2. Calculated and experimental coupling constants [Hz] at the scalar
ZORA/TZ2P level.[a]


Species PSO FC SD Jcalcd � Jexptl �
XeF2


1JXe,F � 2979 � 1998 � 981 � 5958 5550; 5665
FxeOSO2F 1JXe,F � 3472 � 1758 � 1090 � 6320 5830; 6051
FXeN(SO2F)2 1JXe,F � 3217 � 1899 � 1044 � 6160 5572; 5624


1JXe,N 50.7 163.2 20.3 234 307.4
3JXe,F 6.7 � 18.1 � 4.9 � 16.3 18


XeF4
1JXe,F � 258 � 2587 � 375 � 3221 3801; 3900


XeO2F2
1JXe,F 189 � 1167 � 129 � 1107 1217
1JXe,O � 191 � 343 11 � 523 521


XeOF4
1JXe,F 456 � 1717 � 122 � 1383 1115; 1131
1JXe,O � 235 � 447 16 � 665 692


XeF6
[b] 1JXe,F 753 � 2707 � 150 � 2104 330


XeF� 1JXe,F � 9436 � 818 � 3401 � 13655[c] 6703; 7594
Xe2F3


�[d] 1JXe,F1 � 1492 3188 � 426 � 5107
1JXe,F2 � 4883 � 1370 � 1694 � 7947
2JXe,Xe 224 526 41 792 �


XeCl� 1JXe,Cl � 114 � 1325 � 460 � 1899[e] 5165[f]


[a] See Table 1 for references to experimental values; all couplings reported as
positive because the sign is not known. The DSO term is negligible. [b] Average
of the results obtained for the two nonequivalent fluorine atoms inC3v structure.
[c] J��10302 Hz at the ZORA spin ± orbit level. [d] F(2)-Xe-F(1)-Xe-F(2) .
Average of 1JXe,F couplings is �6527 Hz. [e] J��1519 Hz at the ZORA
spin ± orbit level. [f] Separation between the two very broad (8 kHz) signals
observed in the spectrum in HF/SbF5.[43]
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covalent species (and also because the larger QZ4P basis did
not perform particularly well, besides its being too demanding
for these systems). At variance with the preceding section,
chemical shifts are given with respect to the free xenon atom,
since this is the usual reference when xenon is used as probe,
for example in zeolites and liquid crystals, and we will adopt
this convention. In the paper, we will present these results
only in a graphical form; the complete data are available as
Supporting Information (Tables S7 ± S14). We have previously
shown that ab initio and DFT methods perform similarly in
the calculation of through-space couplings of organic van -
der Waals and CH/� interacting systems.[22]


The Xe ¥¥¥ Xe dimer : The equilibrium distance (req� 4.93 ä) is
similar to the value of 4.98 ä obtained from DFT calculations
using a functional specifically parameterized for van der -
Waals complexes.[60] The interaction energy �E, was calcu-
lated to be �0.16 kcalmol�1. These results are quite at
variance with the empirical Aziz ± Slaman pair potential for
xenon in the gas phase,[61] for which the equilibrium distance is
4.36 ä and the interaction energy at req is �0.561 kcalmol�1.
In order to check for a possible basis set effect, we compared
with the larger SDB-cc-pVTZ basis set (Figure 4), whereby


Figure 4. Basis-set effect on the energetics of interaction [kcalmol�1] in
xenon van der Waals complexes at the MP2 level with BSSE correction;
empty and filled markers correspond to the DZVP and SDB-cc-pVTZ
bases, respectively. Xenon dimer (circles); xenon-benzene complex
(squares).


the energy minimum moves to shorter distances, and to more
negative values, upon switching to the larger basis. The same
trend is apparent also for the Xe ± benzene complex. How-
ever, the change is relatively small, so this discrepancy might
be attributed, for example, to the lack of diffuse functions in the
basis sets. We may then safely assume that our equilibrium dis-
tances and interaction energies are underestimated; therefore,
the true minimum is expected to occur for distances were shield-
ing and especially through-space couplings are even larger.
In Figure 5a we report the xenon chemical shift �, which


shows a smooth increase from zero (at infinite distance) to
positive shifts, amounting to about 10 ppm at req.


Figure 5. a) NMR shielding parameters of xenon in the Xe ¥ ¥ ¥Xe dimer.
Left axis: chemical shift (�); shielding anisotropy (�). Right axis: the two
components, �� (�) and �� (�), of the xenon shielding tensor. b) Spin ± spin
coupling constant JXe,Xe of the Xe ¥ ¥ ¥Xe dimer. PSO (�); FC (�); SD (�);
total coupling (�). The DSO contribution is negligible.


In the same Figure we also show the anisotropy (��) of the
shielding tensor for a xenon atom of the dimer. Since the
tensor has a cylindrical symmetry, the z axis lying along the
internuclear vector, ��� �� � ��, where �� is defined along
the z axis, while �� is the component in the perpendicular
plane. As we can see in Figure 5a, �� is close to the isotropic
value (5660 ppm) throughout the range investigated; almost
all the isotropic chemical shift comes from a variation in ��.
The results of Jameson and co-workers[19] are qualitatively in
agreement with ours, although at the equilibrium separation
the chemical shift at the DFT level is about twice as large as
the HF result. The coupling constant, here assumed to be
between two 129Xe nuclei, is shown in Figure 5b. The DSO
contribution is essentially negligible, as found previously for
the covalent compounds. Although the PSO and FC terms are
dominating, the SD contribution is not negligible. The total
coupling constant in the region around the energy minimum is
a few Hz, for example,�1.8 Hz at 5.0 ä, which corresponds to
a reduced coupling constant K� (4�2/h)(J/�Xe2) of �1.93�
1019 kgm�2C�2. At about the same distance, the value of K
calculated in ref. [21] (0.0155� 1019 kgm�2C�2) is two orders
of magnitude smaller.


The Xe ¥¥ ¥ CH4 complex (1): The system is defined such that
the z axis is along the Xe�C direction, and the two closest
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hydrogens lie in the yz plane. For this complex req� 4.73 ä,
with an interaction energy �E��0.11 kcalmol�1. The be-
havior and the magnitude of the induced chemical shift and
anisotropy is very similar to the previous case (see Figure 6a),
with a chemical shift of about 10 ppm at req.
The anisotropy is now defined as �z� (�x��y)/2. The


through-space JXe,C couplings are reported in Figure 6b. The
DSO term is, again, negligible and the SD contribution is also
very small. The dominant contribution is represented by the
FC term, with a significant contribution also from the PSO
term. The coupling rapidly decays to zero with increasing the
distance, and takes a value of about 0.18 Hz at a separation of
4.6 ä, a similar result to those found for the through-space
couplings in CH/� systems.[22] At the same distance, the
coupling with 1H is significantly larger, �0.40 and �0.31 Hz
with the two closest and the two farthest ones (Figure 3)
respectively. JXe,H is dominated by the FC term (Figure 6c).


Figure 6. a) NMR shielding parameters of xenon in the Xe ¥ ¥ ¥CH4 complex
1. Chemical shift (�); shielding anisotropy (�). b) Coupling constant JXe,C.
PSO (�); FC (�); SD (�); total coupling (�). The DSO contribution is
negligible. c) Spin ± spin coupling constant JXe,H: FC (�) and total coupling
(�) with the closest hydrogens; FC (�) and total coupling (�) with the
farthest hydrogens (see Figure 2).


The Xe ¥¥¥ benzene complex (2): For the Xe ± benzene com-
plex 2 (req� 3.96 ä, �E��1.13 kcalmol�1), the results
highlight a complex behavior of the chemical shift and
shielding anisotropy as a function of the distance, as shown
in Figure 7a.


Figure 7. a) NMR shielding parameters of xenon in the Xe ¥ ¥ ¥ benzene
complex 2. Chemical shift (�); shielding anisotropy (�). b) Coupling
constants in the Xe ¥ ¥ ¥ benzene complex. FC (�) and total coupling (�) of
JXe,C; FC (�) and total coupling (�) of JXe,H.


The shielding tensor is again cylindrically symmetric;
therefore ��� �� � ��, where the parallel axis is the one
connecting the xenon atom with the center of the benzene
molecule. Upon approaching the benzene molecule, xenon is
firstly shielded (at variance with the previous cases), until �
reaches a minimum of about �4 ppm at 4.0 ä. However,
further shortening of the distance causes a deshielding, so that
� goes through zero and then becomes positive. The
anisotropy has a very similar behavior and the chemical shift
is largely due to a variation of ��, as before. We note that the
sign change of the anisotropy corresponds to a change in the
relative magnitude of the parallel and perpendicular compo-
nent of the shielding tensor, that is, a change of the shape of
the tensor from prolate (rod-like) at large separation, to
oblate (disk-like) at short distances. Our results qualitatively
agree with those of B¸hl et al.[18] They found that xenon in the
Xe ¥ ¥ ¥benzene complex (the Xe ¥ ¥ ¥benzene distance was set to
the same value as in Xe@C60) was deshielded by �15 ppm at
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the MP2 level compared with the noncorrelated SCF level.
The higher chemical shift at the correlated level is in
qualitative agreement with the large deshielding of xenon in
liquid benzene compared to the gas phase (188.14 ppm) and in
fullerene (179.24 ppm).[15]


The through-space coupling constant JXe,C is shown in
Figure 5b. It shows a non-negligible value of a few tenths of a
Hz at req, mainly due to the FC contribution partly canceled
by the PSO term. For example, at 4.0 ä the DSO, PSO, FC,
SD terms are �0.02, 0.09, �0.30 and �0.01 Hz, respectively.


The Xe ¥¥¥ (benzene)2 complex (3): In this sandwich complex,
for which we did not investigate the energetics due to its large
size, we found again that the chemical shift and the shielding
anisotropy are very close. The behavior is somewhat similar to
the case of complex 2 with the only difference of a larger
induced anisotropy and, in turn, a stronger chemical shift
dependence on the distance (see Figure 8).


Figure 8. NMR shielding parameters in the benzene ¥ ¥ ¥Xe ¥ ¥ ¥ benzene
complex 3. Chemical shift (�), shielding anisotropy (�).


Thus, for both benzene complexes 2 and 3 the anisotropy
and the chemical shift exhibit a minimum. Hence, it appears
that for distances longer than 4 ä the shielding effect of the
benzene ring current overrides the effect of the reduced
symmetry at Xe, which would result in the typical decrease in
shielding.
This result is in qualitative agreement with the experimen-


tal observation of the chemical shift anisotropy of xenon in
nematic liquid crystals which was found to be of the order of
�10 ppm[10a] (notice the negative sign). From a more practical
viewpoint, this behavior implies that, if Xe is caged within a
host of this type, for certain distances there may be no
appreciable xenon shift.


The Xe ¥¥¥ O[Si(OH)3]2 complex (4): Finally, we have inves-
tigated the complex between xenon and a silicate residue
O[Si(OH)3]2 4, as a model system for the interaction between
xenon and such groups in zeolites. The silicate moiety was
optimized at the B3LYP/6-31G(d) level with Gaussian 98; req


was calculated to be 3.96 ä and �E��0.49 kcalmol�1. As
found for the other complexes, the isotropic chemical shift
closely matches the behavior of the chemical shift anisotropy
(Figure 9), the latter being mostly determined by variation of
the two perpendicular components, �x and �y. In this case the z


Figure 9. NMR shielding parameters of xenon in the Xe ¥ ¥ ¥O[Si(OH)3]2
complex 4. Chemical shift (�); shielding anisotropy (�).


axis is directed roughly along the O�Xe direction (due to the
non-perfectly symmetrical arrangement of the OH groups, the
reference system which diagonalizes the shielding tensor is
not perfectly aligned with its z axis along the Xe�O direction)
while the two Si atoms lie approximately in the yz plane.
These results are qualitatively in agreement with experiments
since xenon in zeolites is found to be deshielded, with respect
to free xenon, by few tens to few hundreds of ppm, depending
on several factors. However, an accurate evaluation of �Xe in
zeolites must take into account the interaction of xenon with
all the atoms of the cavity plus the mutual interactions among
xenon atoms, which strictly depend on the loading.
With regard to through-space coupling, we have calculated


JXe,O (with the Si-O-Si oxygen) and JXe,Si . Owing to the size of
the complex, it was possible to run only few calculations, and
the calculation of the SD term (the most time-consuming, but
often the smallest term), was performed for only one distance.
The results of JXe,O are reported in Table 3, while we found a
negligible coupling between xenon and silicon: even at a
distance of 3.4 ä, JXe,Si� 0.1 Hz.
The main reason for this difference is the steep decrease of


through-space couplings with distance; indeed, xenon is much
closer to oxygen than silicon in our model system (this
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Table 3. Through-space spin ± spin coupling constants JXe,O [Hz] at some
distances for the van der Waals complex 4.


R [ä] DSO PSO FC SD TOT


3.4 0.05 � 2.31 16.45 ± 14.19
3.8 0.04 � 0.96 4.63 ± 3.71
4.0 0.04 � 0.60 2.41 ± 1.85
4.2 0.03 � 0.37 1.24 0.06 0.96
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arrangement is somewhat forced upon, owing to the coordi-
nation mode of Si). This is confirmed by a comparison of K
values, which shows that JXe,Si is intrinsically very small
(overriding the larger magnetogyric ratio of 29Si than 17O).
This is unfortunate, since such small couplings would have
been easier to observe between two spin-1³2 nuclei. Never-
theless, interestingly the JXe,O through-space coupling is
unusually large, of the order of few Hz in the stabilizing
region, that is for distances larger than 3.48 ä, as shown in
Table 3.


Conclusion


The DFT calculation of 129Xe chemical shifts and spin ± spin
couplings in covalent compounds is feasible with good
accuracy even without including relativistic effects. The use
of the all-electron TZ2P basis set, at the scalar relativistic
ZORA level, allows to improve the agreement with experi-
ment; inclusion of spin ± orbit coupling leads only to minor
improvements, since it entails an approximately systematic
correction to calculated shieldings. We have taken advantage
of this capability to make predictions of the changes to be
expected when Xe is located within the cavities or channels of
materials commonly probed in this way. The possibility of
through-space spin ± spin coupling has been highlighted, and
its magnitude is consistent with, or even larger than, the
values computed for organic CH/� systems. Of course, many
caveats apply to any such experimental verification, owing to
the labile nature of these complexes. Nevertheless the de-
tailed structural information implied by the observation of
such couplings is, we believe, well worth investigating.
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Theoretical Study of the [2�3] Cycloaddition of Nitrones to Nitriles–
Influence of Nitrile Substituent, Solvent and Lewis Acid Coordination


Gabriele Wagner*[a]


Abstract: The [2�3] cycloaddition of
nitrone PhCH�N(Me)O to nitriles
RC�N (R�Me, Ph, CF3) was studied
using quantum chemical calculations at
the HF/6-31G* and B3LYP/6-31G* level
of theory. With MeCN and PhCN, the
reaction occurs through a concerted
mechanism and leads selectively to �4-
1,2,4-oxadiazolines rather than �2-1,2,5-
oxadiazolines. Electron withdrawing
substituents such as CF3 at the nitrile
provoke a non-synchronous bond for-
mation, with the C�O bond being estab-
lished on an earlier stage than the C�N
bond. Additionally, the reaction be-
comes thermodynamically and kineti-


cally more favourable. In the reaction of
adducts of MeCN with BH3 or BF3 as
model Lewis acids, the mechanism was
found to change from fully concerted in
the case of free MeCN towards a two-
step reaction in the presence of BF3, in
which C�O bond formation occurs first.
The BH3-mediated reaction occupies an
intermediate stage where ring formation
occurs in one-step but non-simultane-
ously, similar to the reaction of CF3CN.


Interaction of the Lewis acid with the
nitrile in the course of the reaction
facilitates the cycloaddition by stabiliz-
ing transition states, intermediate and
product rather than by activating the
nitrile. The solvent influences the organ-
ic reaction mainly by lowering the
energy of the reagents, thus leading to
a higher activation barrier in a more
polar solvent. In the Lewis acid medi-
ated reaction, in contrast, the intermedi-
ate is strongly stabilised by a polar
solvent and with that the synchronicity
of the reaction changes in favour of a
two-step mechanism.


Keywords: cycloaddition ¥ computer
chemistry ¥ heterocycles ¥ Lewis
acids ¥ solvent effects


Introduction


[2�3] Cycloadditions represent a highly atom efficient,
elegant and versatile method for the synthesis of five-
membered ring systems, and depending on the choice of
dipolar reagent and dipolarophile, a large variety of hetero-
cycles can be prepared.[1] Nitrones, in particular, have
attracted much attention since they are readily available and
easy to handle, and their reactions with olefins give conven-
ient access to oxazolines. Moreover, Lewis acid catalysis
allows for further fine tuning of the reactivity and control of
regio- and stereochemistry of the cycloaddition.[2] Nitriles, in
contrast, although promising starting materials in the syn-
thesis of heterocycles, are only rarely used in cycloaddition
reactions due to their low reactivity towards most dipolar
reagents. Known transformations include reactions with
azides to give tetrazoles,[3] addition to nitrile oxides as an
alternative route to the well known 1,2,4-oxadiazoles,[4]


reaction with C,N-diacylimines to afford amidooxazoles,[5] or
the formal cycloaddition of carbonyl stabilized carbenoids to
furnish 1,3-oxazoles.[6]


Reaction of nitrones with nitriles, however, is difficult to
achieve and actually only takes place when either electron
deficient nitriles[7] or extremely reactive nitrones are used.[8]


Taking into account that this restricted reaction is the only
known pathway that allows for selective synthesis of �4-1,2,4-
oxadiazolines, it is not surprising that this relevant class of
heterocycles is still lagging behind in its development.
In our previous work, it was shown that platinum-coordi-


nated nitriles undergo cycloaddition with nitrones under
surprisingly mild conditions to give stable �4-1,2,4-oxadiazo-
line complexes from which the newly formed ligand can be
released and isolated, and with this, the limited possibilities of
organic chemistry for the synthesis of this type of heterocycles
were improved considerably.[9] With chiral platinum com-
pounds, a stereoselective reaction can be performed, thus
giving for the first time access to enantiomerically enriched
�4-1,2,4-oxadiazolines, with ee values of up to 70%.[10] As a
working hypothesis, which explains the overall effect and also
the fact that PtIV species achieve a higher degree of activation
than PtII centers, it is anticipated that platinum acts as a Lewis
acid; this would make the nitrile more electron deficient. Thus
a similar result was obtained as if a nitrile with an electron
withdrawing substituent was used. As a consequence, the
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activating effect should not be Pt-specific, but any Lewis acid
coordinating to the nitrile should be able to promote this
reaction.
As to add more evidence to this assumption, a deeper


understanding of the reaction mechanism is necessary, to
clarify the following questions: i) how does the energetic
profile of the purely organic reaction look like, is the reaction
concerted or does it occur in two steps, and how can we
understand the observed regioselectivity to give �4-1,2,4-
oxadiazolines rather than �2-1,2,5-oxadiazolines; ii) what
influence on the reaction mechanism and reactivity do the
nitrile substituents exhibit, iii) how does coordination of a
Lewis acid to the nitrogen atom of the nitrile modify the
course of reaction, and iv) what is the influence of the solvent
on these reactions?
In order to answer these questions, a theoretical investiga-


tion using ab initio calculations was undertaken, and the
results of the study are presented in this work.


Computational Methods


Calculations were performed with GAMESS(US)[11] and GAUSSI-
AN98.[12] Results were visualized with MOLDEN[13] and PLATON.[14]


Molecular geometries were fully optimized at ab initio Hartree ± Fock
and B3LYP level of theory, using the standard basis set 6-31G*[15] for all
atoms. The relative energies of all structures include unscaled zero-point
energy corrections. Harmonic vibrational frequencies were computed for
all stationary points in order to characterize them as local minima (no
imaginary frequency found) or transition states (only one imaginary
frequency exists). The vibration associated with the imaginary frequency
was examined for being consistent with the ring formation. Reaction
pathways were traced from the transition states towards both reactant and
product direction along the imaginary mode of vibration using the
algorithm developed by Gonza¬ les and Schlegel.[16] For the calculations of
solvent effects, the SCRF method was used.[17]


Results and Discussion


[2�3] Cycloadditions received much attention in theoretical
studies already in early days. An extensive computational
work explaining the reactivity and selectivities in 1,3-dipolar
cycloadditions using semiempirical or extended H¸ckel
methods covers a large number of dipolar reagents and their
behaviour in the reaction with olefins.[18] The addition of the
parent all-H nitrone to C�C bonds was later on studied on
different levels of theory,[19, 20] and recently, Tanaka et al.[21]


reported on ab initio studies of the influence of Lewis acids
such as BF3 or BH3 on the reaction of this nitrone to the C�C
bond of acrolein. In all these cases, olefins were used as
dipolarophiles, and surprisingly little is known about the
mechanism of the cycloaddition of nitrones with hetero-
dipolarophiles, the reaction with C�S bonds seemingly the
only case examined theoretically.[20]


For the present computational study, the reactions of
MeCN (1a), PhCN (1b), CF3CN (1c) and the Lewis acid
adducts of MeCN with BH3 (1d) and BF3 (1e) with the
nitrone PhCH�N(Me)O (2) were chosen (see Scheme 1).
With this choice, we tried to keep as close as possible to
reactions for which experimental data are available, and


which cover a broad range of reactivity.[9, 10, 22] The model
Lewis acids BH3 and BF3 were selected mainly on the basis of
the following arguments: i) the calculations should be feasible
on a reasonable time-scale and computational effort, ii) only
elements should be included for which 6-31G* parameters are
available, to assure a balanced basis set, and iii) the system
chosen should enable to study the impact of the ™pure∫ Lewis
acid, excluding specific transition metal effects.
Geometry optimisation was performed for nitriles 1a ± c,


and the BH3 and BF3 adducts of MeCN (1d and 1e). All bond
lengths and angles were found in good agreement with
corresponding values from X-ray structure determination for
similar compounds;[23, 24] this indicates that the calculations at
both HF/6-31G* and B3LYP/6-31G* levels reproduce the
structures well. A similar consistency between calculated and
experimental structural parameters was found for the �4-
1,2,4-oxadiazolines 4a ± e[9, 10, 25] and �2-1,2,5-oxadiazoline
6a.[26] The equilibrium geometry of N-methyl-C-phenylni-
trone (2), which showed largest deviations of up to 0.03 ä
from the corresponding bond lengths found by X-ray dif-
fraction for similar compounds,[27] was also calculated on
6-31G*/MP2 level of theory. The CN bond thereby becomes
longer (1.336 ä) and the NO distance is found slightly shorter
(1.267 ä). However, since X-ray structural data are in
between the calculated values found by either HF and DFT
or MP2 computations, we presumed that HF and DFT
calculations might give sufficient accuracy for the qualitative
purpose of this study. Earlier calculations of the parent all-H-
nitrone were done with B3LYP/6-31G*,[19a] MP2/6-31G*,[21] or
STO-3G[17b] and show even larger variation in bond lengths, a
previous report on the calculation of N-Me-C-Ph-nitrone 2
using semiempirical methods (AM1 and PM3) does not quote
any geometric parameters for comparision.[21]


Although the HF/6-31G* calculations closely reproduce the
structures, it is well documented that activation energies tend
to be overestimated at this level of theory. The Hartree Fock
energy values presented in this study give the same qualitative
trends as the DFT calculations, however, the energies
obtained with DFT methods are expected to be closer to
experimental data.


Reaction ofMeCNwith nitrone 2 : In order to gain insight into
the mechanism of the purely organic reaction, the system
nitrile 1a, nitrone 2 and oxadiazoline 4a was studied and the
transition state TS3a leading to the product was located. The
possibility for a formation of the other regioisomer 6a via
transition state TS5a was also taken into account (see
Scheme 1A). Relative energies are given in Table 1, selected
bond lengths, angles and bond orders for all structures are
given in the Supporting Information.
Comparison of the relative energy of starting materials


(1a�2) and product 4a show that the overall reaction is in fact
thermodynamically favoured, although only to a moderate
extent. Product 4a is more stable than the starting materials,
and a reaction should therefore be possible. The activation
barrier of 35.3 kcalmol�1 in HF or 21.7 kcalmol�1 in the DFT
calculations, however, is comparatively high, and with that, it
becomes comprehensible that the reaction was never ob-
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served experimentally[22] but could only be achieved by metal
mediation.[9, 10]


The structure of the transition state 3a is shown in Figure 1.
The nitrone carbon and oxygen approach the C�N triple bond
simultaneously, leading to a five-membered cycle in an
envelope conformation, with the nitrone×s nitrogen atom at
the flap. The bond orders reflect that the C2�O3 and C5�N1
bonds are formed to equal extents of about 40% of their final
value, and therefore, the reaction can be considered con-
certed. The transition state geometry still resembles more the
starting materials than the product, it is hence an early
transition state on the reaction coordinate. The nitrile N1-C2-


Me starts to bend out of linearity, and the CN bond becomes
slightly longer. In the nitrone part, an elongation of the
O3�N4 and N4�C5 bonds and a bending of the O3 atom out
of the Ph-C5-N4 plane are observed.
Calculation of the intrinsic reaction coordinate (see Fig-


ure 2) confirms this interpretation, since both pathways from
the transition state lead steadily down to the starting materials
and the oxadiazoline, without any evidence for a potential
intermediate. In the course of the reaction, the nitrone
approaches the nitrile with the bond forming O3 and C5
atoms simultaneously (s��10 to �2). During this approx-
imation, both nitrile C�N triple bond (N1�C2) and nitrone
C�N (N4�C5) do not change, and only when the system is
already close to the transition state, a restructuring of these
bonds takes place (s��2 to 3). In the same region of the
reaction path the ring closure occurs, with formation of the
O3�C2 bond being only slightly more advanced to the
formation of the C5�N1 bond. The overall reaction can
therefore be considered to occur with a high degree of
concertedness.
Comparision of HOMO/LUMO energies gives evidence


that the reaction is controlled by the interaction of HOMO of
nitrone (�8.08 eV) and LUMO of nitrile (�5.76 eV) rather
than by LUMO(nitrone) ±HOMO(nitrile) interaction
(�2.50 eV and �12.63 eV), if frontier orbital considerations
were to apply.
Since the nitrone might also have some contribution


towards a resonance structure with neutral oxygen and
negative charge at carbon, the possibility of the formation
of the other regioisomer was also studied by calculating the
corresponding product 6a and the transition state 5a leading
to it. As a result of these calculations, production of this
regioisomer was found even less probable, since the transition
state is considerably higher in energy than the reactants, thus
causing an activation barrier of 64.4 kcalmol�1 in HF or
36.2 kcalmol�1 in DFT which is unlikely to be overcome
thermally. Additionally, the product �2-1,2,5-oxadiazoline is
significantly higher in energy than the starting materials,
showing that the reaction is also thermodynamically disfav-
oured. For further studies, this reaction pathway can be
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Scheme 1. Reactions studied: A) regiochemistry, B) influence of the
nitrile substituent (a : R�Me, b : R�Ph, c : R�CF3), C) influence of
Lewis acid coordination (a : without LA, d : LA�BH3, e : LA�BF3).


Table 1. Relative energies [kcalmol�1] and dipole moments (Debye) for the reactions of nitriles 1a-1e with nitrone 2 via intermediate I and transition states
TS3a ±TS3e and TS5a to give �4-1,2,4-oxadiazolines 4a ± e and �2-1,2,5-oxadiazoline 6a. Relative energy of nitrile�nitrone� 0 kcalmol�1.


Gas phase HF/6-31G* B3LYP/6-31G*
reaction transition state oxadiazoline transition state oxadiazoline


E � E � E � E �


1a�2� 4a � 35.3 1.4 � 16.6 1.4 � 21.7 1.1 � 11.1 1.3
1a�2� 6a � 64.4 6.2 � 19.8 4.0 � 36.2 5.8 � 17.5 3.4
1b�2� 4b � 34.9 1.3 � 18.2 1.3 � 20.4 1.0 � 12.8 1.1
1c�2� 4c � 23.8 6.0 � 24.4 3.2 � 12.8 4.3 � 17.9 3.4
1d�2� 4d � 20.1 9.6 � 27.2 4.7 � 14.3 6.5 � 18.8 4.4
1e�2� I � 13.4 11.1 � 13.0 13.6 � 6.7 8.6 ( ± ) ( ± )
I� 4e � 14.2 10.8 � 29.6 5.7 ( ± ) ( ± ) � 26.5 5.4


SCRF, [�]� 8.9 HF/6-31G* B3LYP/6-31G*
reaction transition state oxadiazoline transition state oxadiazoline


E � E � E � E �


1a�2� 4a � 47.1 1.6 � 5.3 1.5 � 31.6 1.3 � 1.3 1.4
1e�2� I � 13.8 14.7 � 6.9 22.1 � 8.1 16.2 � 6.4 22.3
I� 4e � 15.7 12.4 � 23.4 6.7 � 11.5 11.8 � 18.8 6.4
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excluded. Experimentally, this result is clearly confirmed
since in all cases of a reaction of a nitrile with a nitrone, the
formation of the �4-1,2,4-oxadiazoline was observed exclu-
sively, no �2-1,2,5-oxadiazoline was produced.


Influence of the nitrile substituent : In order to understand the
effect of the nitrile substituent on the course of the reaction,


nitriles MeCN 1a, PhCN 1b
and CF3CN 1c were compared
and their tendency to react with
nitrone 2 to give the corre-
sponding products 4a ± c via
transition states TS3a ± c was
studied (Scheme 1B). Relative
energies are summarized in Ta-
ble 1, selected bond lengths,
angles and bond orders are
given in the Supporting Infor-
mation.
The reaction of PhCN with


nitrone 2 shows practically the
same energetic profile as the
corresponding reaction of
MeCN, although the latter one
was never observed experimen-
tally whereas the first one can
at least be achieved in moder-
ate yields when forcing condi-
tions are applied.[22] The activa-
tion energy is slightly lower,
and the reaction energy is
somewhat higher, but both ef-
fects are too subtle for a de-
tailed interpretation on the lev-
el of theory used.
The transition state TS3b


(see Figure 1) resembles geo-
metrically the one found for the reaction of MeCN; the bond
order analysis shows that the C2�O3 bond is formed to only a
moderately higher extent (approx. 41% of the final value)
than the C5�N1 bond (approx. 36% of the final value), the
reaction therefore can be considered concerted.
Analysis of the frontier orbital energies might suggest that


reaction of PhCN is more feasible because the two � orbitals
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Figure 1. Transition states and intermediate in the reaction of nitriles with nitrone 2.


Figure 2. Intrinsic reaction coordinate (amu1/2 bohr) for the reaction 1a�2� 4a.







[2�3] Cycloaddition to Nitrones 1503±1510


with CN contribution are energetically not equivalent (in
contrast to MeCN). The one which is orthogonal to the plane
of the aromatic ring mixes with the aromatic � system, thus
leading to a LUMO at lower energy (�2.44 eV, as compared
to �5.76 eV for MeCN). In contrast, the orbital with CN �


contribution in the aromatic plane (�5.99 eV) is not affected
by the � system of the aromatic ring and is comparable in
energy with the corresponding orbitals in MeCN, but ener-
getically higher than the LUMO of PhCN. However, the
transition state geometry reveals that the nitrone obviously
interacts with the energetically less favourable orbital in plane
with the aromatic system, leading to a structure in which the
phenyl substituent of the nitrile still keeps in conjugation to
the unaffected � system of the C�N bond. If the energetically
more favourable � orbital were involved in the reaction with
the nitrone, a bending of the NCPh unit would result in a loss
of conjugation, and this might explain why PhCN and MeCN
are similar in reactivity, although the frontier molecular
orbitals suggest a much higher reactivity of PhCN. All
attempts to localize a transition state in which the phenyl
group is perpendicular to the remaining CN � bond
failed.
As an example of an electron deficient nitrile, CF3CN was


studied. Experimental data showed that CCl3CN reacts about
10000 times faster than PhCN,[22] and this trend should be
even more pronounced for the more electron deficient
CF3CN. The calculations point out that product 4c is
considerably stabilized, as compared to the starting materials,
and therefore, the thermodynamic driving force for this
reaction is much stronger. Additionally, the transition state is
lower in energy, and with that, the activation energy of the
reaction is considerably reduced. Moreover, the structure of
the transition state TS3c is somehow different, as shown in
Figure 1. It resembles more a five-membered cycle in twist
conformation, with the nitrone N4 and C5 atoms at left and
right hand side of the plane formed by the nitrile N1, C2 and
nitrone O3 atoms. The C2�O3 bond is formed already to more
than 50% of its final value whereas the C5�N1 bond exists to
about 29% only; this suggests that this reaction still occurs
through a one-step mechanism but with a non-simultaneous
bond formation. Due to the electron withdrawing effect of the
substituent, the carbon atom of the CN bond is more prone
towards nucleophilic attack by the nitrone oxygen.
Frontier orbital considerations show that the LUMO in


CF3CN (�4.26 eV) is lowered with respect to MeCN (but
higher in energy than the corresponding LUMO of PhCN),
and this gives evidence that both FMO energies and the
gradual change in reaction mechanism have a strong influence
on the reactivity.


Influence of nitrile coordination to a Lewis acid : For the
investigation of the influence of a Lewis acid on the reactivity
and the mechanism of the reaction, BH3 and BF3 were chosen
as model Lewis acids. Free MeCN 1a, BH3-coordinated
MeCN 1d and BF3-coordinated MeCN 1e were structurally
optimized, as well as the resulting products 4a, d, e formed
via transition states TS3a, d, e (Scheme 1C). Relative ener-
gies are given in Table 1, relevant bond lengths, angles and
bond orders are listed in the Supporting Information.


Analysis of the geometry of the BH3 and BF3 adducts of
MeCN reveals that coordination of the model Lewis acids to
MeCN is weak. In fact, BH3 forms a complex, as seen in the
N�B bond length and the average N-B-H bond angle. BF3,
however, practically does not interact with MeCN at all, for
the B-N distance is too long for being considered a bond, and
the boron atom is surrounded by the fluorine atoms in a
triangular coordination plane rather than in the expected
tetrahedral environment. Likewise, the geometry of the nitrile
is practically unchanged in the presence of BF3. As a further
consequence, the Lewis acid scarcely influences the energetic
position of the frontier orbitals, and therefore, one might
expect the reactivity of the nitrile to be not much modified by
the Lewis acid.
On the other hand, both BH3 and BF3 form Lewis acid


complexes with the oxadiazoline, and N�B bond orders
in a range 0.4 to 0.5 are observed. The structure of the
heterocycle barely changes upon coordination, a weakening
of the N1�C2 and C5�N1 bonds being the only effect,
reflected in the bond orders but not to a significant extent
in the bond lengths. This observation is in accord with
X-ray structural data of free and coordinated oxadiazo-
lines[9, 10, 25] which equally show insignificant geometric
changes of the heterocycle upon complexation. However,
coordination to a Lewis acid leads to a stabilization of the
product with respect to the starting materials, thus enhancing
the thermodynamic driving force of the reaction. BF3 as the
stronger Lewis acid provokes a more pronounced effect than
BH3.
In the reaction with BH3, a transition state was localized


which resembles much the transition state found for the
reaction with CF3CN. The C2�O3 bond is formed to 60%
already whereas the C5�N1 bond is still weak (17%) but
present, and with that, the tendency towards a non-simulta-
neous formation of the two ring forming bonds is more
distinct than in the case of CF3CN. These results show that
electron-withdrawing groups exhibit the same qualitative
effect, independent of their location at the carbon or the
nitrogen side of the C�N triple bond.
In the Hartree ± Fock calculations, the BF3 adduct with


MeCN 1e was found to react with nitrone 2 through a two-
step mechanism. The starting materials convert via a first
transition state TS3e-1 into an intermediate I in which the
C2�O3 bond is already present but the C5�N1 bond is not yet
formed. The intermediate then passes a second transition
state TS3e-2 to generate the product. These results parallel to
quite some extent the work of Tanaka[21] who showed that the
reaction of all-H nitrone with BF3-coordinated acrolein
equally proceeds stepwise, leading to a Michael adduct
complex intermediate which then cyclizes to the final product
of the formal [2�3] cycloaddition.
The structures of intermediate I and transition states 3e-1


and 3e-2 for the BF3-mediated reaction are shown in Figure 3.
Bond lengths, angles and bond orders reflect that the Lewis
acid binds to the transition states and intermediate even more
strongly than to the final product of reaction, thus leading to a
considerable lowering of the activation barrier of the reaction.
The cycloaddition is therefore not accelerated by modifying
the reactivity of the starting material, as often considered for


Chem. Eur. J. 2003, 9, No. 7 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0907-1507 $ 20.00+.50/0 1507







FULL PAPER G. Wagner


other Lewis acid mediated reactions,[2] but rather by stabiliz-
ing transition states and intermediates.
The intrinsic reaction coordinate, shown in Figure 4,


correctly connects the reactants 1e�2 with the product 4e
via transition state TS3e-1, intermediate I and transition state
TS3e-2. In the course of the reaction, the C�N triple bond


changes to a C�N bond already
on an early stage, when passing
the first transition state (s��2
to 3). At the same time, the
nitrone oxygen establishes the
bond to the nitrile carbon atom
to approximately 60% of its
final value. The nitrone C�N
bond remains unaffected, and
the C5�N1 bond is still far
from being formed.
Both TS3e-1 and I can be


best described as five-mem-
bered cyclic structures in twist
conformation, with the nitrone
C5�N4 bond crossing over the
nitrile N1�C3 bond. In the
further progress of the reac-
tion, rotation of the nitrone
unit around the C2�O3 bond
then brings the bond forming


atoms C5 and N1 closer together, and the twisted conforma-
tion converts into an envelope conformation. Simultaneously
with the ring closure between C5�N1, the nitrone N4�C5
transforms into a single bond and the C2�O3 bond formation
is completed, but these processes essentially occur only after
the second transition state TS3e-2 (s� 13 to 20) at a very late


stage of the reaction.
Remarkable is the change of


the B�N1 distance in the course
of the reaction. Upon approx-
imation of the nitrone, the ni-
trile starts to bend and to devel-
op a stronger interaction with
the Lewis acid. During forma-
tion of the C2�O3 bond (when
passing the first transition state
TS3e-1), the B�N1 bond be-
comes even stronger until it
reaches a minimum distance of
1.585 ä and a maximum bond
order of 0.6 in the intermediate
I. The subsequent ring closure
can only be performed if the
B�N1 bond is loosened to some
extent, and this almost causes
the Lewis acid to be expelled
from the nitrogen atom (s� 13
to 16). The final product, how-
ever, gets stabilized by re-estab-
lishing the coordination to the
Lewis acid, but the B�N1 bond
remains weaker than in the
intermediate (s� 16 to 22).
In the gas phase DFT calcu-


lations, only one transition state
was localized. Its structure is
similar to the one obtained for
the reaction of the BH3 coordi-
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Figure 3. Transition states and intermediate in the reaction of BF3-coordinated acetonitrile with nitrone 2.


Figure 4. Intrinsic reaction coordinate (amu1/2 bohr) for the reaction 1e�2� I� 4e.
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nated acetonitrile but the C5�N1 distance is longer; this
indicates that the reaction is less synchronous. Tracing the
intrinsic reaction coordinate from this transition state leads in
fact to the starting materials and the product, however, the
slope around the transition state is very flat and the energetic
profile in this range resembles more a plateau composed from
two transition structures and an intermediate of very similar
energy, before it eventually drops down to the energetic
minima. More evidence for this hypothesis can be obtained
from the development of the bond lengths of the newly
forming C�O and C�N bonds along the reaction coordinate,
which looks quite similar to the one shown in Figure 4 for the
HF calculation of the same reaction, with a clearly stepwise
generation of the ring forming bonds. This shows that the BF3-
mediated reaction is just at the borderline to a two-step
reaction where the two transition states and the intermediate
are too close in energy to be clearly distinguished.


Solvent effects : The solvent effect on dipolar cycloadditions
can not be generalized that easy. For some cycloadditions such
as the reaction of nitrile oxides with alkenes or alkynes, the
solvent noticeably influences the activation barrier and
synchronicity of the reaction[28] and also affects the regiose-
lectivity.[29] In contrast, for the closely related reaction of
nitrones with olefins, only a minor dependence on the solvent
is found both experimentally[30] and theoretically.[20]


In order to understand the influence of a solvent on the
cycloaddition of nitrones to nitriles, the reactions of uncoor-
dinated MeCN 1a and BF3-coordinated MeCN 1e with
nitrone 2 were calculated using the SCRF method. This
method is based on the Kirkwood ±Onsager model of a
molecule in a spheric cavity surrounded by a dielectric
medium.[31] A dielectric constant of 8.9 was applied in the
calculations, corresponding to dichloromethane which is the
solvent used experimentally for the Pt-mediated reactions.
The corresponding relative energies and dipole moments of
the transition states, intermediate and products are given in
Table 1.
Both organic and BF3-mediated reaction do not change


qualitatively in a more polar solvent insofar as the organic
reaction still occurs via a concerted mechanism whereas the
BF3-mediated reaction takes place in a two-step process.
However, for the organic reaction of 1a�2, the activation
barrier increases and the reaction energy decreases to almost
thermoneutrality. Both factors clearly disfavour the reaction
in a more polar solvent, and this indeed matches with the
experimental observation that the reaction of PhCN with
nitrone 2 takes place in toluene,[22] whereas no conversion is
achieved when the more polar PhCN is used as a solvent.
Considering the electrostatic moments of the species involved
in the reaction, this result can be rationalized. The starting
materials 1a and 2 possess much larger electrostatic moments
(4.0 and 3.9 D) than the transition state TS3a or the product
4a. Therefore, one would expect the polar solvent to stabilize
the starting materials to a higher extent.
In the BF3-mediated reaction, the most polar species is the


intermediate I, followed by the two transition states 3e-1 and
3e-2. Both starting materials and product 4e are of lower
polarity and quite similar to each other. Therefore, one would


expect only small changes in the reaction energy but a
considerable decrease in activation energies. As a conse-
quence, the reaction should be more feasible in a polar
solvent, in contrast to the non-catalyzed reaction described
above. The SCRF calculations reflect these expectations only
partially. The reaction energy is found smaller and the
activation barriers is higher than in the gas phase calculations.
However, the intermediate is clearly stabilised and the entire
reaction has a much more pronounced two step character than
in the gas phase. Also the structures of the transition state
TS3e-1 and the intermediate I change considerably when a
electrostatic field representing the solvent is applied. The
main feature observed is a much larger C2-O3-N4-C5 torsion
angle (104.2 vs 78.7 for TS3e-1, 125.4 vs 65.2 for I), leading to
longer C5�N1 distances (3.65 vs 3.02 for TS3e-1, 3.65 vs 2.96
for I). In a polar solvent, the intermediate can therefore be
described as a 1,5-dipole, and one might ask whether such a
species can be trapped by another reagent before the ring
closure to the oxadiazoline occurs. This would open up a route
to a novel multicomponent chemistry.


Conclusion


Cycloaddition ofN-methyl-C-phenylnitrone to nitriles MeCN
and PhCN occurs through a concerted mechanism under
synchronous generation of the ring-forming bonds. However,
the activation energy of the reaction is high and its thermo-
dynamic motivation is only moderate. For both kinetic and
thermodynamic reasons, the formation of �4-1,2,4-oxadiazo-
lines is highly preferred, and the formation of the correspond-
ing �2-1,2,5-oxadiazolines is much unlikely to occur.
Electron withdrawing substituents on the nitrile (e.g. CF3)


change the reaction mechanism from a concerted reaction to a
one step reaction with non-simultaneous bond formation. This
is clearly noticeable in the geometry of the transition state
which shows that the C�O bond is formed to a much higher
extent than the C�N bond. Additionally, both product and TS
are stabilized, and with that, the activation barrier becomes
lower and the reaction enthalpy larger.
Coordination of a Lewis acid results qualitatively in the


same but more pronounced effects, further favouring the
reaction. With the stronger Lewis acid BF3, the cycloaddition
tends towards a two step mechanism via an intermediate, in
which the C�O bond is formed to a high extent already,
whereas the C�N is still open. The Lewis acid coordination
does not modify the reactivity of the nitrile, but rather
stabilizes transition states, intermediates and products. This
alternative concept of activation is not used deliberately in
organic chemistry but would certainly deserve more attention
due to its potential to give new inspiration for a further
development in Lewis acid promoted chemistry.
The computational results obtained with BH3 and BF3


reproduce the experimental findings of the activation of
nitriles by coordination to platinum species surprisingly well.
Therefore, one might assume that platinum indeed acts as a
nitrile-specific Lewis acid. As a consequence, it should be
possible to use the computational strategy applied in this work
for the prediction of new metal mediated cycloaddition
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reactions involving nitriles. Further work in this sense is in
progress in our group.
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Chalcogenide-Lewis Acid Mediated Reactions of Electron-Deficient Alkynes
with Aldehydes


Sayaka Kinoshita, Hironori Kinoshita, Tatsunori Iwamura, Shin-ichi Watanabe, and
Tadashi Kataoka*[a]


Abstract: Reactions of but-3-yn-2-one
(2) with aldehydes 1 in the presence of a
Lewis acid and dimethyl sulfide (3a)
predominantly gave (E)-�-(halomethy-
lene)aldols 4 ± 5 in high yields, while
reactions of methyl propiolate (6a)
mainly afforded (Z)-3-halogeno-2-(hy-
droxymethyl)acrylates 7 ± 8 in low to
moderate yields. A reaction of dimethyl
acetylenedicarboxylate (10) with 1a in


the presence of TiCl4 and 1,1,3,3-tetra-
methylthiourea (3c) produced maleate
(E)-11 (40%) and butenolide 12 (40 %).
When a reaction of 6a with 1a was
carried out in the presence of TiBr4 and


3a (0.2 equiv) at �20 �C for 60 h,
3-(methylthio)-2-(hydroxyalkyl)acrylate
9a was obtained in an 8 % yield. Experi-
ments were conducted in order to eluci-
date the formation mechanism of 9a,
and it was made clear that 9a was
formed via the processes of the Michael
addition of sulfide 3a to alkynoate 6a
and an aldol reaction with 1a and
demethylation.


Keywords: aldol reaction ¥ alkynes
¥ C�C coupling ¥ ketones ¥ Michael
addition


Introduction


We have developed the chalcogeno-Baylis ± Hillman reaction
catalyzed by a system using a Lewis acid and a chalcogenide.[1]


The reaction mechanism does not involve the addition of the
chalcogenide to an enone but involves processes in which a
halogenide ion derived from the Lewis acid undergoes the
Michael addition to an enone and the resulting enolate reacts
with an aldehyde to give an �-halomethyl aldol.[2] The
halomethyl aldol product can be converted into an �-
methylene aldol (the Morita ± Baylis ± Hillman adduct) by
preparative TLC on silica gel or by treatment with a base. This
reaction proceeded quickly, and we thus overcame the
drawback of the slow rate of the Morita ± Baylis ± Hillman
reaction.[3] Therefore, this reaction can be used instead of the
Morita ± Baylis ± Hillman reaction. It has been reported that
reactions of thioesters or �-keto esters can proceed smoothly
only under the reaction conditions we used.[4±7]


Since the Morita ± Baylis ± Hillman reaction involves the �-
elimination or the retro-Michael reaction in the last step, the
Morita ± Baylis ± Hillman reaction of active alkynes would not
proceed. However, since the reaction we developed goes
through the Michael and aldol reactions, we can anticipate the


reaction of active alkynes as shown in Scheme 1: A complex
formed from TiCl4 and a chalcogenide reacts with an alkyne to
form titanium chloroallenolate, which undergoes an aldol
reaction with an aldehyde to afford an �-halomethylene aldol.


It has been reported that �-acetylenic ketones and esters
underwent amine-promoted dimerization[8] and the Michael
addition of triethylammonium salts.[9] Recently, Nair et al.
examined the reaction of dimethyl acetylenedicarboxylate
(DMAD) with aromatic aldehydes in the presence of pyridine
and obtained 2-oxo-3-benzylidenesuccinates.[10] On the other
hand, the phosphine-catalized reactions of DMAD with
activated carbonyl compounds produced highly functional-
ized butenolides.[11]


�-Hydroxyalkyl- or �-aminoalkyl-acrylates are usually
prepared from �-metallated acrylates and aldehydes[12±15] or
imines.[13c] The Michael addition of an iodide ion and the
subsequent aldol reaction of an aldehyde have been reported
by some research groups.[16±18] The phosphine-catalyzed
addition of imides, sulfonamide and carboxylates to alky-
noates has been also reported.[19]


We now report the chalcogenide-TiCl4-mediated reactions
of alkynyl ketones and alkynoates.[20] Recently, Li et al.
reported the TiCl4-catalyzed reactions of alkynyl ketones
with aldehydes, but the reactions of methyl propiolate or
DMAD did not proceed under their conditions.[21]


Results and Discussion


We first conducted reactions of but-3-yn-2-one (2) with p-
nitrobenzaldehyde (1a). The results are shown in Table 1.


[a] Prof. Dr. T. Kataoka, S. Kinoshita, H. Kinoshita, Dr. T. Iwamura,
Dr. S.-i. Watanabe
Gifu Pharmaceutical University
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Fax: (�81) 58-237-5979
E-mail : kataoka@gifu-pu.ac.jp
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1496 ± 1502


The reaction of 3 equiv of 2 with 1 equiv of 1a proceeded in
the presence of 1 equiv of TiCl4 and 0.1 equiv of dimethyl
sulfide (3a) at 0 �C for 2 h to give (E)-�-chloromethylene
aldol 4a in an 86 % yield (entry 1). On changing 3a into 2,6-
diphenylselenopyran-4-one (3b), the reaction was slow and
continued at room temperature for 5 h (entry 2). The reaction
using only TiCl4 (without 3a) gave a mixture of the E and Z
isomers in a ratio of 1:1 (entry 3). Li×s group obtained only the
E isomer from the reaction using TiCl4 at room temperature
for 2 h.[21] The differences between Li×s findings and ours
will be discussed later. The reaction using TiBr4 became
complex and afforded (E)-5a in a 49 % yield (entry 4).


Reactions of aldehydes with an
electron-withdrawing group
1b ± d gave only E isomers of
4b ± d in high yields, but reac-
tions of benzaldehyde (1e) and
p-tolualdehyde (1 f) produced a
diastereomixture of the E and
Z isomers of 4e ± f. Hydrocin-
namaldehyde (1g) reacted with
2 to give adduct 4g in an 84 %
yield as a mixture of diaster-
eoisomers (E/Z 20:1).


The diastereoisomers of the
products were separated by
preparative TLC on silica gel
using CH2Cl2/EtOAc or recy-
cling preparative HPLC on pol-
ystyrene gels using CHCl3.


Their stereostructure was determined by the NOE experi-
ments between the vinyl proton and the methyl group for the
E isomers and between the vinyl proton and the benzylic
proton for the Z isomers. The major isomer of 4a [(E)-4a]
showed a 9 % NOE enhancement between �CH and COMe,
and the minor Z isomer [(Z)-4a] showed a 5 % NOE
enhancement between �CH and CHAr.


Next, we examined the reactions of acetylenic monoesters 6
with aldehydes 1. The results are summarized in Table 2.


When reactions of 3 equiv of methyl propiolate (6a) with
1 equiv of p-nitrobenzaldehyde (1a) were conducted in the
presence of 1 equiv of TiCl4 and 0.1 equiv of 3a at room
temperature for 24 h, product 7a was formed in a 53 % yield
as a mixture of diastereoisomers (E/Z 1:4) (entry 1). The
prolonged reaction time increased the yields up to a 75 %
yield (entries 2 and 3). The use of 1 equiv of 3a lowered the
yield and diastereoselectivity (entry 4). When 3a was not used
but only titanium Lewis acid was used, the reaction did not
proceed at all (entries 5 and 6). This finding indicates that a
sulfide plays an important role in the tandem Michael ± aldol
reaction of acetylenic esters with aldehydes. A small amount
of �-(methylthio)acrylate 9a was obtained from the reactions
using 3a and TiBr4 (entries 7 ± 9). This implies that a sulfide
can cause the Michael addition to an active alkene or alkyne;
therefore, this subject will be discussed below. Reactions with
other aldehydes 1b and 1d under the same conditions as those
in entry 3 gave adducts 7b (36%) and 7d (47 %), respectively
(entries 10 and 11). A �-substituted alkynoate, methyl
2-butynoate (6b), reacted with 1a to give adduct 7h in a
25 % yield (entry 12).


The reaction of DMAD (10) with 1a afforded adduct 11
(30 %) and methyl 4-chloro-2-(4-nitrophenyl)-5-oxo-2,5-dihy-
drofuran-3-carboxylate (12) (10 %) (Table 3, entry 1). When
1,1,3,3-tetramethyl-thiourea (3c) was used instead of 3a, the
yields of both 11 and 12 were increased to a 40 % yield
(entry 2). The geometry of 11 was determined to be E from
the 1H NMR spectrum showing a singlet at �� 6.06 due to the
benzylic proton, which is very close to that of (E)-7a (��
6.05). Incidentally, the benzylic proton of (Z)-7a appeared at
�� 5.61. Furthermore, it is known that (Z)-2-(hydroxyme-
thyl)but-2-enedioic esters readily cyclize to furanone deriva-
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Scheme 1. Application of chalcogeno-Baylis ± Hillman reaction to alkynes.


Table 1. Reaction of but-3-yn-2-one (2) with aldehydes 1.


Entry R Catalyst Product Yield [%] E/Z ratio


1 p-NO2C6H4 (1a) 3a/TiCl4 4a 86 E only
2[a] p-NO2C6H4 (1a) 3b/TiCl4 4a 89 E only
3 p-NO2C6H4 (1a) TiCl4 4a 84 1:1
4 p-NO2C6H4 (1a) TiBr4 5a 49 E only
5 p-CF3C6H4 (1b) 3a/TiCl4 4b 73 E only
6 p-FC6H4 (1c) 3a/TiCl4 4c 89 E only
7 p-ClC6H4 (1d) 3a/TiCl4 4d 73 E only
8 C6H5 (1e) 3a/TiCl4 4e 84 20:1
9 p-CH3C6H4 (1 f) 3a/TiCl4 4 f 86 15:1


10 PhCH2CH2 (1g) 3a/TiCl4 4g 84 20:1


[a] The condition was conducted at RT for 5 h.
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tives,[11, 22] some of which exert specific and strong pharmaco-
logical and agrochemical activities.[23]


The mechanism for the formation of E and Z isomers of �-
halomethylene aldols is shown in Scheme 2.


An allenolate is formed by the addition of a chloride ion to
an ynone as shown in Scheme 1 and reacts with an aldehyde
via the cyclic transition state 13 or 14.[16] The transition state
13 has no steric repulsion between the hydrogen of the
allenolate and the R2 substituent of the aldehyde, while the
transition state 14 has a steric hindrance between the chlorine
atom and the R2 group. Therefore, 13 is more stable than 14,
and Z isomer 15 is formed from 13 via the kinetically
preferred process. On the other hand, E isomer 16 is more


stable than 15 and is produced from 14 via the thermodynami-
cally preferred process. Our findings that reactions of but-3-
yn-2-one predominantly formed (E)-�-halomethylene aldol
and reactions of alkynoates preferentially produced (Z)-
acrylates are in good agreement with Taniguchi×s findings.[16]


The ratio of the Z isomers increased in the reactions of
alkynyl ketone 2 with aldehydes possessing a formyl group-
stabilizing substituent 1e ± g (entries 8 ± 10 in Table 1) or of
alkynyl esters 6a ± b (Table 2), probably because these
reactions were slower than those of 2 with aldehydes bearing
an electron-withdrawing group 1a ± d and were governed by
the kinetically controlled process.


Next, we discuss the formation of �-(methylthiomethyle-
ne)aldol 9a obtained from the reaction of 6a with p-nitro-
benzylaldehyde (1a) (entries 7 ± 9 in Table 2). Possible
formation mechanisms for 9a are shown in Scheme 3.
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Table 2. Reaction of alkyne carboxylic ester 6 with aldehydes 2.
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E-7: X = Cl
Z-8: X = Br
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3a (0.1 equiv)


9


(1 equiv) (3 equiv)


Entry R1 R2 Conditions Catalyst Products Yield [%] E/Z ratio


1 p-NO2C6H4 (1a) H (6a) RT, 24 h 3a/TiCl4 7a 53 1:4
2 p-NO2C6H4 (1a) H (6a) RT, 41 h 3a/TiCl4 7a 70 1:6
3 p-NO2C6H4 (1a) H (6a) RT, 50 h 3a/TiCl4 7a 75 1:7
4[a] p-NO2C6H4 (1a) H (6a) RT, 50 h 3a/TiCl4 7a 34 1:3
5 p-NO2C6H4 (1a) H (6a) RT, 50 h TiCl4 no reaction
6 p-NO2C6H4 (1a) H (6a) RT, 50 h TiBr4 no reaction
7 p-NO2C6H4 (1a) H (6a) RT, 50 h 3a/TiBr4 8a 37 1:2


9a trace
8[b] p-NO2C6H4 (1a) H (6a) � 20 �C, 60 h 3a/TiBr4 8a 9 1:1.3


9a 8
9[b] p-NO2C6H4 (1a) H (6a) � 40 �C, 60 h 3a/TiBr4 8a trace


9a 5
10 p-CF3C6H4 (1b) H (6a) RT, 50 h 3a/TiCl4 7b 36 1:6
11 p-ClC6H4 (1d) H (6a) RT, 50 h 3a/TiCl4 7d 47 1:7
12 p-NO2C6H4 (1a) CH3 (6b) RT, 50 h 3a/TiCl4 7h 25 1:1


[a] 3a (1 equiv) was used. [b] 3a (0.2 equiv) was used.
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Scheme 2. Mechanism for formation of �-(chloromethylene)aldols 15 and
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Table 3. Reaction of dimethyl acetylene dicarboxylate (10) with p-nitro-
benzaldehyde (2).
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Entry Chalcogenide Products (Yield [%])


1 3a (E)-11 (30), 12 (10)
2 3c (E)-11 (40), 12 (40)







Chalcogenide-Lewis Acid Mediated Reactions 1496 ± 1502


It is known that a Lewis acid TiX4 and a sulfide form a
complex.[24] If the complex formed from TiX4 and dimethyl
sulfide (3a) releases MeX to generate a new Lewis acid, MeS-
TiX3 17 in mechanism 1), 17 reacts with an alkynoate to afford
�-(methylthio)allenolate 18. The reaction of the allenolate 18
with an aldehyde gives an aldol product 19. On the other
hand, mechanism 2) involves the Michael addition of dimeth-
yl sulfide (3a) to an alkynoate by activation with TiX4. The
resulting �-(dimethylsulfonio)allenolate 20 reacts with an
aldehyde to form �-(dimethylsulfoniomethylene)aldol 21,
which changes into an aldol product 19 accompanied by
demethylation.


If the reaction proceeds via mechanism 1), the Lewis acid
17 generated in situ works as an equivalent of MeS�. We
selected 9-phenylthioxanthyli-
um salt (22) as an acceptor of
MeS� and conducted the reac-
tions shown in Scheme 4.


A reaction of 22 (1 equiv)
with 3a (0.2 equiv) and TiBr4


(1 equiv) was conducted in di-
chloromethane at �20 �C for
3 d. The product was not
9-(methylthio)-9-phenylthioxan-
thene (24) but 9-phenyl-thioxan-
thenol (23) in a 75 % yield.
Product 23 would be formed by
the hydrolysis of 22, but it is
possible that the desired product
24 would be first produced and
transformed into 22 in an acidic
reaction medium because 24 has


an acid-sensitive triphenyl-
methyl moiety. Then the result-
ing 22 would be hydrolyzed to
give 23 when the reaction is
worked up. In order to confirm
this hypothesis, we prepared an
authentic sample of 24 in a 73 %
yield by the reaction of 22 with
sodium methanethiolate and
then treated it with TiBr4 under
the same conditions as those of
the reaction of 22, 3a and TiBr4.
Compound 24 was converted
into 23 in a 17 % yield, but the
unreacted 24 was recovered in a
59 % yield. From these findings,
it was revealed that the Lewis
acid 17 was not generated in
situ and aldol 19 was not
formed via mechanism 1).


Since the intramolecular Mi-
chael addition reaction of a
sulfide group to an enone moi-
ety in an acidic medium is
known,[25, 26] it might be difficult
but possible to cause the Mi-
chael addition of dimethyl sul-


fide to an electron-deficient alkyne. Sulfonium salts bearing
an alkyl group undergo dealkylation with halide ions.[27] Based
on these reports, sulfide 19 should be formed via mechanism 2).


In order to examine the reactivity of sulfide 9a and
sulfonium salt 25, we prepared them and conducted their
reactions shown in Scheme 5.


Sulfide 9a was derived with the retained configuration by
the reaction of (Z)-�-chloroacrylate (Z)-7a with sodium
methanethiolate via the addition and elimination processes.[28]


The methylation of sulfide 9a with the Meerwein reagent gave
�-formylcinnamate 26 in an 85 % yield, which would be
formed via the following processes: addition of water to the �-
carbon of sulfonium salt 25, elimination of dimethyl sulfide
(3a), ketonization and elimination of water. Attempts to
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isolate sulfonium salt 25 were unsuccessful because of its
lability. When sulfonium salt 25 was prepared in situ and then
treated with 0.25 equiv of TiCl4, (Z)-�-chloroacrylate (Z)-7a
was obtained in a 21 % yield. When 1 equiv of TiCl4 was used,
methyl 3-methylthio-2-[1-methylthio-1-(p-nitrophenyl)me-
thyl]acrylate 27(33 %) as a mixture of E and Z isomers, (Z)-
7a (6%) and 1a (47 %) were obtained. The bis(methylthio)
derivative 27 would be formed from the substitution reac-
tion of the hydroxy group of 9a for a methanethiolate ion
that is generated by the retro-aldol reaction of 9a under
acidic reaction conditions. The chloride (Z)-7a would be
formed via the addition of a chloride ion and the succes-
sive elimination of dimethyl sulfide (3a) with the reten-
tion of the configuration,[29] although a pathway via the
reaction of aldehyde 1a with methyl propiolate (6a) result-
ing from the retro-aldol reaction of 9a could not be
completely excluded. The aldehyde 1a would be given
from the retro-aldol reaction of 26 which occurred during
purification of the raw product because the 1H NMR spec-
trum of the raw product had exhibited signals due to 26. The
reaction of sulfonium salt 25 with trimethylsulfoxonium
iodide did not give a �-iodoacrylate but gave a complex
mixture.


In conclusion, we developed chalcogenide-TiCl4-mediated
reactions of �-acetylenic ketones and esters with aldehydes
giving (E)-�-(halomethylene)aldols and (Z)-3-halogeno-2-
(hydroxylmethyl)acrylates. Since the products have trans-
formable functional groups, we could utilize them as useful
intermediates for the synthesis of biologically active com-
pounds.


Experimental Section


Melting points were obtained with a Yanagimoto micro-melting-point
apparatus and are uncorrected. IR spectra of solids (KBr) and liquids
(NaCl) were recorded on a JASCO FT/IR-230 spectrophotometer.
1H NMR spectra were recorded on a JEOL EX-400 (400 MHz) spectrom-
eter with tetramethylsilane as an internal standard. 13C NMR spectra were
obtained on a JEOL EX-400 spectrometer with CDCl3 as an internal


standard (�� 77.0). Mass spectra were
recorded on a JEOL JMS-SX102A
spectrometer with a direct-insertion
probe at 70 eV. Elemental analyses of
new compounds were performed by
Yanaco CHN Corder MT-5. All chro-
matographic isolations were accom-
plished with BW-350 (Fuji Silysia) for
column chromatography or with Kie-
selgel 60 PF254 containing gypsum
(Merck) for preparative TLC. CH2Cl2


was washed with water, dried over
CaCl2, and freshly distilled from
P4O10. The recycling preparative
HPLC was performed by LC-918 liq-
uid chromatography (Japan Analytical
Industry Co., Ltd.) equipped with
JAIGEL-1H and -2H columns (poly-
styrene gels).


General : For data of compounds 4a,
c ± g, 5a and 7a, b, d, h, see Supporting
Information.


A typical reaction of but-3-yn-2-one
(2) with an aldehyde : p-Trifluorome-


thylbenzaldehyde (1b, 87 mg, 0.5 mmol) and dimethyl sulfide (3a) (3 mg,
0.05 mmol) were added to a solution of but-3-yn-2-one (2) (102 mg,
1.5 mmol) in dry dichloromethane (1.5 mL). TiCl4 (55 �L, 0.5 mmol) was
added dropwise at 0 �C. The mixture was stirred for 2 h and then quenched
by adding saturated aqueous NaHCO3 solution (1.5 mL). The inorganic
precipitate was removed by filtration through Celite, and the filtrate was
dried over MgSO4 and concentrated under reduced pressure. The residue
was purified by preparative TLC on silica gel with hexane/ethyl acetate
(2:1) to give (E)-4-chloro-3-[1-hydroxy-1-(4-trifluoromethylphenyl)-meth-
yl]but-3-en-2-one [(E)-4b] in a 73 % yield.


(E)-4-Chloro-3-[1-hydroxy-1-(4-trifluoromethylphenyl)methyl]but-3-en-2-
one [(E)-4b]: white powder (from AcOEt/hexane); m.p. 61 ± 64 �C (m.p.
68 ± 70 �C[21]); 1H NMR (400 MHz, CDCl3): �� 2.33 (s, 3 H; Me), 4.43 (d,
J� 11 Hz, 1H; OH), 5.98 (d, J� 11 Hz, 1 H; benzylic H), 7.48 ± 7.52 (m, 3H;
ArH, olefinic H), 7.58 ± 7.60 (m, 2 H; ArH); 13C NMR (100 MHz, CDCl3):
�� 27.0 (q), 70.3 (d), 125.39 (d), 125.43 (d), 129.5 (s), 129.8 (s), 136.5 (d),
142.7 (s), 145.5 (s), 198.1 (s); IR (KBr) �� � 3510 (OH), 1669 cm�1 (C�O);
MS (EI): m/z (%): 278 (4) [M�], 127 (100); elemental analysis calcd (%)
for C12H10ClF3O2: C 51.72, H 3.62; found: C 51.74, H 3.62.


Reaction of methyl propiolate (6a) with aldehyde 1a : p-Nitrobenzalde-
hyde (1a) (76 mg, 0.5 mmol) and dimethyl sulfide (3a) (6 mg, 0.1 mmol)
were added to a solution of methyl propiolate (6a) (126 mg, 1.5 mmol) in
dry dichloromethane (1.5 mL). TiBr4 (184 mg, 0.5 mmol) was added to the
mixture at �20 �C. The whole mixture was stirred for 60 h at the same
temperature and then quenched by the addition of saturated aqueous
NaHCO3 solution (1.5 mL). The inorganic precipitate was removed by
filtration through Celite. The filtrate was dried over MgSO4 and concen-
trated under reduced pressure. The residue was purified by preparative
TLC on silica gel with hexane/ethyl acetate (2:1) to give 8a and 9a.


Methyl (E)-3-bromo-2-[1-hydroxy-1-(4-nitrophenyl)methyl]acrylate [(E)-
8a]: yellow powder (from AcOEt/hexane); m.p. 70 ± 71 �C; 1H NMR
(400 MHz, CDCl3): �� 3.75 (s, 3 H; OMe), 4.25 (d, J� 11 Hz, 1H; OH),
6.03 (d, J� 11 Hz, 1H; benzylic H), 7.86 (s, 1H; olefinic H), 7.60 and 8.21
(each d, J� 9 Hz, 2 H; ArH); 13C NMR (100 MHz, CDCl3): �� 52.7 (q),
71.6 (d), 123.7 (d), 126.0 (d), 126.1 (d), 136.9 (s), 147.4 (s), 148.5 (s), 164.4
(s); IR (KBr) �� � 3486 (OH), 1708 (C�O), 1523 (NO2), 1349 cm�1 (NO2);
MS (EI): m/z (%): 203 (100); [M�], m/z 315 or 317, was not observed;
elemental analysis calcd (%) for C11H10BrNO5: C 41.76, H 3.19, N 4.43;
found: C 42.01, H 3.35, N 4.33.


Methyl (Z)-3-bromo-2-[1-hydroxy-1-(4-nitrophenyl)methyl]acrylate [(Z)-
8a]: yellow powder (from AcOEt/hexane); m.p. 125 ± 126 �C; 1H NMR
(400 MHz, CDCl3): �� 3.38 (d, J� 6.0 Hz, 1 H; OH), 3.75 (s, 3H; OMe),
5.62 (d, J� 6.0 Hz, 1 H; benzylic H), 7.05 (s, 1 H; olefinic H), 7.55, 8.21 (d,
J� 8.8 Hz, each 2 H; ArH); 13C NMR (100 MHz, CDCl3): �� 52.3 (q), 74.4
(d), 116.7 (d), 123.8 (d), 127.3 (d), 138.6 (s), 147.4 (s), 147.7 (s), 165.6 (s); IR
(KBr) �� � 3480 (OH), 1707 (C�O), 1522 (NO2), 1346 cm�1 (NO2); MS (EI):
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Chalcogenide-Lewis Acid Mediated Reactions 1496 ± 1502


m/z (%): 203 (100); [M�], m/z 315 or 317, was not observed; elemental
analysis calcd (%) for C11H10BrNO5: C 41.76, H 3.19, N 4.43; found: C
42.00, H 3.29, N 4.34.


Methyl (Z)-2-[1-hydroxy-1-(4-nitrophenyl)methyl]3-methyl-sulfanyl acryl-
ate [(Z)-9a]: yellow powder (from AcOEt/hexane); m.p. 102 ± 103 �C;
1H NMR (400 MHz, CDCl3): �� 2.40 (s, 3 H; SMe), 3.08 (d, J� 5.5 Hz, 1H;
OH), 3.75 (s, 3H; OMe), 5.62 (d, J� 5.5 Hz, 1H; benzylic H), 7.20 (s, 1H;
olefinic H), 7.56, 8.20 (d, J� 8.8 Hz, each 2 H; ArH); 13C NMR (100 MHz,
CDCl3): �� 19.6 (q), 51.7 (q), 73.3 (d), 123.6 (d), 125.2 (s), 127.1 (d), 147.3
(s), 149.5 (s), 151.0 (d), 166.1 (s); IR (KBr) �� � 3503 (OH), 1671 (C�O),
1517 (NO2), 1344 cm�1 (NO2); MS (EI): m/z (%): 283 (22) [M�], 236 (100);
elemental analysis calcd (%) for C12H13NO5S: C 50.88, H 4.63, N 4.94;
found: C 50.72, H 4.61, N 4.92.


Methyl (E)-2-[1-hydroxy-1-(4-nitrophenyl)methyl]3-methyl-sulfanyl acryl-
ate [(E)-9a]: yellow powder (from AcOEt/hexane); m.p. 113 ± 114 �C;
1H NMR (400 MHz, CDCl3): �� 2.53 (s, 3 H; SMe), 3.71 (s, 3H; OMe), 4.25
(br s, 1 H; OH), 5.71 (brs, 1H; benzylic H), 7.77 (s, 1H; olefinic H), 7.60 and
8.18 (d, J� 8.5 Hz, each 2 H; ArH); 13C NMR (100 MHz, CDCl3): �� 18.0
(q), 51.9 (q), 70.4 (d), 123.4 (d), 126.2 (s), 126.2 (d), 147.0 (s), 148.8 (d), 149.7
(s), 165.0 (s); IR (KBr) �� � 3486 (OH), 1673 (C�O), 1515 (NO2), 1350 cm�1


(NO2); MS (EI): m/z (%): 283 (22) [M�], 236 (100); elemental analysis
calcd (%) for C12H13NO5S: C 50.88, H 4.63, N 4.94; found: C 50.75, H 4.69,
N 4.93.


Reaction of dimethyl acetylenedicarboxylate (10) with p-nitrobenzalde-
hyde (1a): p-Nitrobenzaldehyde (1a) (76 mg, 0.5 mmol) and 1,1,3,3-
tetramethyl-2-thiourea (3c) (6 mg, 0.05 mmol) were added to a solution
of 10 (213 mg, 1.5 mmol) in dry dichloromethane (1.5 mL). TiCl4 (55 �L,
0.5 mmol) was added dropwise at room temperature. The mixture was
stirred for 50 h and then quenched by adding saturated aqueous NaHCO3


solution (2 mL). The inorganic precipitate was removed by filtration
through Celite, and the filtrate was dried over MgSO4 and concentrated
under reduced pressure. The residue was purified by column chromatog-
raphy on silica gel eluting with hexane/ethyl acetate (1:1) to give a mixture
of (E)-2-chloro-3-[1-hydroxy-1-(4-nitrophenyl)methyl]but-2-enedioic di-
methyl ester [(E)-11] and 4-chloro-2-(4-nitro-phenyl)-5-oxo-2,5-dihydro-
furan-3-carboxylic methyl ester (12). The mixture was separated by
recycling preparative HPLC eluting with chloroform.


(E)-2-Chloro-3-[1-hydroxy-1-(4-nitrophenyl)methyl]but-2-enedioic di-
methyl ester [(E)-11]:colorless needles (from hexane/chloroform); m.p.
164 �C; 1H NMR (400 MHz, CDCl3): �� 3.48 (d, J� 7 Hz, 1 H; OH), 3.76,
3.87 (each 3 H, s; CO2Me), 6.06 (d, J� 7 Hz, 1 H; benzylic H), 7.66, 8.23
(each d, J� 8 Hz, 2 H; ArH); 13C NMR (100 MHz, CDCl3): �� 53.2 (q),
53.8 (q), 71.3 (d), 123.8 (d), 127.1 (d), 129.4 (s), 140.0 (s), 146.3 (s), 147.8 (s),
162.1 (s), 164.9 (s); IR (KBr): �� � 3481 (OH), 1716 (C�O), 1523 (NO2),
1342 cm�1 (NO2); MS (EI): m/z (%): 329 (1) [M�], 147 (100); elemental
analysis calcd (%) for C13H12ClNO7: C 47.36, H 3.67, N 4.25; found: C 47.15,
H 3.65, 4.31.


4-Chloro-2-(4-nitrophenyl)-5-oxo-2,5-dihydrofuran-3-carboxylic methyl
ester (12): yellow oil; 1H NMR (400 MHz, CDCl3): �� 3.83 (s, 3H;
CO2Me), 6.24 (s, 1H; benzylic H), 7.52, 8.27(each d, J� 9 Hz, 2H; ArH);
13C NMR (100 MHz, CDCl3): �� 53.2 (q), 80.8 (d), 124.1 (d), 128.4 (d),
130.7 (s), 139.6 (s), 145.3 (s), 148.8 (s), 159.8 (s), 166.0 (s); IR (KBr): �� �
3349 (OH), 1791 (C�O), 1732 (C�O), 1523 (NO2), 1351 cm�1 (NO2); MS
(EI): m/z (%): 297 (22)[M�], 268 (100); HRMS (EI): calcd for
C13H8ClNO6: 297.0040; found: 297.0034 [M�].


Reaction of 9-phenylthioxanthylium perchlorate (22) with TiBr4 and
dimethyl sulfide (3a): TiBr4 (184 mg, 0.5 mmol) was added to a stirred
solution of 9-phenylthioxanthylium perchlorate[30] (22) (186 mg, 0.5 mmol)
and dimethyl sulfide (3a) (6 mg, 0.1 mmol) in dry dichloromethane
(1.5 mL) at �20 �C. The mixture was stirred at the same temperature for
3 days and then quenched by the addition of saturated aqueous NaHCO3


solution (1.5 mL). The inorganic precipitate was removed by filtration
through Celite, and the filtrate was dried over MgSO4 and concentrated
under reduced pressure. The residue was purified by preparative TLC on
silica gel with CH2Cl2/AcOEt (100:1) to give 9-phenylthioxanthen-9-ol (23)
in a 75 % yield. Product 23 was identical with an authentic sample prepared
from thioxanthone and phenylmagnesium bromide.[30]


Synthesis of 9-methylthio-9-phenylthioxanthene (24): A 15% aqueous
sodium methanethiolate solution (700 mg, 1.5 mmol) was added to a
solution of 22 (186 mg, 0.5 mmol) in dichloromethane (1.5 mL) at room


temperature. The mixture was stirred at the same temperature for 1 h and
then poured into water and extracted with dichloromethane. The extracts
were combined, dried over MgSO4 and concentrated under reduced
pressure. The residue was purified by preparative TLC on silica gel with
CH2Cl2/AcOEt (100:1) to give 24 in a 73% yield.


9-Methylthio-9-phenylthioxanthene (24): colorless prisms (from AcOEt/
hexane); m.p. 109 ± 110 �C; 1H NMR (400 MHz, CDCl3): �� 1.75 (s, 3H;
SMe), 7.07 ± 7.09 (m, 4 H; ArH), 7.18 ± 7.20 (m, 2H; ArH), 7.33 ± 7.38 (m,
5H; ArH), 7.46 ± 7.47 (m, 2 H; ArH); 13C NMR (100 MHz, CDCl3): �� 15.3
(q), 62.1 (s), 125.6 (d), 126.0 (d), 127.0 (d), 127.2 (d), 128.0 (d), 130.3 (d),
131.0 (d), 132.2 (s), 136.7 (s), 137.1 (s), 142.5 (s); MS (EI) m/z (%): 320 (1)
[M�], 273 (100); elemental analysis calcd (%) for C20H16S2: C 74.96, H 5.03;
found: C 75.03, H 5.05.


Synthesis of methyl 2-[1-hydroxy-1-(4-nitrophenyl)methyl]3-methylsulfan-
yl acrylate (9a): A 15% aqueous solution of sodium methanethiolate
(1.40 g, 3.0 mmol) was added to a solution of (Z)-7a (543 mg, 2.0 mmol) in
MeOH (2.0 mL) at room temperature. The mixture was stirred at the same
temperature for 10 min and then poured into water and extracted with
dichloromethane. The extracts were combined, dried over MgSO4 and
concentrated under reduced pressure. The residue was purified by
preparative TLC on silica gel using hexane/AcOEt (5:1) to give 9a in a
78% yield. The product was identical with a sample obtained from the
reaction of methyl propiolate with 1a in Table 2.


Methylation of sulfide 9a : Me3OBF4 (177 mg, 1.2 mmol) was added to a
solution of 9a (283 mg, 1.0 mmol) in dry dichloromethane (2.0 mL) at 0 �C.
The mixture was stirred at room temperature for 1 h, and then the solvent
was evaporated under reduced pressure. The residue was washed with Et2O
to give methyl (E)-2-formyl-3-(4-nitrophenyl)propenoate (26) in an 85%
yield.


Methyl (E)-formyl-3-(4-nitrophenyl)propenoate (26): pale yellow needles
(from AcOEt/hexane); m.p. 131 ± 132 �C; 1H NMR (400 MHz, CDCl3): ��
3.88 (s, 3 H; SMe), 7.58 (s, 1 H; olefinic H), 7.68, 8.28 (d, J� 8.8 Hz, each 2H;
ArH), 9.72 (s, 1 H; CHO); 13C NMR (100 MHz, CDCl3): �� 52.9 (q), 124.0
(d), 130.6 (d), 136.2 (s), 138.6 (s), 146.2 (d), 148.9 (s), 165.1 (s), 188.7 (d); IR
(KBr): �� � 1738 (C�O), 1675 (C�O), 1516 (NO2), 1350 cm�1 (NO2); MS
(EI): m/z (%): 235 (10) [M�], 203 (100); HRMS (EI) calcd for C11H9NO5:
235.0481; found: 235.0486 [M�].


Reaction of sulfonium salt 25 with TiCl4 : a) Me3OBF4 (18 mg, 0.12 mmol)
was added to a solution of 9a (28 mg, 0.1 mmol) in dry dichloromethane
(0.5 mL) at 0 �C. The mixture was stirred at room temperature for 1 h
followed by the addition of TiCl4 (3 �L, 0.03 mmol) and stirred for 3 days.
The reaction mixture was quenched by the addition of saturated aqueous
NaHCO3 solution, and the inorganic precipitate was removed by filtration
through Celite. The filtrate was dried over MgSO4 and concentrated under
reduced pressure. The residue was purified by preparative TLC on silica gel
with ethyl acetate/hexane (3:10) to give methyl (Z)-3-chloro-2-[1-hydroxy-
1-(4-nitrophenyl)methyl]acrylate (7a) in a 21% yield. The product was
identical with an authentic Z isomer obtained from the reaction of 6a with
1a.


b) Me3OBF4 (35 mg, 0.24 mmol) was added to a solution of 9a (57 mg,
0.2 mmol) in dichloromethane (1.0 mL) at 0 �C. The mixture was stirred at
room temperature for 1 h followed by the addition of TiCl4 (22 �L,
0.2 mmol) and stirred for 30 minutes. The reaction mixture was quenched
by the addition of saturated aqueous NaHCO3 solution, and the inorganic
precipitate was removed by filtration through Celite. The filtrate was dried
over MgSO4 and concentrated under reduced pressure. The residue was
purified by preparative TLC on silica gel with ethyl acetate/hexane (3:10)
to give acrylate 27 as a mixture of the E and Z isomers (E/Z 2:5) and (Z)-7a
in 38 % and 6 % yields, respectively.


Methyl (E)-3-methylthio-2-[1-methylthio-1-(4-nitrophenyl)methyl]acry-
late [(E)-27]: Yellow oil; 1H NMR (400 MHz, CDCl3): �� 2.04 (s, 3H;
SMe), 2.46 (s, 3H; SMe), 3.71 (s, 3 H; OMe), 5.05 (s, 1H; benzylic H), 7.48
(d, J� 8.8 Hz, 2H; ArH), 7.51 (s, 1H; olefinic H), 8.16 (d, J� 8.8 Hz, 2H;
ArH); 13C NMR (100 MHz, CDCl3): �� 16.2 (q), 19.8 (q), 51.3 (d), 51.8 (q),
122.1(s), 123.8 (d), 128.9 (d), 147.0 (s), 148.0 (s), 151.5 (d), 166.0 (s); IR
(NaCl) �� � 1705 (C�O), 1520 (NO2), 1347 cm�1 (NO2); MS (EI): m/z (%):
313 (10) [M�], 266 (100); HRMS (EI) calcd for C13H15O4NS2: 313.0442;
found: 313.0434 [M�].


Methyl (Z)-3-methylthio-2-[1-methylthio-1-(4-nitrophenyl)methyl]acry-
late [(Z)-27]: yellow oil; 1H NMR (400 MHz, CDCl3): �� 2.17 (s, 3H;
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SMe), 2.47 (s, 3H; SMe), 3.70 (s, 3 H; OMe), 5.18 (s, 1H; benzylic H), 7.68
(d, J� 8.5 Hz, 2H; ArH), 7.77 (s, 1H; olefinic H), 8.16 (d, J� 8.5 Hz, 2H;
ArH); 13C NMR (100 MHz, CDCl3): �� 16.4 (q), 18.8 (q), 49.4 (d), 52.0 (q),
123.4 (d), 125.3 (s), 129.0 (d), 146.6 (s), 146.9 (s), 148.3 (d), 164.6 (s); IR
(NaCl) �� � 1704 (C�O), 1520 (NO2), 1346 cm�1 (NO2); MS (EI) m/z (%):
313 (15) [M�], 266 (100); HRMS (EI) calcd for C13H15O4NS2 313.0442;
found: 313.0446 [M�].
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Palladium-Catalyzed Cascade Reaction of �,�-Unsaturated Sulfones with
Aryl Iodides


Pablo Mauleo¬ n, Angel A. Nu¬ nƒ ez, Ine¬s Alonso, and Juan C. Carretero*[a]


Abstract: Unlike traditionally used acy-
clic 1,2-disubstituted alkenes, the reac-
tion of �,�-unsaturated phenyl sulfones
with aryl iodides under Heck reaction
conditions (Pd(OAc)2 as catalyst, Ag2-
CO3 as base in DMF at 120 0C) takes
place mainly by a cascade process,
involving one unit of the alkene and
three units of the aryl iodide, to afford a
substituted 9-phenylsulfonyl-9,10-dihy-
drophenanthrene. The dominant forma-
tion of this 3:1 coupling product, instead
of the Heck trisubstituted olefin, shows
that aromatic C�H activation processes


can compete with the usually fast syn �-
hydrogen elimination step in the Heck
arylation of an acyclic olefin. The struc-
tural scope of this palladium-catalyzed
cascade arylation of �,�-unsaturated
sulfones has proved to be wide with
regard to substitution at the �-position
(alkyl, aryl, or alkenyl substitution),
substitution at the sulfone unit (alkyl


or phenyl sulfones), and configuration at
the C�C bond (trans or cis). Moreover,
although less favored than in the case of
the arylation of �,�-unsaturated sul-
fones, similarly substituted 9,10-dihy-
drophenanthrenes have also been ob-
tained in the case of �,�-unsaturated
phosphine oxides and �,�-unsaturated
phosphonate esters. A Pd0 ± PdII ± PdIV


mechanistic pathway involving the suc-
cessive formation of highly electrophilic
�-alkylpalladium intermediates and pal-
ladacycles is proposed for this multi-
component arylation.


Keywords: C±H activation ¥
domino reactions ¥ Heck reaction ¥
palladium ¥ sulfones


Introduction


Since its discovery in the late 1960s,[1] the palladium-catalyzed
arylation or vinylation of alkenes (the Heck reaction) has
received increasing attention, becoming one of the most
versatile and synthetically useful methods for C�C bond
formation used today.[2] Owing to the high sensitivity of the
Heck reaction to steric factors, the vast majority of the huge
number of Heck reactions reported to date deal either with
intramolecular versions of this reaction[3] or with intermolec-
ular processes on terminal olefins and cycloalkenes.[2] In
recent years, however, considerable progress has been ach-
ieved in the stereoselective synthesis of acyclic, trisubstituted
olefins by Heck reaction of organic halides with 1,2-disub-
stituted olefins, in particular when electronically poor olefins


like �,�-unsaturated carbonyl compounds[4] and �,�-unsatu-
rated sulfoxides[5] are employed (Scheme 1).


R1
EWG


R2 X
R2 Pd


X


H EWG
R1 H


R1 EWG


R2


+
Pd0


base


β-H-elim.


Scheme 1. Synthesis of trisubstituted alkenes by Heck reaction. EWG�
electron-withdrawing group�CO2R, COR, CN, SOAr; R1� alkyl or aryl,
R2� aryl or alkenyl.


As part of our ongoing research focused on the develop-
ment of highly stereoselective methods with readily available
functionalized �,�-unsaturated sulfones[6] , we envisaged that
acyclic �,��-disubstituted, �,�-unsaturated sulfones could be
stereoselectively prepared by simple Heck reactions of the
corresponding �-substituted, �,�-unsaturated sulfone. In fact,
Fuchs et al. have reported several examples of intramolecular
Heck reactions of �,�-unsaturated sulfones.[7]


Contrary to these precedents, we describe herein that the
intermolecular palladium-catalyzed reaction of �-substituted,
�,�-unsaturated sulfones with a large excess of iodobenzene
(or p-substituted iodoarenes), in the presence of Ag2CO3 as
base, occurs mainly through a complex cascade reaction in
which three molecules of iodobenzene and one molecule of
vinyl sulfone are involved, affording 1-phenyl-9-phenylsulf-
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onyl-9,10-dihydrophenanthrenes, rather than the expected
Heck trisubstituted olefin[8] (Scheme 2). The formation of this
3:1 coupling product, in which four C�C bonds are formed in
a single synthetic step, indicates that ortho C�H activation
processes[9] can compete favorably with the seemingly obvious
final �-hydrogen elimination step of a Heck reaction.


R
SO2Ph


R SO2Ph


Ph


Pd(OAc)2


Ag2CO3


Ph R


SO2Ph


+


minor
product


main
product


PhI (excess)


Scheme 2. Palladium-catalyzed arylation of �,�-unsaturated sulfones.


As far as we know such a palladium catalyzed cascade
arylation of an acyclic alkene has not been previously
reported. The most comparable results were those described
by the groups of Catellani and de Meijere in the palladium-
catalyzed reactions of aryl halides with norbornene.[10] This
very reactive bicyclic alkene has been widely used in
interrupted Heck reactions and in a variety of cascade
processes[11] because the final syn �-hydrogen elimination
step is structurally not feasible. Thus, in this case the insertion
step generates the long-lived �-alkylpalladium intermediate
(I) that, being unable to undergo �-hydrogen elimination,
undergoes an intramolecular aromatic C�H activation proc-
ess with formation of the key 5-membered palladacycle
intermediate (II).[12] Depending on experimental conditions
1:1, 2:1, 3:1, or 2:2 coupling products are finally isolated[10]


(Scheme 3).


Ph X Ph


Pd-X Pd


I II


Ph


Pd0


and/or and/or


and/or


1:1 adduct 2:1 adduct


3:1 adduct 2:2 adduct


Scheme 3. Palladium-catalyzed arylation of norbornene.


Results and Discussion


Search for the optimal experimental conditions : When our
model trans-substituted �,�-unsaturated sulfone 1 a[13] was
treated with iodobenzene in the presence of Pd(OAc)2
(10 mol%) as catalyst and K2CO3 or Cs2CO3 as base in
DMF at 120 0C, we only detected the basic isomerization of
the vinyl sulfone 1 a to the allyl sulfone 2.[14] On the other
hand, a sluggish reaction was observed using a typical mild
base such as Et3N. Therefore, we turned our attention to the
use of Ag2CO3, a base which proved to be very effective in
our previous studies of Heck reactions of �,�-unsaturated
sulfoxides.[5] Under these conditions (Pd(OAc)2 10 mol%,
Ag2CO3 200 mol%, DMF, 120 0C, 72 h) the reaction of 1 awith
an equimolar amount of iodobenzene afforded a mixture of
the starting vinyl sulfone 1 a, the allyl sulfone 2, the expected
Heck product 3 a, and, unexpectedly, the dihydrophenan-
threne 4 a (Table 1, entry 1). In agreement with the fact that
the formation of 4 a requires three units of iodobenzene, both
the conversion of the reaction and the yield in dihydrophe-
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Abstract in Spanish: Al contrario de lo que ocurre con otros
alquenos acÌclicos 1,2-disustituidos, la reaccio¬n de Heck de
fenil sulfonas �,�-insaturadas con yoduros de arilo [Pd(OAc)2


como catalizador, Ag2CO3 como base en DMF a 120 �C]
transcurre de forma mayoritaria a trave¬s de una reaccio¬n en
cascada que implica la participacio¬n de una unidad de alqueno
y tres de yoduro de arilo, dando lugar a 9-fenilsulfonil-9,10-
dihidrofenantrenos. La formacio¬n de este producto de acopla-
miento 3:1, en lugar de la olefina trisustituida, pone de
manifiesto que procesos de activacio¬n aroma¬tica C�H pueden
competir con la etapa de �-eliminacio¬n syn, normalmente
ra¬pida en procesos de arilacio¬n de Heck de olefinas acÌclicas.
Desde un punto de vista estructural esta reaccio¬n en cascada
presenta un cara¬cter muy general, teniendo lugar con sulfonas
�,�-insaturadas portadoras de sustituyentes alquilo, arilo o
alquenilo en posicio¬n �, sustituyentes alquilo o fenilo en la
unidad de sulfona y configuracio¬n trans o cis en el doble
enlace. Por otra parte, aunque menos favorecido que en el caso
de las sulfonas, los o¬xidos de fosfina y los fosfonatos �,�-
insaturados tambie¬n conducen a la formacio¬n de 9,10-dihi-
drofenantrenos. Este proceso de arilacio¬n multicomponente
puede explicarse a trave¬s de un ciclo catalÌtico que implica
diversos estados de oxidacio¬n del paladio (Pd0-PdII-PdIV) con
formacio¬n sucesiva de intermedios �-alquilpaladio altamente
electro¬filos y paladaciclos.


Table 1. Palladium-catalyzed reaction of 1 a with iodobenzene.[a]


PhI
Pd(OAc)2


Ag2CO3


SO2Ph


SO2Ph
SO2Ph


Ph


Ph


SO2Ph


1a


DMF, 120 °C


2 3a
4a


+ +


Entry PhI (equiv) 1a :2 :3a :4 a[b]


1 1 23:30:26:21
2 5 8:5:6:81
3 10 1: ± :5:94


[a] Reaction conditions: Ag2CO3 (200 mol%), Pd(OAc)2 (10 mol%),
DMF, 120 0C, 72 h, [1a]� 0.2�. [b] Evaluated by 1H NMR spectroscopy
of the crude mixtures.
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nanthrene 4 a were progressively enhanced with increasing
amounts of iodobenzene[15] (Table 1, entries 1 ± 3). In the
presence of 10 equivalents of iodobenzene a clean reaction in
favor of the formation of the domino product 4 awas observed
(3 a :4 a� 5:95, 86% yield, Table 1, entry 3). A further recris-
tallyzation from diethyl ether provided pure dihydrophenan-
threne 4 a in 69% overall yield. The structural determination
of 4 a was first undertaken by NMR and mass spectrometric
studies and its unequivocal confirmation, including the trans
stereochemistry at C-9/C-10, was established by X-ray crys-
tallographic analysis[16] (Figure 1).


Figure 1. Crystal structure of compound 4a.


Scope of the cascade arylation of �,�-unsaturated phenyl
sulfones : To determine the dependence of the reaction on the
nature of the �-substituent of the �,�-unsaturated sulfone, a
variety of trans-substituted �,�-unsaturated sulfones (sub-
strates 1 b ± f) were treated with iodobenzene under the best
conditions previously found for 1 a (Scheme 4, Table 2).
Interestingly, the results were rather homogeneous regardless


of the relatively varied steric and electronic properties of the
substituent in the �-position. Thus, in most cases the cascade
product 4 predominated largely over the Heck product 3 with
both �-alkyl- (Table 2, entries 1, 3, and 4) and �-aryl
substituted vinyl sulfones[13] (Table 2, entries 5 and 6). The
only exception to this general trend was the behavior of the
methyl-substituted vinyl sulfone 1 b (Table 2, entry 2). In this
case a more complex mixture of products was obtained, the
dihydrophenanthrene 4 b being detected in low yield (27% on
the crude reaction mixture) along with the major formation of
a mixture of monoarylated (3 b) and diarylated Heck olefin
products (5). The formation of 5 is most likely due to the high


tendency of 1 b[17] (and probably 3 b) to undergo basic
isomerization to the corresponding allyl phenyl sulfone and
further Heck reaction on the C�C bond.
A particularly interesting result was obtained from the �-


unsubstituted commercially available phenyl vinyl sulfone
(1 g, Table 2, entry 7), which afforded dihydrophenanthrene
4 e in high yield. This product is the same as that obtained in
the reaction of the �-phenyl substituted substrate 1 e (Table 2,
entry 5), showing that in the reaction of 1 g four molecules of


iodobenzene were involved in
the process, with the subsequent
formation of five C�C bonds.
This result can be readily ex-
plained by assuming that the �-
unhindered vinyl sulfone 1 g
first undergoes a very favorable
Heck reaction to afford the
sterically uncongested, trans-
substituted olefin 1 e, which in
the presence of an excess of
iodobenzene reacts in situ by
the cascade process to give the


dihydrophenanthrene 4 e. In full agreement with this hypoth-
esis, 1 ewas isolated in high yield (82% after chromatographic
purification) when the palladium-catalyzed reaction of 1 gwas
carried out in the presence of a stoichiometric amount of
iodobenzene instead of a tenfold excess.
Although the mixture of products 3 and 4 could not,


because of their very similar chromatographic mobilities, be
completely separated by flash chromatography in any of the
cases, pure compounds 4 a, 4 e, and 4 f were readily obtained
by further recrystallization from diethyl ether (61 ± 69%
yields).[18] The structure of the dihydrophenanthrenes 4 was
unequivocally established by NMR spectroscopic and mass
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Scheme 4. Palladium-catalyzed reaction of dienyl sulfones with iodobenzene.


Table 2. Palladium-catalyzed reaction of trans-�,�-unsaturated sulfones 1
with iodobenzene.[a]


R
SO2Ph


R SO2Ph


Ph


Pd(OAc)2


Ag2CO3


Ph R


SO2Ph
PhI


+


3 4


1


Entry Alkene R 3 :4 [%][b] Yield[c][%] (4[d][%])


1 1 a iPr 3 a :4a� 5:95 86 (69)
2 1 b Me 3 b :4 b :5[e]� 11:27:52 -[f]


3 1 c nPent 3 c :4c� 12:88 82[g]


4 1 d Cy 3 d :4 d� 10:90 84[g]


5 1 e Ph 3 e :4e� 3:97 82 (63)
6 1 f �-Naph 3 f :4 f� 8:92 85 (61)
7[h] 1 g H 3 e :4e � 4:96 78 (60)


[a] Reaction conditions: PhI (10 equiv), Pd(OAc)2 (10 mol%), Ag2CO3


(200 mol%), DMF, 120 0C, 3 ± 5 days. [b] Determined by 1H NMR spectro-
scopy of the crude mixtures. [c] Yield in 3� 4 after flash chromatography
(compound 4 was only partially separated). [d] Yield of pure compound 4
after recrystallization. [e] Compound 5� 1,2-diphenyl-3-(phenylsulfonyl)-
1-propene. [f] Pure compound 4b could not be separated by chromatog-
raphy or recrystallization. [g] Dihydrophenanthrenes 4 c and 4 d could not
be crystallized. About 10 ± 15% of pure 4c and 4 dwere obtained after flash
chromatography [toluene/iPr2O (100:1)]. [h] 250 mol% of Ag2CO3 was
used.
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spectrometric studies,[19] and the structure of the 1,10-diphenyl
dihydrophenanthrene 4 e was confirmed by X-ray crystallo-
graphic analysis.[16]


The study of the scope of this reaction was extended to the
case of the vinylogous substrates: the 1-(phenylsulfonyl)-1,3-
dienes 1 h and 1 i (Scheme 4). The behavior of this type of �,�-
unsaturated sulfone was particularly interesting owing to the
presence of two potentially reactive C�C bonds. Surprisingly,
despite the different substitution at the terminal position of
the diene, both compounds reacted similarly with excess of
PhI/Ag2CO3 under the usual reaction conditions (Pd(OAc)2,
DMF, 120 0C) affording as the main product the same
9-(phenylsulfonyl)-9,10-dihydrophenanthrene 4 h[19] (47 ±
48% yield of pure product after chromatographic purification
and recrystallization). The structure of 4 h was unequivocally
confirmed by X-ray crystallographic analysis.[16] This result
clearly reveals the quite different reactivity of both types of
C�C bonds of the diene unit. Thus, while the C3�C4 bond
underwent a regioselective Heck arylation at C4 (or double
Heck arylation in the case of 1 h), the �,�-unsaturated
phenylsulfonyl moiety reacted according to the cascade
arylation process. In terms of chemical complexity the
behavior of 1 h is especially remarkable, since in this case
the process involves the participation of five units of
iodobenzene and the resulting formation of six C�C bonds.
From a mechanistic point of view it is interesting to note


that when the reactions of 1 h and 1 i were performed,
respectively, in the presence of two or one equivalents of PhI
(instead of a large excess), the 4,4-diphenyldiene 6 was
detected in both cases in the crude mixtures. This result
suggests that 6 could be a common intermediate in the
cascade arylation of 1 h and 1 i.
According with the structural assignment of compounds 4,


their reductive desulfonylation by treatment with Na-Hg
(MeOH, THF, room temperature) led almost quantitatively
to the corresponding 1-phenyl-10-substituted-9,10-dihydro-
phenanthrenes 7 (Scheme 5). From a synthetic point of view, it


Scheme 5. Desulfonylation of compounds 4.


should be noted that this two-step sequence, cascade arylation
of �,�-unsaturated sulfones and further desulphonylation,
constitutes an extremely convergent synthesis of 1-phenyl-
substituted 9,10-dihydrophenanthrenes from a benzene de-
rivative.


Reaction of other electron-deficient alkenes : Having demon-
strated the general scope of the cascade palladium-catalyzed
reaction of �,�-unsaturated phenyl sulfones with iodoarenes
in the presence of Ag2CO3, it was important to determine if


this competitive process to the Heck reaction could also
operate with other types of electronically poor, acyclic
alkenes. To address this question the methyl sulfone 1 j, the
sulfonamide 1 k, the phosphine oxide 1 l, the phosphonate 1 m,
the ester 1 n, and the phenyl ketone 1 o, all with an isopropyl
group in the �-position of the alkene, were treated with PhI/
Pd(OAc)2/Ag2CO3 under the usual conditions. The results are
summarized in Table 3.


Gratifyingly, the methyl sulfone 1 j (Table 3, entry 2) and
the sulfonamide 1 k (Table 3, entry 3) gave similar results to
that obtained from the corresponding phenyl sulfone 1 a
(Table 3, entry 1). Thus, in both cases the reaction with
iodobenzene occurred mainly through the domino arylation
pathway (3 j :4 j� 11:89 and 3 k :4 k� 21:79).
Interestingly this kind of intermolecular cascade arylation is


not exclusively limited to the case of �,�-unsaturated sulfones
and related sulfur compounds. As shown in entries 4 and 5 in
Table 3, the �,�-unsaturated phosphine oxide 1 l and the �,�-
unsaturated phosphonate 1 m gave substantial amounts of the
corresponding dihydrophenanthrenes 4 l and 4 m, although
the cascade/Heck selectivity was much poorer (3 l :4 l� 53:47;
3 m :4 m� 65:35). After chromatographic separation of these
mixtures, the Heck products 3 l and 3 mwere isolated in 38 and
53% yields, respectively, whereas the products 4 l and 4 m
were obtained in 37 and 24% yields, respectively.
By contrast, a very different result was observed in the


arylation of typical �-conjugated, electron-deficient olefins
such as the ester 1 n and the enone 1 o (entries 6-7). In these
cases only minor amounts of the dihydrophenanthrenes 4
could be detected by NMR spectroscopy, and the Heck
products largely predominated.
These results suggest that the relative stabilization of the


C�C bond by �-conjugation with the electron-withdrawing
group could be an important factor in the competition
between Heck reaction and cascade arylation. Thus, in
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Table 3. Palladium-catalyzed reaction of alkenes 1j ± o with iodo-
benzene.[a]


iPr
W


iPr W


Ph


Pd(OAc)2


Ag2CO3


Ph iPr
W


PhI
+


3 4


1


Entry Alkene W 3 :4 [%][b] Yield[c] 4(%)


1 1 a SO2Ph 3a :4 a� 5:95 86 (69)[d]


2 1 j SO2Me 3j :4 j� 11:89 77 (52)[d]


3 1 k SO2NEt2 3k :4k� 21:79 55
4 1 l P(O)Ph2 3 l :4 l� 53:47 37
5 1 m PO3Et2 3m :4 m� 65:35 24
6 1 n CO2Et 3n :4n� 82:18 -[e]


7 1 o COPh 3o[f]:4 o� 91:9 ±[e]


[a] Reaction conditions: PhI (10 equiv), Pd(OAc)2 (10 mol%), Ag2CO3


(200 mol%), DMF, 120 0C. [b] Determined by 1H NMR spectroscopy of the
crude mixtures. [c] Yield after flash chromatography. [d] Yield after flash
chromatography and further recrystallization. [e] The minor compounds
4n and 4o could not be completely purified by chromatography or
recrystallization. Significant shifts of these compounds are given in the
experimental section. [f] Mixture of isomers.
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agreement with the fact that in the arylation the starting C�C
bond is not regenerated, it is observed that the higher the
thermodynamic stability of the C�C bond (as in the case of
the �-conjugated olefins 1 n and 1 o), the lower the formation
of the dihydrophenanthrene product. In other words, in the
case of �,�-unsaturated sulfones, in which it is well known that
the sulfonyl group does not furnish significant stability to the
C�C bond,[14] the Heck reaction is less favored to such extent
that the competitive domino arylation process becomes the
main process.


Mechanistic hypothesis : Although the complex multistep
nature of this reaction makes any detailed mechanistic
rationalization very difficult, a Pd0-PdII-PdIV mechanistic
pathway similar to that proposed by Catellani et al. for the
cascade arylation of norbornene can be tentatively pro-
posed[10] (Scheme 6). The oxidative addition of iodobenzene


Scheme 6. Mechanistic proposal (the ligands at the palladium center have
been omitted for clarity).


to the Pd0 catalyst in the presence of Ag2CO3 would give the
cationic phenylpalladium species 8. This species would under-
go a regioselective syn-insertion to the C�C bond to generate
the sulfonylalkylpalladium intermediate 9. At this point,
unlike the usual behavior of an acyclic alkene in a Heck
arylation, the highly electrophilic complex 9 would evolve
faster through an aromatic C�H activation process, to form
the five-membered palladacycle[20] 10, rather than by syn-�-
hydrogen elimination to afford the minor Heck product 3.


Since reductive elimination in 10 is not expected to be a very
favorable process owing to the strained nature of the resulting
benzocyclobutane, palladacycle 10 could undergo oxidative
addition of iodobenzene to form the PdIV[21] palladacycle
species[22] 11, which would lead to the �-alkylpalladium
intermediate 12 by a fast reductive elimination process.[23]


The repetition of the same sequence of steps to the second
ortho C�H position (palladacycle formation, oxidative addi-
tion to iodobenzene, and reductive elimination (12 ± 13 ± 14 ±
15)) would furnish the next �-sulfonylalkylpalladium species
(15). Once both ortho positions of the initially inserted
aromatic ring have been substituted, intermediate 15 could
evolve by an aromatic C�H activation process on one of the
external phenyl rings to form the seven-membered pallada-
cycle[24] 16. This intermediate would finally undergo a very
favorable reductive elimination process (with formation of
the central six-membered ring), releasing the Pd0 catalyst and
the final product 4.
In agreement with the sequence of formation of C�C bonds


depicted in Scheme 6, in the palladium-catalyzed reaction of
1 e with para-substituted iodoarenes, such as p-iodotoluene
and ethyl p-iodobenzoate, only the dihydrophenanthrenes
with substitution at the C3 and C7 positions (compounds 17
and 18, Scheme 7) were isolated (about 32% yield after


Ph
SO2Ph


I


R


Pd(OAc)2


Ag2CO3


Ph
SO2Ph


R


R


R


1e


17, R= Me, 32%
18, R= CO2Et, 32%


+


3
7


Scheme 7. Reaction of 1 e with p-substituted iodoarenes. Reaction con-
ditions: ArI (10 equiv), Pd(OAc)2 (10 mol%), Ag2CO3 (200 mol%), DMF,
120 0C, 11 days.


chromatographic purification and further recrystallization
from diethyl ether).[25] The structures of 17 and 18 were
unequivocally established by mass spectrometry and NMR
spectroscopy experiments (1H NMR, 13C NMR, COSY, and
NOESY)[26] .


Reaction of cis-substituted �,�-unsaturated sulfones : From a
stereochemical point of view, the exclusive formation of C9/
C10 trans-substituted dihydrophenanthrenes from trans-�,�-
unsaturated sulfones would indicate that the configuration of
the starting alkene is preserved along the reaction course,
which is consistent with an initial syn-carbopalladation step
and further aromatic C�H activation processes through the
participation of trans-substituted palladacycles as indicated in
Scheme 6. This high stereoselectivity prompted us to inves-
tigate the behavior of a cis-substituted �,�-unsaturated
sulfone, since if a parallel diastereomeric pathway occurred,
C9/C10 cis-substituted dihydrophenanthrenes could be ob-
tained.


Chem. Eur. J. 2003, 9, No. 7 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0907-1515 $ 20.00+.50/0 1515







FULL PAPER J. C. Carretero et al.


To properly compare the outcome of the reaction, the pair
of diastereomeric phenyl sulfones trans-1 p and cis-1 p, with a
™methyl-labeled∫ substituent in the �-position (a p-tolyl
group), were stereoselectively prepared according to reported
procedures[13][27] and treated with iodobenzene/Ag2CO3 in the
presence of a palladium catalyst. In these cases we observed
that the cascade:Heck product ratio was very high when we
used a palladacycle catalyst[28] instead of Pd(OAc)2
(Scheme 8). trans-1 p behaved as expected, affording the C9/
C10 trans-substituted dihydrophenanthrene 4 p (81% yield),
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Scheme 8. Palladium-catalyzed reaction of trans-1 p and cis-1p with
iodobenzene. Reaction conditions: PhI (10 equiv), palladacycle catalyst
(5 mol%), Ag2CO3 (200 mol%), DMF, 120 0C.


in which the starting p-tolyl group is bound to the C10
position. Unexpectedly, the reaction of cis-1 p also led to the
major formation of a single dihydrophenantrene with trans
stereochemistry at C9/C10, but with the methyl group of the
starting p-tolyl moiety in position C3 of the final dihydrophe-
nanthrene (compound 19, 52% yield).[29] The seemingly
anomalous formation of 19 could be readily explained by
taking into account that, once the syn carbopalladation step
occurred, the resulting �-alkylpalladium intermediate 20
would undergo a C�H activation process at the p-tolyl moiety,
and not at the phenyl group introduced after the syn
carbopalladation step, in order to avoid the formation of the
cis-substituted palladacycle 21, which is presumably less stable
than the corresponding trans
analogue 22 (Scheme 9).


Reaction of �,�-unsaturated
2-(N,N-dimethylamino)phenyl
sulfones : In our previous stud-
ies on Heck reactions of �,�-
unsaturated aryl sulfoxides with
PhI/Ag2CO3 the use of the
2-(N,N-dimethylamino)phenyl
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Scheme 9. Mechanistic proposal for the reaction of cis-1 p.


moiety as a substituent on the sulfur proved to be critical to
the success of this reaction.[5] Compared to the sluggish
reaction observed from the corresponding phenyl sulfoxides,
we justified the high reactivity of the 2-(N,N-dimethylami-
no)phenyl sulfoxides as a result of the pseudointramolecular
character of the reaction because of the coordination of the
palladium atom to the N,N-dimethylamino group (Pd�N
chelation-controlled reaction). These findings prompted us to
investigate the behavior of the corresponding �,�-unsaturated
2-(N,N-dimethylamino)phenyl sulfones 23 under the standard
arylation conditions [PhI, Ag2CO3, Pd(OAc)2].
Interestingly, the �,�-unsaturated sulfones 23 behaved as


expected for an acyclic alkene under Heck reaction con-
ditions, affording in each case the corresponding trisubstituted
olefin 25[30] in high yield and with complete E stereoselectivity
(70 ± 85% yield, Scheme 10). The corresponding dihydrophe-
nanthrene was not detected by 1H NMR spectroscopy even in
the presence of the usual large excess of iodobenzene. This
opposite result to that described from sulfones 1 is in
agreement with our assumption that the cascade arylation of
�,�-unsaturated phenyl sulfones requires the participation of
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highly electrophilic �-alkylpalladium species in order to
promote the key ortho C�H activation steps. Thus, in the
case of olefins 23 the insertion of the arylpalladium species
into the C�C bond would presumably lead to the Pd�N
chelated �-alkylpalladium intermediate 24, which would
undergo a syn �-hydrogen elimination process, and not a
C�H activation process, as a result of the diminished electro-
philic character of the palladium atom caused by its coordi-
nation with the highly donating nitrogen atom. It should also
be noted that conceptually similar Pd�N chelation controlled
Heck reactions have been described for other types of alkenes
bearing chains with an appropriately located nitrogen atom.[31]


Conclusion


Compared to any other type of acyclic 1,2-disubstituted
alkene, �-substituted �,�-unsaturated phenyl sulfones display
unique behavior under arylation Heck conditions. In the
presence of Ag2CO3 as base, their palladium-catalyzed
reactions (Pd(OAc)2 as catalyst, in DMF at 120 0C) with
iodobenzene (or p-substituted iodoarenes) occurred mainly
by a cascade process (involving one molecule of vinyl sulfone
and three molecules of iodobenzene) rather than by a normal
Heck arylation, affording trans-9-(phenylsulfonyl)-9,10-dihy-
drophenanthrenes (compounds 4). This result indicates that,
unlike the usual behavior of an alkene under Heck reaction
conditions, the �-alkylpalladium intermediate formed after
the starting insertion step can evolve faster by successive
ortho C�H activation steps, with consequent formation of
five-membered palladacycle intermediates, than by a �-
hydrogen elimination process.
Although not so favorable as in the case of �,�-unsaturated


sulfones, such cascade arylation also occurs with related
electronically poor olefins like �,�-unsaturated sulfonamides,
phosphine oxides, and �,�-unsaturated phosphonates. In
contrast, typical �-conjugated olefins such as �,�-unsaturated
esters and enones almost exclusively afforded the Heck-type
products.


Experimental Section


General : Chemical shifts in NMR spectra are expressed in ppm. All NMR
spectra were obtained in CDCl3 at room temperature. Both chemical shifts
and coupling constants (Hz) were obtained by first order analysis of spin
patterns. High resolution mass spectra were recorded by using FAB
technique. Analitycal thin layer chromatography was performed on DC-
Alufolien 0.2 mm silica gel 60 F254 (MERCK). Visualization was accom-
plished with UV light and ethanolic phosphomolybdic acid solution
followed by heating. Flash chromatography was performed on silica gel
MERCK-60 (230 ± 400 mesh). All reagents were obtained from commercial
suppliers and were used without further purification except for aldehydes,
which were used freshly distilled. DMF was distilled from CaH2. THF was
distilled from sodium/benzophenone. CH2Cl2 was distilled from P2O5. All
reactions involving the use of nBuLi or Pd(OAc)2 were carried out in flame
and oven dried glassware under inert argon atmosphere.


General procedure for the preparation of dihydrophenanthrenes (4, 17, 18,
and 19) and characterization data of the main products : A mixture of the
corresponding alkene 1 (0.4 mmol), silver carbonate (0.8 mmol,
200 mol%), Pd(OAc)2 (0.04 mmol, 10 mol%), aryl iodide (4 mmol,
1000 mol%), and DMF (2 mL) was heated at 120 0C under vigorous


stirring and argon atmosphere. When the starting alkene disappeared by
TLC (3 ± 11 days, the particular reaction time is indicated below for each
case) the mixture was allowed to cool to room temperature and was diluted
with Et2O (20 mL), filtered through celite, washed with water (20 mL),
dried (MgSO4), and evaporated. The residue was purified by flash
chromatography (the eluent is indicated below for each case). Where
indicated, pure samples of dihydrophenanthrenes were obtained by further
recrystallization from Et2O.


10-Isopropyl-1-phenyl-9-(phenylsulfonyl)-9,10-dihydrophenanthrene (4 a):
Reaction time three days. Eluent hexane/diethyl ether (10:1), 86% yield.
Recrystallization from diethyl ether, 69% overall yield. M.p. 182 ± 184 0C;
1H NMR (200 MHz): �� 7.71 ± 7.68 (m, 2H), 7.59 ± 7.23 (m, 8H), 7.16 ± 6.93
(m, 7H), 4.54 (d, J� 1.9 Hz, 1H), 4.07 (dd, J� 1.9 and 7.5 Hz, 1H), 1.35 (m,
1H), 0.53 (d, J� 6.7 Hz, 3H), 0.44 ppm (d, J� 6.7 Hz, 3H); 13C NMR
(75 MHz): �� 142.5, 141.3, 136.4, 135.9, 132.9, 132.7, 131.3, 130.7, 129.8,
128.9, 128.3, 127.9, 127.6, 127.1, 127.0, 123.8, 123.0, 69.0, 40.2, 32.3, 20.8,
19.5 ppm; MS (FAB� ): (m/z): 461 [M�Na]� , 297 [M�PhSO2]� , 255, 154,
95; elemental analysis calcd (%) for C29H26O2S: C 79.42, H 5.98, S 7.31;
found: C 79.22, H 5.81, S 6.85. Crystal structure data for C29H26O2S (4a):
crystal size 0.20� 0.35� 0.25 mm, monoclinic, space group P21/c, a�
13.3746(6), b� 8.8535(5), c� 20.5133(9) ä, �� 106.860(4)0, V�
2324.6(2) ä3, Z� 5, �calcd� 1.566 Mgm�3, �� 1.764 mm�1, 2�max� 113.940,
CuK� radiation, � � 1.54178 ä, 2�/� scans, T� 296 K, absorption
correction: none, 4119 reflections collected, 3076 independent. Refinement
on F 2 for 3076 reflections and 524 parameters gave GOF� 1.053, R1�
0.0322 and wR2� 0.0853 for I� 2�(I). Residual electron density �0.313�
��� 0.220 eä�3. S, O, and C atoms were refined with anisotropic thermal
displacements parameters and the H atoms with isotropic parameters. The
structure was solved and refined using SHELX-97.[32]


10-n-Pentyl-1-phenyl-9-(phenylsulfonyl)-9,10-dihydrophenanthrene (4 c):
Reaction time three days. Eluent hexane/diethyl ether (10:1), 82% yield:
(3c :4 c� 12:88; 4 c was partially separated by chromatography). 1H NMR
(300 MHz): �� 7.60 ± 7.27 (m, 10H), 7.18 ± 6.96 (m, 7H), 4.35 (d, J� 1.6 Hz,
1H), 4.11 (ddd, J� 1.6, 5.0, and 9.3 Hz, 1H), 1.30 ± 0.66 ppm (m, 11H);
13C NMR (75 MHz): �� 154.5, 153.7, 149.5, 148.4, 147.3, 145.7, 145.1, 145.0,
143.4, 142.8, 142.4, 142.0, 141.3, 141.2, 140.9, 140.6, 140.3, 140.2, 139.8, 139.2,
136.9, 136, 82.8, 47.4, 46.5, 43.6, 38.9, 35.1, 26.8 ppm; HRMS (FAB� ): calcd
for C25H25 ([M�PhSO2]�) 325.1956, found 325.1960.


10-Cyclohexyl-1-phenyl-9-(phenylsulfonyl)-9,10-dihydrophenanthrene
(4 d): Reaction time four days. Eluent hexane/diethyl ether (10:1), 84%
yield: (3 d :4d� 10:90; 4 d was partially separated by chromatography).
1H NMR (300 MHz): �� 7.70 ± 7.68 (m, 2H), 7.62 ± 7.25 (m, 8H), 7.14 ± 6.96
(m, 7H), 4.51 (d, J� 1.6 Hz, 1H), 4.10 (dd, J� 1.7 and 7.1 Hz, 1H), 1.5 ±
0.4 ppm (m, 11H); 13C NMR (75 MHz): �� 142.5, 141.3, 136.5, 136.0, 133.0,
132.6, 132.5, 131.4, 130.7, 129.8, 129.7, 128.9, 128.7, 128.3, 127.9, 127.6, 127.2,
127.0, 123.8, 122.9, 68.9, 42.1, 39.5, 30.9, 29.7, 26.3, 26.2, 25.9 ppm; HRMS
(FAB� ): calcd for C26H25 ([M�PhSO2]�) 337.1956, found 337.1964.


1,10-Diphenyl-9-(phenylsulfonyl)-9,10-dihydrophenanthrene (4 e): Reac-
tion time five days. Eluent hexane/diethyl ether (10:1), 82% yield.
Recrystallization from diethyl ether, 63% yield. M.p. 155 ± 157 0C;
1H NMR (300 MHz): �� 7.70 ± 7.66 (m, 1H), 7.45 ± 7.01 (m, 19H), 6.72 ±
6.87 (m, 2H), 5.06 (d, J� 1.1 Hz, 1H), 4.4 ppm (d, J� 1.1 Hz, 1H);
13C NMR (75 MHz): �� 142.7, 141.4, 140.3, 136.1, 135.9, 133.7, 132.9, 132.4,
131.2, 130.3, 130.0, 129.0, 128.5, 128.0, 127.9, 127.8, 127.7, 127.6, 127.4, 126.7,
125.4, 123.7, 123.1, 73.3, 41.6 ppm; HRMS (FAB� ): calcd for C32H25O2S
([M�H]�) 473.1575, found 473.1564. Crystal structure data for C32H24O2S
(4e): crystal size 0.07� 0.4� 0.2 mm, triclinic, space group P1≈, a�
9.5089(14), b� 10.0130(11), c� 13.1809(12) ä, �� 74.739(8), ��
83.950(9), 	� 79.955(10)0, V� 1189.8(2) ä3, Z� 2, �calcd� 1.319 Mgm�3,
�� 1.424 mm�1, 2�max� 114.50, CuK� radiation, � � 1.54178 ä, 2�/
 scans,
T� 296 K, absorption correction: empirical (min./max. transmission:
0.3332/0.4135). 3795 reflections collected, 3138 independent. Refinement
on F 2 for 3138 reflections and 533 parameters gave GOF� 1.024, R1�
0.0318 and wR2� 0.0863 for I� 2�(I). Residual electron density �0.218�
��� 0.145 eä�3. S, O, and C atoms were refined with anisotropic thermal
displacements parameters and the H atoms with isotropic parameters. The
structure was solved and refined using SHELX-97.[32]


10-�-Naphthyl-1-phenyl-9-(phenylsulfonyl)-9,10-dihydrophenanthrene
(4 f): Reaction time five days. Eluent hexane/diethyl ether (10:1), 85%
yield. Recrystallization from diethyl ether, 61% yield. M.p. 158 ± 160 0C;
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1H NMR (300 MHz): �� 8.10 ± 6.90 (m, 24H), 5.28 (d, J� 1.4 Hz, 1H),
4.53 ppm (d, J� 1.4 Hz, 1H); 13C NMR (75 MHz): �� 142.7, 142.5, 140.2,
138.8, 137.7, 136.0, 135.9, 133.8, 133.3, 133.2, 132.9, 132.7, 132.3, 132.2, 130.9,
130.8, 130.3, 130.0, 129.3, 128.9, 128.4, 127.8, 127.4, 126.9, 125.8, 125.7, 125.6,
125.4, 123.7, 123.2, 73.2, 41.7 ppm; HRMS (FAB� ): calcd for C30H21 ([M�
PhSO2]�) 381.1643, found 381.1624.


10-(2,2-Diphenylethenyl)-1-phenyl-9-(phenylsulfonyl)-9,10-dihydrophe-
nanthrene (4 h): Reaction time five days. Eluent hexane/diethyl ether
(10:1), 57% yield from 1h, 58% from 1 i. Recrystallization from diethyl
ether, 47% yield from 1 h, 48% from 1 i. 1H NMR (300 MHz): �� 7.68 (m,
1H), 7.49 ± 7.21 (m, 13H), 7.18 ± 6.96 (m, 9H), 6.86 (m, 2H), 6.66 (m, 2H),
5.46 (d, J� 9.1 Hz, 1H), 4.95 (dd, J� 1.8 and 9.1 Hz, 1H), 4.36 ppm (d, J�
1.8 Hz, 1H); 13C NMR (125 MHz): �� 149.4, 143.8, 142.6, 142.3, 140.9,
138.6, 137.1, 136.1, 133.1, 133.0, 132.8, 132.3, 131.0, 130.4, 129.6, 129.5, 129.3,
128.9, 128.8, 128.5, 128.3, 128.2, 127.8, 127.7, 127.5, 126.7, 124.5, 123.8, 71.4,
36.3, 15.7 ppm; HRMS (FAB� ): calcd for C34H25 ([M�PhSO2]�)
433.1956, found 433.1963. Crystal structure data for C40H30O2S (4 h): crystal
size 0.15� 0.25� 0.20 mm, monoclinic, space group P21, a� 8.62810(10),
b� 14.1813(2), c� 12.91000(10) ä, �� 108.9390(10)0, V� 1494.12(3)ä3,
Z� 2, �calcd� 1.277 Mgm�3, �� 1.231 mm�1, 2�max� 141.020, CuK� radiation,
� � 1.54178 ä, 2�/
 scans, T� 296 K, absorption correction: SADABS
versus 2.03, 2797 reflections collected. Refinement on F 2 for 2797
reflections, 389 parameters and one restraint gave GOF� 1.044, R1�
0.0288, and wR2� 0.0819 for I� 2�(I). Residual electron density
�0.161���� 0.186 eä�3. S, O, and C atoms were refined with anisotropic
thermal displacements parameters and the H atoms with isotropic
parameters. The structure was solved and refined using SHELX-97.[32]


1-Phenyl-9-(methylsulfonyl)-10-isopropyl-9,10-dihydrophenanthrene (4 j):
Reaction time 3.5 days. Eluent hexane/diethylether (8:1), 77% yield.
Recrystallization from diethylether, 52% yield. M.p. 167 ± 171 0C; 1H NMR
(300 MHz): �� 7.92 (d, J� 8.1 Hz, 1H), 7.82 (d, J� 8.1 Hz, 1H), 7.57 ± 7.36
(m, 9H), 7.25 (dd, J� 1.2 and 7.7 Hz, 1H), 4.26 (s, 1H), 3.93 (d, J� 7.3 Hz,
1H), 2.17 (s, 3H), 1.54 ± 1.42 (m, 1H), 0.55 (d, J� 6.9 Hz, 3H), 0.49 ppm (d,
J� 6.9 Hz, 3H); 13C NMR (75 MHz): �� 144.3, 141.8, 136.0, 134.4, 134.1,
132.9, 132.3, 131.1, 130.7, 129.6, 129.3, 128.8, 128.1, 125.2, 124.5, 68.7, 41.4,
38.5, 33.3, 21.9, 20.5 ppm; HRMS (EI� ): calcd for C24H24O2S ([M�])
376.1497, found 376.1479.


1-Phenyl-9-(N,N-diethylsulfamoyl)-10-isopropyl-9,10-dihydrophenan-
threne (4 k): Reaction time nine days. Eluent hexane/diethyl ether (8:1),
70% yield. Recrystallization from diethyl ether, 55% yield. M.p. 162 ±
166 0C; 1H NMR (300 MHz): �� 7.89 (brd, J� 7.7 Hz, 1H), 7.81 (brd, J�
7.7 Hz, 1H), 7.63 ± 7.53 (m, 1H), 7.49 ± 7.28 (m, 7H), 7.21 ± 7.18 (m, 1H), 4.41
(d, J� 1.6 Hz , 1H), 3.88 (dd, J� 7.7 and 1.6 Hz, 1H), 2.86 ± 2.55 (m, 4H),
1.49 ± 1.37 (m, 1H), 0.93 (t, J� 7.1 Hz , 6H), 0.51 (d, J� 6.9 Hz, 3H),
0.48 ppm (d, J� 6.9 Hz, 3H); 13C NMR (75 MHz): �� 143.5, 142.2, 136.7,
135.2, 133.8, 131.8, 131.6, 130.5, 130.1, 128.9, 128.7, 128.3, 127.7, 127.6, 124.9,
123.7, 66.2, 43.4, 41.6, 32.9, 21.7, 20.2, 15.8 ppm; HRMS (EI� ): calcd for
C27H31NO2S ([M�]) 433.2076, found 433.2055.


9-(Diphenylphosphoryl)-10-isopropyl-1-phenyl-9,10-dihydrophenanthrene
(4 l): Reaction time five days. Eluent hexane/ethyl acetate (1:1), 37% yield.
1H NMR (300 MHz): �� 7.87 ± 7.79 (m, 2H), 7.62 ± 7.58 (m, 1H), 7.57 ± 7.53
(m, 1H), 7.51 ± 7.44 (m, 2H), 7.41 ± 7.35 (m, 2H), 7.34 ± 7.19 (m, 5H), 7.10 ±
6.97 (m, 8H), 6.80 ± 6.75 (m, 1H), 4.21 (dd, J� 1.4 and 17.6 Hz, 1H), 3.91 ±
3.85 (m, 1H), 1.48 ± 1.34 (m, 1H), 0.68 (d, J� 6.8 Hz, 3H), 0.39 ppm (d, J�
6.8 Hz, 3H); 13C NMR (75 MHz) (splitting of signals due to coupling with
the phosphorus atom): �� 142.2, 141.9, 137.0, 136.9, 134.4, 134.3, 133.9,
133.5, 132.2, 131.9, 131.8, 131.7, 131.6, 131.5, 131.4, 130.9, 130.8, 130.3, 130.2,
130.1, 130.0, 129.9, 129.8, 129.5, 129.3, 128.5, 128.4, 128.0, 127.9, 127.8, 127.3,
127.2, 127.1, 127.0, 126.8, 126.5, 124.3, 124.2, 123.0, 44.2, 43.3, 39.6, 39.5, 32.2,
32.0, 21.0, 20.1 ppm; HRMS (FAB� ): calcd for C35H32OP ([M�H]�)
499.2191, found 499.2198.


10-Isopropyl-9-(diethoxyphosphoryl)-1-phenyl-9,10-dihydrophenanthrene
(4 m): Reaction time five days. Eluent hexane/ethyl acetate (1:1), 24%
yield. 1H NMR (300 MHz): �� 7.81 (brd, J� 7.9 Hz, 1H), 7.75 (brd, J�
7.9 Hz, 1H), 7.64 (br s, 1H), 7.49 ± 7.41 (br t, J� 7.4 Hz, 2H), 7.40 ± 7.23 (m,
6H), 7.22 ± 7.16 (m, 1H), 3.91 ± 3.74 (m, 3H), 3.62 ± 3.49 (m, 2H), 3.40 (ddq,
J� 7.1, 8.3, and 10.1 Hz, 1H), 1.48 ± 1.33 (m, 1H), 1.10 (t, J� 7.1 Hz, 3H),
0.99 (t, J� 7.1 Hz, 3H), 0.59 (t, J� 6.8 Hz, 3H), 0.39 ppm (t, J� 6.8 Hz,
3H); 13C NMR (75 MHz) (splitting of signals due to the coupling with the
phosphorus atom): �� 142.7, 141.9, 135.5, 135.5, 135.4, 135.3, 134.1, 134.0,
130.6, 130.5, 130.4, 130.3, 130.1, 128.0, 127.9, 127.8, 127.7, 127.6, 126.8, 126.7,


126.6, 123.9, 123.8, 123.2, 61.8, 61.7, 61.6, 61.5, 41.7, 40.1, 40.0, 39.9, 31.7, 31.5,
21.0, 20.0, 16.2, 16.1, 16.0 ppm; HRMS (FAB� ): calcd for C27H32O3P
([M�H]�) 435.2089, found 435.2074.
Significant 1H NMR data of compound (4 n): 1H NMR (200 MHz): �� 3.91
(br s, 1H; H9), 3.50 (brd, J� 9.1 Hz, 1H; H10), 0.65 (d, J� 6.5 Hz, 3H;
CH3), 0.42 ppm (d, J� 6.5 Hz, 3H; CH3).


Significant 1H NMR data of compound (4 o): 1H NMR (300 MHz): �� 4.92
(d, J� 1.6 Hz, 1H; H9), 3.38 (dd, J� 1.6 and 9.3 Hz, 1H; H10), 0.87 (d, J�
6.9 Hz, 3H; CH3), 0.45 ppm (d, J� 6.9 Hz, 3H; CH3).


1-Phenyl-9-(phenylsulfonyl)-10-(p-tolyl)-9,10-dihydrophenanthrene (4 p):
Reaction time five days (a palladacycle catalyst[28] was used instead of
Pd(OAc)2). Eluent hexane/diethyl ether (10:1), 81% yield. 1H NMR
(300 MHz): �� 7.68 (d, J� 7.3 Hz, 1H), 7.41 (dt, J� 1.8 and 7.1 Hz, 1H),
7.36 ± 7.22 (m, 8H), 7.21 ± 7.11 (m, 2H), 7.10 ± 7.00 (m, 5H), 6.85 (d, J�
8.1 Hz, 2H), 6.59 (d, J� 8.1 Hz, 2H), 5.03 (br s, 1H), 4.39 (d, J� 1.2 Hz,
1H), 2.19 ppm (s, 3H); 13C NMR (75 MHz): �� 142.6, 140.3, 138.4, 136.2,
136.1, 136.0, 135.9, 133.6, 132.9, 132.4, 131.3, 130.4, 129.9, 129.2, 129.0, 128.9,
128.0, 127.7, 127.6, 127.5, 127.3, 125.5, 123.7, 123.0, 73.4, 41.1, 20.9 ppm;
HRMS (FAB� ): calcd for C27H21 ([M�PhSO2]�) 345.1643, found
345.1635.


3,7-Dimethyl-10-phenyl-9-(phenylsulfonyl)-1-(p-tolyl)-9,10-dihydrophe-
nanthrene (17): Reaction time 11 days. Eluent hexane/diethyl ether (8:1),
69% Yield. Recrystallization from diethyl ether, yield: 32%. M.p. 210 ±
212 0C; 1H NMR (500 MHz): �� 7.53 (d, J� 8.1 Hz, 1H), 7.35 ± 7.30 (m,
1H), 7.20 (dd, J� 1.8 and 8.1 Hz, 1H), 7.10 ± 7.02 (m, 11H), 6.96 (br s, 1H),
6.92 (br s, 1H), 6.93 ± 6.87 (m, 1H), 6.77 ± 6.74 (m, 2H), 5.00 (br s, 1H), 4.34
(d, J� 1.3 Hz, 1H), 2.38 (s, 3H), 2.30 (s, 3H), 2.27 ppm (s, 3H); 13C NMR
(75 MHz): �� 143.1, 142.5, 138.4, 138.2, 137.5, 136.7, 134.5, 134.2, 133.5,
132.9, 131.5, 129.7, 129.5, 129.3, 129.1, 128.6, 128.5, 128.3, 128.2, 128.1, 127.2,
126.1, 124.2, 124.2, 74.4, 42.1, 21.9, 21.8, 21.7 ppm; HRMS (FAB� ): calcd
for C29H25 ([M�PhSO2]�) 373.1956, found 373.1941.


3,7-(Diethoxycarbonyl)-1-[4-(ethoxycarbonyl)phenyl]-10-phenyl-9-(phe-
nylsulfonyl)-9,10-dihydrophenanthrene (18): Reaction time 11 days. Elu-
ent hexane/diethyl ether (8:1), 69% yield. Recrystallization from diethyl
ether, 32% yield. M.p. 155 ± 156 0C; 1H NMR (500 MHz): �� 8.19 (br s,
1H), 8.15 (brd, J� 8.4 Hz, 1H), 8.02 (d, J� 7.6 Hz, 2H), 7.95 (brd, J�
8.4 Hz, 1H), 7.88 (br s, 1H), 7.76 (br s, 1H), 7.45 ± 7.39 (m, 1H), 7.20 ± 7.05
(m, 9H), 6.67 ± 6.62 (m, 2H), 5.10 (br s, 1H), 4.47 (br s, 1H), 4.50 ± 4.39 (m,
4H), 4.35 (q, J� 7.2 Hz, 2H), 1.45 (t, J� 7.2 Hz, 3H), 1.44 (t, J� 7.1 Hz,
3H), 1.38 ppm (t, J� 7.2 Hz, 3H); 13C NMR (75 MHz): �� 167.0, 166.4,
166.2, 144.4, 142.8, 140.5, 139.7, 137.3, 136.4, 134.2, 134.1, 134.0, 132.2, 132.0,
131.0, 130.8, 130.7, 130.1, 129.7, 129.7, 129.6, 128.9, 128.3, 128.0, 126.4, 125.8,
125.0, 73.2, 62.1, 62.0, 61.8, 42.1, 15.1, 15.0, 14.9 ppm; HRMS (FAB� ):
calcd for C35H31O6 ([M�PhSO2]�) 547.2120, found 547.2105.


3-Methyl-1,10-diphenyl-9-(phenylsulfonyl)-9,10-dihydrophenanthrene
(19): Reaction time five days (a palladacycle catalyst was used instead of
Pd(OAc)2)[28] . Eluent hexane/diethyl ether (10:1), 52% yield. 1H NMR
(500 MHz): �� 7.65 (brd, J� 7.9 Hz, 1H), 7.38 (dt, J� 2.0 and 6.9 Hz, 1H),
7.36 ± 7.32 (m, 1H), 7.31 ± 7.27 (m, 5H), 7.22 (dt, J� 0.9 and 7.3 Hz, 1H),
7.09 ± 7.02 (m, 9H), 6.95 (br s, 1H), 6.73 ± 6.68 (m, 2H), 5.00 (s, 1H), 4.38 (s,
1H), 2.30 ppm (s, 3H); 13C NMR (75 MHz): �� 142.5, 141.5, 140.4, 137.0,
136.1, 136.0, 133.7, 132.3, 131.1, 129.9, 129.0, 128.9, 128.5, 128.2, 128.0, 127.9,
127.8, 127.7, 127.3, 126.6, 125.6, 123.9, 123.7, 73.6, 41.3, 21.1 ppm; HRMS
(FAB� ): calcd for C27H21 ([M�PhSO2]�) 345.1643, found 345.1634.


Diphenyl [(E)-3-methyl-2-phenyl-1-butenyl]phosphine oxide (3 l) b : Re-
action time five days. Eluent hexane/ethyl acetate (1:1), yield 38%.
1H NMR (300 MHz): �� 7.82 ± 7.74 (m, 4H), 7.52 ± 7.38 (m, 6H), 7.34 ± 7.27
(m, 3H), 7.23 ± 7.18 (m, 2H), 5.94 (m, J� 25.7 Hz, 1H), 3.79 (m, 1H),
0.95 ppm (d, J� 6.87 Hz, 6H); 13C NMR (75 MHz) (splitting of signals due
to coupling with the phosphorus atom): �� 171.6, 171.5, 141.1, 140.9, 135.6,
134.2, 131.5, 131.4, 130.9, 130.8, 128.6, 128.4, 128.3, 128.2, 127.7, 127.6, 127.5,
127.2, 127.1, 127.0, 121.0, 119.6, 32.7, 32.6, 21.0 ppm; HRMS (FAB� ): calcd
for C23H24OP ([M�H]�) 347.1565, found 347.1563.
Diethyl [(E)-3-methyl-2-phenyl-1-butenyl] phosphonate (3 m): Reaction
time five days. Eluent, hexane/ethyl acetate (1:1), yield 53%. 1H NMR
(300 MHz): �� 7.35 ± 7.29 (m, 3H), 7.19 ± 7.15 (m, 2H), 5.43 (d, J� 18.8 Hz,
1H), 4.12 (m, 4H), 3.80 ± 3.68 (m, 1H), 1.35 (t, J� 7.1 Hz, 6H), 1.08 ppm (d,
J� 6.87 Hz, 6H); 13C NMR (75 MHz) (splitting of signals due to coupling
with the phosphorus atom): �� 170.6, 170.4, 141.0, 140.6, 127.7, 127.6, 127.6,
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116.5, 114.1, 61.5, 61.4, 32.5, 32.4, 21.3, 16.4, 16.3 ppm; HRMS (FAB� ):
calcd for C15H24O3P ([M�]) 283.1463, found 283.1473.


(E)-1,2-Diphenyl-3-methyl-3-pentenone (3 o) (isolated as major isomer in
a mixture of isomers): Reaction time: 1.5 days. Eluent hexane/dichloro-
methane (1:1), 71% yield. 1H NMR (300 MHz): �� 7.69 ± 7.61 (m, 2H),
7.46 ± 7.27 (m, 8H), 6.06 (s, 1H), 3.00 (s, 1H), 1.74 (s, 3H), 1.61 ppm (s, 3H);
13C NMR (75 MHz): �� 149.8, 143.1, 133.0, 128.5, 128.3, 128.1, 127.3, 126.6,
125.8, 107.2, 88.9, 29.8, 27.5 ppm.


General procedure for the preparation of dihydrophenanthrenes 7: Under
an argon atmosphere, recently prepared, finely divided Na ±Hg (6%,
200 mg) was added to a solution of dihydrophenanthrene 4 (1 mmol) in a
THF/MeOH (1:1) mixture (1 mL). After the mixture had been stirred at
room temperature for 12 h, another portion of Na ±Hg (100 mg) was added
to bring the reaction to completion. The reaction mixture was then washed
with NaOH (2�� 3 mL), the organic layer was separated and the aqueous
layer was extracted with CH2Cl2 (3� 10 mL). The combined organic layers
were dried (MgSO4) and the solvent was evaporated. The residue was
purified by flash chromatography to give the corresponding dihydrophen-
anthrene 7 (the eluent and yield are indicated below for each case).


10-Isopropyl-1-phenyl-9,10-dihydrophenanthrene (7 a) b : Reaction time
24 h. Eluent hexane/diethyl ether (4:1), 99% yield. M.p. 106 ± 107 0C;
1H NMR (300 MHz): �� 7.81 (t, J� 7.4 Hz, 2H), 7.51 ± 7.11 (m, 10H), 3.19 ±
2.90 (m, 3H), 1.49 ± 1.25 (m, 1H), 0.64 (d, J� 6.7 Hz, 3H), 0.39 ppm (d, J�
6.7 Hz, 3H); 13C NMR (75 MHz): �� 142.3, 142.2, 138.7, 135.5, 135.2, 134.2,
129.9, 129.4, 128.5, 127.9, 127.5, 126.7, 126.5, 126.2, 123.5, 123.4, 40.2, 32.1,
29.7, 21.4, 20.4 ppm; HRMS (FAB� ): calcd for C23H22 ([M�]) 298.1721,
found 298.1733.


1,10-Diphenyl-9,10-dihydrophenanthrene (7 e): Reaction time 24 h. Eluent
hexane/diethyl ether (4:1), 99% yield. M.p. 154 ± 155 0C; 1H NMR
(300 MHz): �� 7.94 (dd, J� 1.0 and 8.0 Hz, 1H), 7.91 (d, J� 8.0 Hz, 1H),
7.47 (t, J� 7.7 Hz, 2H), 7.37 ± 6.96 (m, 12H), 6.83 ± 6.78 (m, 2H), 4.25 (dd,
J� 2.0 and 6.0 Hz, 1H), 3.35 (dd, J� 6.0 and 15.0 Hz, 1H), 2.96 ppm (dd,
J� 2.0 and 15.0 Hz, 1H); 13C NMR (75 MHz): �� 141.0, 136.0, 135.3, 135.0,
134.3, 129.7, 129.2, 128.8, 128.3, 127.9, 127.8, 127.7, 127.3, 127.1, 126.9, 125.7,
123.6, 40.5, 37.5 ppm; HRMS (FAB� ): calcd for C26H20 (M�) 332.1565,
found 332.1559.


10-�-Naphthyl-1-phenyl-9,10-dihydrophenanthrene (7 f): Reaction time
24 h. Eluent hexane/diethyl ether (4:1), 96% yield. M.p. 130 ± 131 0C;
1H NMR (300 MHz): �� 7.94 (dd, J� 1.0 and 8.0 Hz, 1H), 7.91 (d, J�
8.0 Hz, 1H), 7.47 (t, J� 7.7 Hz, 2H), 7.37 ± 6.96 (m, 12H), 6.83 ± 6.78 (m,
2H), 4.43 (dd, J� 1.6 and 5.8 Hz, 1H), 3.43 (dd, J� 5.8 and 15.0 Hz, 1H),
3.06 ppm (dd, J� 1.6 and 15.0 Hz, 1H); 13C NMR (75 MHz): �� 142.2,
141.4, 141.2, 135.9, 135.5, 135.1, 134.3, 133.3, 131.9, 129.8, 129.2, 128.8, 127.8,
127.7, 127.6, 127.4, 127.3, 127.1, 127.0, 126.6, 126.5, 125.5, 125.1, 123.8, 123.6,
40.7, 37.4 ppm; HRMS (FAB� ): calcd for C30H22 ([M�]) 382.1721, found
382.1712.


General procedure for the preparation of the trisubstituted �,�-unsatu-
rated sulfones (25): A mixture of the corresponding �,�-unsaturated
sulfone 23 (0.4 mmol), silver carbonate (0.8 mmol, 200 mol%), Pd(OAc)2
(0.04 mmol, 10 mol%), phenyl iodide (1.2 mmol, 300 mol%), and DMF
(2 mL) was heated at 120 0C under vigorous stirring and argon atmosphere
for 30 h. The mixture was allowed to cool to room temperature, diluted
with Et2O (20 mL), filtered through celite, washed with water (20 mL),
dried (MgSO4), and evaporated. The residue was purified by flash
chromatography to afford 25 (the eluent and yield are indicated below
for each case).


(E)-1-[2-(N,N-dimethylamino)phenylsulfonyl]-3-methyl-2-phenyl-1-bu-
tene (25 a): Eluent hexane/ethyl acetate (10:1), 85% yield. 1H NMR
(200 MHz): �� 8.13 (dd, J� 1.6 and 7.8 Hz, 1H), 7.59 (m, 1H), 7.40 (dd, J�
1.1 and 8.1 Hz, 1H), 7.36 ± 7.27 (m, 5H), 7.18 ± 7.09 (m, 1H), 6.47 (s, 1H),
3.77 (m, 1H), 2.76 (s, 6H), 0.85 ppm (d, J� 7.0 Hz, 6H); 13C NMR
(50 MHz): �� 161.5, 154.1, 139.5, 138.5, 134.2, 130.6, 129.1, 127.9, 127.8,
125.2, 123.7, 46.0, 29.1, 20.6 ppm; HRMS (FAB� ): calcd for C19H24NO2S
([M�H]�) 330.1528, found 330.1530.
(E)-1-[2-(N,N-dimethylamino)phenylsulfonyl]-2-phenyl-1-heptene (25 c):
Eluent hexane/ethyl acetate (15:1), 70% yield. 1H NMR (200 MHz): ��
8.14 (dd, J� 1.6 and 7.8 Hz, 1H), 7.55 (m, 1H), 7.42 ± 7.27 (m, 7H), 6.81 (s,
1H), 2.84 (m, 4H), 2.74 (s, 6H), 1.05 (m, 4H), 0.73 ppm (m, 3H); 13C NMR
(75 MHz): �� 155.8, 154.0, 139.7, 139.5, 134.2, 129.4, 129.2, 129.1, 128.7,


126.5, 125.2, 123.9, 46.1, 31.7, 30.0, 27.8, 22.3, 13.9 ppm; HRMS (FAB� ):
calcd for C21H28NO2S ([M�H]�) 358.1841, found 358.1847.
(E)-1-[2-(N,N-dimethylamino)phenylsulfonyl]-2,2-diphenylethene (25 e):
Eluent hexane/diethyl ether (10:1), 80% yield. M.p. 132 ± 134 0C;
1H NMR (300 MHz): �� 7.49 ± 7.46 (m, 2H), 7.40 ± 7.23 (m, 8H), 7.20 ±
7.16 (m, 2H), 7.03 ± 6.93 (m, 3H), 2.77 ppm (s, 6H); 13C NMR (75 MHz):
�� 153.2, 152.2, 139.6, 135.6, 133.9, 130.1, 129.8, 129.7, 129.6, 128.5, 128.3,
128.2, 128.0, 127.4, 124.8, 123.2, 46.2 ppm; HRMS (FAB� ): calcd for
C21H28NO2S ([M�H]�) 364.1371, found 364.1386.
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Adjustment of Twist Angles in Pseudo-Helical Lanthanide Complexes by the
Size of Metal Ions


Shin Mizukami,*[a] Hirohiko Houjou,[a] Masatoshi Kanesato,*[a] and Kazuhisa Hiratani[b]


Abstract: Control of self-assembled
nanostructures is a promising technique
for nanotechnology. We have examined
as to whether nanostructures could be
controlled by the size of the central
metal ion. Lanthanides are a natural
choice for such a study as the size of
their trivalent ions changes with atomic
number gradually. For this investigation,
a series of rare earth complexes ([LaL1],
[CeL1], [SmL1], [TbL1], [YL1], and
[LuL1]) with a tripodal heptadentate


ligand L1 were synthesized, and their
X-ray crystallographic analysis was per-
formed. Although the structures of the
ligand (H3L1) and of the metal complex
([ML1]) were quite different, all com-
plexes were almost isostructural pseu-
dohelices. The result of the crystallo-


graphic studies demonstrated that the
twist angles of helices in the complexes
depend on the ionic size of the central
metal. A detailed analysis helped deter-
mine which portion of the helical strand
contributed to the total helicity, and the
major cause for the difference in helicity
among the lanthanides is discussed.
Moreover, this result is the first example
showing that La�II and Lu�II complexes
with the same tripodal heptadentate
ligand are isostractural.


Keywords: helical structures ¥ lan-
thanides ¥ structure elucidation ¥
twist angle


Introduction


In recent years, an increasing interest has been given to self-
assembled supramolecular complexes with a strong hope to
use them in nanotechnology.[1, 2] In particular, artificial con-
struction of lanthanide supramolecular complexes is expected
to generate new functional nanomaterials, because of their
optical and magnetic properties.[3±5]


The fabrication of nanostructures containing lanthanide
attracts our interests for another reason. The common
coordination number for lanthanides is greater than that of
the main transition metals.[6] The existence of complexes of
lanthanides with larger coordination numbers is a natural
consequence of their large size, and of the predominantly
ionic character of their bonding. Therefore, lanthanide com-
plexes have a strong potential for constructing various self-


assembled structures. B¸nzli and Piguet et al. reported the
fabrication of triple-stranded helices by utilizing the large
coordination numbers of lanthanide ions.[7, 8] It is very likely
that the shape of such nanostructures can be controlled at will.
Since the size of trivalent lanthanide ions decreases gradually
with increasing atomic number, we expected that self-
assembled structures could be controlled by changing the
size of the metal ions. To verify the hypothesis, we synthesized
a series of pseudo-helical, mononuclear rare earth complexes
and investigated their structure.


Concerning pseudo-helical lanthanide complexes, Orvig
and co-workers reported a ytterbium complex of tris(3-aza-4-
methyl-6-oxohept-4-en-1-yl)amine.[9] Furthermore, some lan-
thanide derivatives of a range of Schiff base ligands of the type
N[CH2CH2N�CH(2-OH-3-R1-5-R2C6H2)]3 (H3L) have also
been reported.[10±12] In these complexes [ML] (M�Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu), each tripodal
heptadentate Schiff-base ligand (L) effectively encapsulates
the metal ion and enforces a seven-coordinate geometry.
However, there has been no report about the structure of the
La�II complexes. Since La�II has the largest ion radius and Lu�II


has the smallest one among trivalent lanthanide ions, it was
interesting to compare their structures. The structures of other
lanthanide complexes are supposed to be intermediate
between those of La�II and Lu�II complexes. Therefore, we
tried to obtain single crystals of both La�II and Lu�II complexes
with the same ligand.


We have been able to carry out the successful X-ray
crystallographic analysis of seven-coordinate La�II and Lu�II
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complexes by using a heptadentate pseudo-helical ligand.
Furthermore, we obtained the crystal structures of several
other metal (CeIII, Sm�II, Tb�II, and Y�II) complexes with the
same ligand, and we investigated their detailed crystal
structure. In this paper, we also discuss the relationship
between the metal ion radii and the twist angles of the helices.
The results suggest that lanthanides could be used for the
modulation of self-assembled structures.


Results and Discussion


At first, we synthesized a tripodal ligand (H3L1), which has a
tert-butyl group at the 3-position of the salicylidene group as
shown in Figure 1. We obtained a yellow single crystal by
recrystallization from methanol and succeeded in analyzing


N


OH


N


HO
N


HO


N


R
R


R


H3L1:  R = tBu
H3L2:  R = H


Figure 1. Structures of tripodal heptadentate ligands.


the crystal structure. The unit cell contains two molecules of
H3L1 that are crystallographically independent. Only the
structure of one molecule is shown in Figure 2. The structure
of the other molecule is almost the same as that of the first


Figure 2. ORTEP diagram of H3L1. Thermal ellipsoids for the non-
hydrogen atoms were drawn at the 50% probability level. Another
molecule and hydrogen atoms were omitted for clarity.


one. The summary of the crystallographic data is presented in
Table 1. It is notable that all hydroxyl and tert-butyl groups are
oriented toward the outside probably because of steric
hindrance.


Next, we synthesized various rare earth metal ±L1 com-
plexes. Although yttrium is not among the lanthanides, its
properties in coordination chemistry are quite similar to


Table 1. Crystallographic and experimental data for [ML1] (M�La, Ce, Sm, Tb, Y and Lu) and H3L1.


[LaL1] [CeL1] [SmL1] [TbL1] [YL1] [LuL1] (H3L1)2


formula C39H51LaN4O3 C39H51CeN4O3 C39H51N4O3Sm C39H51N4O3Tb C39H51N4O3Y C39H51LuN4O3 C78H108N8O6


Mr 762.75 763.96 774.21 782.77 712.75 798.81 1253.74
a [ä] 13.7486(3) 9.9335(5) 13.5039(5) 13.437(1) 13.388(1) 16.0668(3) 13.007(1)
b [ä] 13.7486(3) 14.1396(7) 14.6716(8) 14.641(1) 14.649(1) 13.0618(3) 23.396(2)
c [ä] 11.7137(3) 26.256(2) 19.1496(7) 19.146(1) 19.164(2) 18.4184(3) 12.8784(3)
� [�] 90 90 90 90 90 90 100.182(3)
� [�] 90 94.004(1) 97.639(2) 97.912(4) 98.105(4) 108.0976(7) 93.566(2)
� [�] 120 90 90 90 90 90 81.835(1)
Z 2 4 4 4 4 4 2
V [ä3] 1917.54(8) 3678.7(4) 3760.3(3) 3730.6(5) 3721.0(5) 3674.1(1) 3815.5(5)
�calcd [gcm�3] 1.321 1.379 1.368 1.394 1.272 1.444 1.091
crystal system trigonal monoclinic monoclinic monoclinic monoclinic monoclinic triclinic
space group P3≈ P21/c Cc Cc Cc P21/c P1≈


crystal size [mm] 0.26� 0.15� 0.15 0.40� 0.20� 0.15 0.25� 0.25� 0.25 0.40� 0.40� 0.35 0.35� 0.30� 0.25 0.27� 0.25� 0.20 0.40� 0.30� 0.15
color, habit light yellow, prism red, block light yellow, block yellow, block yellow, block yellow, block yellow, block
2�max [�] 54.9 55.0 55.0 54.9 55.0 55.0 55.0
measured reflections 18499 16933 18545 11595 17843 35004 35491
independent reflections 2940 7600 4294 3874 4244 8405 17143


[Rint� 0.060] [Rint� 0.071] [Rint� 0.054] [Rint� 0.043] [Rint� 0.100] [Rint� 0.049] [Rint� 0.034]
� [mm�1] 1.148 1.278 1.605 1.932 1.610 2.728 0.069
reflections observed 2347 5729 3956 3763 3590 6377 8081


[I� 1.5�(I)] [I� 1.5�(I)] [I� 1.5�(I)] [I� 1.5�(I)] [I� 1.5�(I)] [I� 1.5�(I)] [I� 0]
parameters 142 424 425 425 425 424 829
R[a] 0.0307 0.0476 0.0225 0.0227 0.0436 0.0244 0.0743
RW


[b] 0.0619 0.1090 0.0440 0.0688 0.0786 0.0411 0.1671


[a] R�� � �Fo �� �Fc � �/� �Fo �. [b] Rw � [�w(F 2
o �F 2


c �2/�w(F 2
o �2]1/2 ; w� [�2(F 2


o�]�1.
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theirs. Because the ion radius of Y�II is between those of Dy�II


and Ho�II�[6] it was expected that the structure of Y�II


complexes are similar to those of these two lanthanides. The
complexes were synthesized by methods A and B (Scheme 1).


N


NH2


NH2


H2N


CHO


OH


M(CF3SO3)3
(M = Tb, Y, Lu)


OH


N


N


O


N
M


N


3 H3L1


+ 3


3


[ML1]


M(CF3SO3)3
base
(M = La, Ce, Sm)


(M = La, Ce, Sm, Tb, Y, Lu)


method A


method B


Scheme 1. Synthetic route of metal complexes.


In the case of [LaL1], [CeL1], and [SmL1], their complexes
were synthesized from metal triflate and H3L1 in the presence
of triethylamine (method A). The other metal complexes
were prepared by metal template synthesis from tris(amino-
ethyl)amine, 3-tert-butylsalicylaldehyde and metal(���) triflate
(method B). The use of a well-dried metal triflate salt was
important for a good yield. The preparation yield was highest
for [TbL1] (84%), and it got worse as the size of the central
metal ion was further from that of the Tb�II ion, with the
exception of cerium(���) complex. [LaL1] could not be
obtained by method B, although [SmL1] could be. We were
successful in obtaining single crystals of all complexes suitable
for X-ray analysis through several procedures, and in deter-
mining their crystal structures. The crystallographic parame-
ters are given in Table 1. The ORTEP drawings are given in
Figure 3 ([LaL1], [TbL1], and [LuL1]) and in the Supporting
Information ([CeL1], [SmL1], and [YL1]).


To our knowledge, there are no reports of La�II and Lu�II


complexes with the same tripodal ligand that are isostructural.
So far, an X-ray structure of a seven-coordinate La�II complex
with a tripodal heptadentate ligand has never been observed.
When we synthesized an La�II complex using L2 (Figure 1) as
the heptadentate ligand, we could not obtain single crystals of
[LaL2]. We thought that the coordination environment of
[LaL2] was different from those of the other lanthanide(���)
complexes [ML2], because the La�II ion is the largest among
the lanthanide(���) ions and it might be coordinated by another
donor atom in addition to the seven donor atoms of L2. In the
crystal structures of La�II complexes, there are numerous
examples in which the solvent molecules or water molecules
are also coordinated. In this work, we introduced tert-butyl
groups at the ortho-position to the hydroxyl groups of the


Figure 3. ORTEP diagram of [LaL1] (top), [TbL1] (middle), and [LuL1]
(bottbom). Thermal ellipsoids for the non-hydrogen atoms were drawn at
the 50% probability level. Hydrogen atoms were omitted for clarity.
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ligand to suppress the coordination of such molecules. We
were then finally able to obtain a single crystal of the seven-
coordinate complex [LaL1].


As shown in the ORTEP drawings (Figure 3 and Support-
ing Information), all complexes [ML1] (M�La, Ce, Sm, Tb, Y,
and Lu) are seven-coordinate and pseudo-helical complexes.
The structures of all metal complexes are quite different from
that of H3L1, in which three hydroxyl groups are oriented
toward the outside. Each central metal ion is coordinated by
an apical nitrogen atom (N1) and three imino groups and
three phenolic hydroxyl groups. [LaL1] is C3 symmetric, while
other [ML1] complexes are pseudo-C3 symmetric. However,
1H NMR spectra of [YL1] and [LuL1] showed that their
structures are C3 symmetric in solution. The distortion of their
crystal structures is probably caused by crystal packing.


We compare now the detailed structures of the complexes
on the basis of these crystallographic data. The selected bond
lengths and bond angles of each [ML1] are shown in Table 2.
To facilitate the structural analysis, the simplified structure


around metal ion of the complexes is shown in Figure 4a (view
perpendicular to the C3 axis (N1�M1) and b (view along the
C3 axis). The relationships between the ion radii of the central
metal and the bond lengths M1�O1, M1�N1, and M1�N2 are
shown in Figure 5. All metal ± donor bond lengths decrease
with the reduction of the lanthanide ion radius. The bond
angles N1-M1-On (n� 1 ± 3) are around 120� in all the
complexes. Thus, these complexes are isostructural.


To study their solid structures more precisely, the average
values of the bond angle Om-M1-On (m�n) are plotted
against the ionic radii of the central metal in Figure 6. This
value is almost independent of the ion radii of the central
metal. We also compared the structures of the complexes
along theC3 axis (M1�N1) as shown in Figure 4b to determine
their structural differences. All complexes appear to have
similar triple pseudo-helices (Figure 3 and Supporting Infor-
mation). However, we noticed that the twist angle values are
different among the complexes. We at first selected the
dihedral angle of C1-N1-M1-O1 as an index of twist angle. In


Table 2. Selected bond lengths [ä] and angles [�] in [LaL1], [CeL1], [SmL1], [TbL1], [YL1], and [LuL1].


La1�O1 2.330(2) La1�N2 2.662(3) La1�N1 2.984(4)
O1-La1-O1* 93.08(8) O1-La1-N2� 155.06(9) O1-La1-N1 123.06(5) N1-La1-N2 62.01(6)
O1-La1-N2 68.00(8) N2-La1-N2* 99.76(7) O1-La1-N2* 103.64(8)


Ce1�O1 2.277(4) Ce1�N2 2.605(5) Ce1�O2 2.284(4) Ce1�N3 2.638(5)
Ce1�O3 2.280(4) Ce1�N4 2.649(4) Ce1�N1 2.873(4)
O1-Ce1-O2 91.8(1) O3-Ce1-N1 119.6(1) O1-Ce1-O3 101.2(1) O3-Ce1-N2 99.3(1)
O1-Ce1-N1 120.7(1) O3-Ce1-N3 157.5(1) O1-Ce1-N2 68.8(1) O3-Ce1-N4 68.8(1)
O1-Ce1-N3 93.8(1) N1-Ce1-N2 64.0(1) O1-Ce1-N4 169.4(1) N1-Ce1-N3 64.2(1)
O2-Ce1-O3 94.3(1) N1-Ce1-N4 64.2(1) O2-Ce1-N1 122.9(1) N2-Ce1-N3 101.7(1)
O2-Ce1-N2 158.1(1) N2-Ce 1-N4 108.2(1) O2-Ce1-N3 68.4(1) N3-Ce1-N4 96.8(1)
O2-Ce1-N4 92.7(1)


Sm1�O1 2.216(3) Sm1�N2 2.565(4) Sm1�O2 2.232(3) Sm1�N3 2.549(4)
Sm1�O3 2.227(3) Sm1�N4 2.542(4) Sm1�N1 2.799(4)
O1-Sm1-O2 95.3(1) O3-Sm1-N1 121.1(1) O1-Sm1-O3 97.0(1) O3-Sm1-N2 166.6(1)
O1-Sm1-N1 119.8(1) O3-Sm1-N3 91.5(1) O1-Sm1-N2 70.3(1) O3-Sm1-N4 70.6(1)
O1-Sm1-N3 164.1(1) N1-Sm1-N2 64.9(1) O1-Sm1-N4 90.1(1) N1-Sm1-N3 65.7(1)
O2-Sm1-O3 93.8(1) N1-Sm1-N4 65.6(1) O2-Sm1-N1 123.2(1) N2-Sm1-N3 101.9(1)
O2-Sm1-N2 91.7(1) N2-Sm1-N4 104.3(1) O2-Sm1-N3 70.6(1) N3-Sm1-N4 105.4(1)
O2-Sm1-N4 164.0(1)


Tb1�O1 2.206(4) Tb1�N2 2.504(5) Tb1�O2 2.192(4) Tb1�N3 2.525(5)
Tb1�O3 2.216(4) Tb1�N4 2.503(5) Tb1�N1 2.761(6)
O1-Tb1-O2 95.2(2) O3-Tb1-N1 124.6(2) O1-Tb1-O3 92.4(2) O3-Tb1-N2 163.9(2)
O1-Tb1-N1 122.2(2) O3-Tb1-N3 90.8(2) O1-Tb1-N2 71.6(2) O3-Tb1-N4 71.8(2)
O1-Tb1-N3 166.4(2) N1-Tb1-N2 66.2(2) O1-Tb1-N4 90.8(2) N1-Tb1-N3 65.7(1)
O2-Tb1-O3 93.9(2) N1-Tb1-N4 66.4(2) O2-Tb1-N1 120.8(2) N2-Tb1-N3 105.0(2)
O2-Tb1-N2 88.9(2) N2-Tb1-N4 106.3(2) O2-Tb1-N3 71.4(2) N3-Tb1-N4 102.7(2)
O2-Tb1-N4 164.7(2)


Y1�O1 2.164(5) Y1�N2 2.484(5) Y1�O2 2.177(4) Y1�N3 2.468(6)
Y1�O3 2.161(4) Y1�N4 2.493(5) Y1�N1 2.771(6)
O1-Y1-O2 92.6(2) O3-Y1-N1 120.6(2) O1-Y1-O3 94.0(2) O3-Y1-N2 165.8(2)
O1-Y1-N1 124.4(2) O3-Y1-N3 87.8(2) O1-Y1-N2 72.6(2) O3-Y1-N4 72.0(2)
O1-Y1-N3 164.9(2) N1-Y1-N2 66.1(2) O1-Y1-N4 89.8(2) N1-Y1-N3 66.3(2)
O2-Y1-O3 96.0(2) N1-Y1-N4 65.6(2) O2-Y1-N1 121.8(2) N2-Y1-N3 106.4(2)
O2-Y1-N2 89.6(2) N2-Y1-N4 102.4(2) O2-Y1-N3 72.3(2) N3-Y1-N4 104.9(2)
O2-Y1-N4 167.9(2)


Lu1�O1 2.124(2) Lu1�N2 2.412(2) Lu1�O2 2.153(2) Lu1�N3 2.406(2)
Lu1�O3 2.158(2) Lu1�N4 2.380(2) Lu1�N1 2.658(2)
O1-Lu1-O2 96.11(8) O3-Lu1-N1 127.53(8) O1-Lu1-O3 89.74(8) O3-Lu1-N2 85.29(7)
O1-Lu1-N1 122.03(8) O3-Lu1-N3 163.54(8) O1-Lu1-N2 74.78(9) O3-Lu1-N4 75.06(8)
O1-Lu1-N3 83.42(8) N1-Lu1-N2 67.62(8) O1-Lu1-N4 164.80(8) N1-Lu1-N3 68.33(8)
O2-Lu1-O3 92.31(7) N1-Lu1-N4 69.07(9) O2-Lu1-N1 120.50(8) N2-Lu1-N3 107.15(8)
O2-Lu1-N2 170.56(8) N2-Lu1-N4 103.00(9) O2-Lu1-N3 73.64(8) N3-Lu1-N4 111.35(8)
O2-Lu1-N4 85.14(8)
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Figure 4. The simplified structure around the central metal ion of [ML1].
a) The view perpendicular to the C3 axis. b) The view along the C3 axis. The
atoms remote from the central metal ion were omitted for clarity.


Figure 5. Relationship between metal ionic radii and bond lengths of
[ML1] (M�La, Ce, Sm, Tb, Y and Lu). The ionic radii data used were
shown as crystal radii in case of eight-coordinate salt in reference [6].


Figure 6, the dihedral angles of C1-N1-M1-O1 (average
values of three isotropic dihedral angles) are plotted against
the ionic radii of the central metal. The twist angles increases
with decreasing metal ionic size.


Next, to study in detail the difference of helicity, we
analyzed the structures according to a method reported
previously.[13] As shown in Figure 7, we partitioned the helical


Figure 6. Relationship between the central metal ionic radii and bond or
dihedral angles of [ML1] (M�La, Ce, Sm, Tb, Yand Lu). Closed circles are
the average value of the three O-M-O angles. Closed squares are the
average value of three isotropic twist angles (dihedral angle of C1-N1-M1-
O1) of each complex. The ionic radii data used were shown as crystal radii
in case of eight-coordinate salt in reference [6].


Figure 7. Definition of the partitioning planes Fi and of the parameters di


and �i.


structure into three portions separated by four parallel planes
F1 ± F4 to quantify the helical revolution about the C3 axis and
to calculate the helical pitch in each portion; F1 is defined by
the plane including three symmetrical atoms C1, C1�, C1* (or
C1, C14, C27), F2 by C2, C2�, C2* (or C2, C15, C28), F3 by N2,
N2�, N2* (or N2, N3, N4), and F4 by O1, O1�, O1* (or O1, O2,
O3). The distances (di) between these planes and the twist
angle values (�i) in each portion are shown in Table 3; di is
defined as the distance between Fi and Fi�1, and �1, �2 , and �3


are defined as the averaged dihedral angles C1-N1-M1-C2,
C2-N1-M1-N2, and N2-N1-M1-O1, respectively. Except for
[LaL1], each �i is the average value of three pseudo-
symmetric angle values, for example, �1� {�(C1-N1-M1-
C2)��(C14-N1-M1-C15)��(C27-N1-M1-C28)}/3.


Helical pitches Pi [ä]� (di/�i) ¥ 360 calculated from the
values of the two parameters, di [ä] and �i [�] are given in
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Table 4. Figure 8 (top) shows that d1 and d2 hardly correlate
with the ionic radii of the central metals, whereas d3 decreases
gradually with the lanthanide contraction. The twist angles �i


Figure 8. Relationship between the central metal ionic radii and distances
di between partitioning planes (top), twist angles in each portion (bottom).
The values of �1��2��3 are equal to those of the dihedral angle C1-N1-
M1-O1 in Figure 6. The ionic radii data used were shown as crystal radii in
case of eight-coordinate salt in reference [6].


are plotted similarly in Figure 8 (bottom). Although the first
two angles �1 and �2 do not correlate either with the ionic
radii of the metal, �3 increases with the lanthanide contrac-
tion. Since the sum of �1 and �2 is almost constant (around
�3� to �5�), the increase of dihedral angle C1-M1-N1-O1
(��1��2��3) with lanthanide contraction in Figure 6
results mainly from the contribution of�3. The same tendency
is observed for Pi, that is, P1 and P2 are not correlated to the
ionic size of the central metal, whereas P3 decreases with the
lanthanide contraction.


We consider now a possible cause for the increase of �3


when the lanthanide ionic radius decreases. It is notable from
Figure 8 that the variation of �3 and d3 are similar, albeit
opposite, as a function of the lanthanide ionic radius. We have
therefore plotted�3 and d3 in Figure 9 and we observe that the


Figure 9. Correlation between d3 and �3 .


graph is linear. This result suggests that the decrease of d3


causes the increase of �3 , which almost equals the increase of
the whole twist angle �1��2��3. Since d1� d2 is almost
constant (Table 3 or Figure 8 top), the effect of the lanthanide
contraction is mainly reflected in d3 . As a result, the twist
angle is maximum in [LuL1] among all the lanthanide
complexes studied in this work (Figure 10).


The above discussion clarifies the relationship between the
twist angle of the complex [ML1] and the ionic size of the
lanthanides. This result implies that we can adjust the twist
angle of helical complexes by using a proper ligand and metal
ion. The data for the third helical pitch P3 in Table 4 show that
the value of P3 for [LaL1] is approximately twice as large as


Table 3. Distances (di) between partitioning planes (Fi) and the twist angles (�i) in each portion.


complex ionic radius [ä] d1 [ä] d2 [ä] d3 [ä] d1� d2 [ä] d1� d2� d3 [ä] �1 [�] �2 [�] �3 [�] �1��2 [�] �1��2��3 [�]
VII[a] VIII[b]


[LaL1] 1.24 1.300 0.878 1.326 2.518 2.204 4.722 � 19.8 15.5 31.5 � 4.3 27.3
[CeL1] 1.21 1.283 0.906 1.323 2.324 2.229 4.553 � 19.0 14.9 40.1 � 4.1 35.9
[SmL1] 1.16 1.219 0.906 1.326 2.219 2.232 4.451 � 19.3 15.0 44.8 � 4.3 40.4
[TbL1] 1.12 1.180 0.916 1.324 2.197 2.240 4.437 � 18.9 15.3 46.2 � 3.6 42.5
[YL1] 1.10 1.159 0.941 1.308 2.167 2.249 4.416 � 18.7 15.6 47.6 � 3.1 44.5
[LuL1] �� 1.117 0.929 1.329 2.064 2.258 4.322 � 19.2 14.3 52.6 � 4.9 47.7


[a] Ionic radius of the seven-coordinate metal.[6] [b] Ionic radius of the eight-coordinate metal.[6]


Table 4. Calculated helical pitches in each portion.[a]


complex P1 [ä] P2 [ä] P3 [ä]


[LaL1] � 16.0 30.8 28.8
[CeL1] � 17.2 32.0 20.9
[SmL1] � 16.9 31.8 17.8
[TbL1] � 17.4 31.2 17.1
[YL1] � 18.1 30.2 16.4
[LuL1] � 17.4 33.5 14.1


[a] A negative value means that the helix turns in the direction opposite to
that of the total helicity.
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Figure 10. Schematic diagrams of [LaL1] (left) and [LuL1] (right). The
dihedral angle (C1-M1-N1-O1) values were shown in this figure.


that of [LuL1]. Therefore, we can control the length of helical
nanostructures if the twist angles of helices can be adjusted.


Recently, several researchers reported the syntheses of
helical complexes using self-assembly.[14, 15] Because lantha-
nide ions have a large coordination number, it will be
advantageous to fabricate multiple helical nanostructures by
using lanthanide complexes. Designing nanostructures with
metal complexes, researchers were frequently unable to
decide which metal ion should be useful. The results of this
paper show the possibility that changing the metal ion would
cause a fine control of self-assembled nanostructures.


Conclusion


We have reported the syntheses and the crystallographic
studies of seven novel compounds; these are a ligand (H3L1)
and six metal ± ligand complexes ([LaL1], [CeL1], [SmL1],
[TbL1], [YL1], and [LuL1]). This is the first example in which
La�II and Lu�II complexes are isostructural when using the
same tripodal heptadentate ligand. Therefore, we could make
a systematic analysis of the crystal structures from La�II to
Lu�II. Although the complexes are almost similar, the dihedral
angle, which corresponds to the twist angle of the helix,
increases as the metal ion radius decreases (Figure 10).
Furthermore, we partitioned the angle into three portions to
carry out a more detailed analysis. The third angle�3 , which is
the dihedral angle O1-M1-N1-N2, is the main contributor to
the total twist angle. Finally, it was shown that the shape of
nanostructures such as the angles or pitches of helices could
be adjusted finely by choosing an adequate lanthanide ion. In
the future, we expect to be able to build micro- or
submicrostructures composed of nanomodules, for example,
helices or sheets, which could be designed at will.


Experimental Section


General Remarks : Proton and carbon nuclear magnetic resonance (1H and
13C NMR) spectra were recorded on Bruker AVANCE 500 spectrometers.
Electrospray ionization mass spectra (ESI-MS) were recorded with a
Waters 2690 separations module, micromass ZMD, and Waters 996
photodiode array detector.


Tris[4-(2-hydroxy-3-tert-butylphenyl)-3-aza-3-butenyl]amine (H3L1): A
solution of 3-tert-butylsalicylaldehyde (1.07 g, 6.0 mmol) in methanol
(5 mL) was added to a hot solution of tris(aminoethyl)amine (tren)
(292 mg, 2.0 mmol) in methanol (25 mL, 60 �C). The solution was stirred at


60 �C for 45 minutes under Ar atmosphere. After cooling, the precipitate
was filtered and dried in vacuo to leave a yellow powder (1.12 g, 90%). The
single crystal for X-ray crystal structure analysis was obtained by the
recrystallization from methanol. 1H NMR (500 MHz CDCl3): 	� 1.14 (s,
27H; tBu), 2.85 (t, 3J� 5.0 Hz, 6H; CH2), 3.52 (t, 3J� 5.0 Hz, 6H; CH2),
5.80 (dd, 3J� 7.7, 4J� 1.5 Hz, 3H; H4), 6.53 (t, 3J� 7.7 Hz, 3H; H5), 7.28 (dd,
3J� 7.7, 4J� 1.5 Hz, 3H; H6), 7.77 (s, 3H; CH), 14.46 ppm (s, 3H; OH);
13C NMR (500 MHz, CDCl3): 	� 29.7, 35.2, 56.7, 58.5, 118.2, 119.0, 129.3,
130.6, 137.5, 160.8, 167.1 ppm; elemental analysis calcd (%) for C39H51La-
N4O3: C 74.72, H 8.68, N 8.94; found: C 74.99, H 8.72, N 8.95; ESI-MS:m/z :
549 [M��H], 571 [M��Na].


La�II complex ([LaL1]): Triethylamine (202 mg, 2.0 mmol) was added to a
hot solution of tris[4-(2-hydroxy-3-tert-butylphenyl)-3-aza-3-butenyl]amine
(H3L1; 313 mg, 0.50 mmol) and La(CF3SO3)3 (293 mg, 0.50 mmol) in
acetonitrile (50 mL, 80 �C). The reaction mixture was stirred for 5 minutes.
The solution was concentrated to less than 10 mL, then the precipitate was
filtrated. Recrystallization from acetonitrile gave slightly yellow crystals
(140 mg, 37%). The single crystal was suitable for X-ray analysis. 1H NMR
(500 MHz CDCl3): 	� 1.28 (s, 27H; tBu), 2.85 (br, 6H; CH2), 3.24 (br, 3H;
CH2), 4.11 (br, 3H; CH2), 6.49 (t, 3J� 7.5 Hz, 3H; H5), 7.01 (dd, 3J� 5.8,
4J� 1.7 Hz, 3H; H4), 7.29 (dd, 3J� 5.8, 4J� 1.7 Hz, 3H; H6), 8.15 ppm (s,
3H; CH); elemental analysis calcd (%) for C39H51LaN4O3: C 61.41, H 6.74,
N 7.35; found: C 61.45, H 6.71, N 7.32; ESI-MS: m/z : 763 [M��H].


Ce�II complex ([CeL1]): Triethylamine (101 mg, 1.0 mmol) was added to a
hot solution of H3L1 (157 mg, 0.25 mmol) and Ce(CF3SO3)3 (147 mg,
0.25 mmol) in methanol (25 mL, 60 �C). The reaction mixture was stirred
for 30 minutes under Ar atmosphere, then the solution was cooled down.
After filtration, the orange solid was recrystallized from acetonitrile under
Ar atmosphere to obtain a red crystals (24%). A single crystal suitable for
X-ray structure analysis was obtained from the filtrate after three days.
Elemental analysis calcd (%) for C39H51CeN4O3: C 61.31, H 6.73, N 7.33;
found: C 61.35, H 6.67, N 7.32; ESI-MS: m/z : 763 [M�].


Sm�II complex ([SmL1]): Triethylamine (202 mg, 2.0 mmol) was added to a
hot solution of H3L1 (313 mg, 0.50 mmol) and Sm(CF3SO3)3 (299 mg,
0.50 mmol) in methanol (25 mL, 60 �C). The reaction mixture was stirred
for 5 minutes under Ar atmosphere, and then the solution was cooled
down. After filtration, the yellow solid was recrystallized from acetonitrile
to obtain a light yellow crystals (47%). A single crystal suitable for X-ray
structure analysis was obtained from the filtrate after two weeks. Elemental
analysis calcd (%) for C39H51N4O3Sm: C 60.50, H 6.64, N 7.24; found: C
60.30, H 6.79, N 7.07; ESI-MS: m/z : 776 [M��H].


Tb�II complex ([TbL1]): A solution of tris(aminoethyl)amine (292 mg,
2.0 mmol) in methanol (5 mL) was added to a hot solution of Tb(CF3SO3)3
(606 mg, 1.0 mmol) in methanol (25 mL, 60 �C). The reaction solution was
stirred at 60 �C for 2 minutes under Ar atmosphere. Then, a solution of
3-tert-butylsalicylaldehyde (534 mg, 3.0 mmol) in methanol (5 mL) was
added and stirred. After 5 minutes, the solution was cooled down. Yellow
crystals, which were suitable for X-ray analysis, was filtered and washed
with methanol and diethyl ether, then dried in vacuo (659 mg, 84%).
Elemental analysis calcd (%) for C39H51N4O3Tb: C 59.84, H 6.57, N 7.16;
found: C 59.77, H 6.48, N 7.06; ESI-MS: m/z : 783 [M��H].


Y�II complex ([YL1]): The synthetic procedure was similar to that of [TbL1].
Yellow crystals, which were suitable for X-ray analysis, was filtered and
washed with methanol and diethyl ether, then dried in vacuo (58%).
1H NMR (500 MHz CDCl3): 	� 1.09 (s, 27H; tBu), 2.87 (m, 6H; CH2), 3.23
(d, 2J� 12.5 Hz, 3H; CH2), 4.13 (m, 3H; CH2), 6.49 (t, 3J� 7.5 Hz, 3H; H5),
7.04 (dd, 3J� 7.5, 4J� 1.8 Hz, 3H; H4), 7.25 (dd, 3J� 7.5, 4J� 1.8 Hz, 3H;
H6), 8.17 ppm (s, 3H; CH); elemental analysis calcd (%) for C39H51N4O3Y:
C 65.72, H 7.31, N 7.67; found: C 65.37, H 7.24, N 7.85; ESI-MS: m/z : 713
[M��H].


Lu�II complex ([LuL1]): The beginning of the synthetic procedure was
similar to that of [TbL1]. After filtration, the filtrate was condensed, and
yellow crystals were filtered (26%). 1H NMR (500 MHz CDCl3): 	� 1.02
(s, 27H; tBu), 2.91 (m, 6H; CH2), 3.25 (d, 2J� 12.5 Hz, 3H; CH2), 4.15 (m,
3H; CH2), 6.48 (t, 3J� 7.4 Hz, 3H; H5), 7.04 (dd, 3J� 6.0, 4J� 1.8 Hz, 3H;
H4), 7.25 (dd, 3J� 6.9, 4J� 1.8 Hz, 3H; H6), 8.16 (d, 4J� 1.2 Hz, 3H; CH);
elemental analysis calcd (%) for C39H51LuN4O3: C 58.64, H 6.44, N 7.01;
found: C 58.32, H 6.38, N 6.92; ESI-MS: m/z : 799 [M��H].


X-ray crystallographic study : The crystal data for all compounds were
recorded on a Rigaku RAXIS-RAPID imaging plate diffractometer with
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graphite-monochromated MoK� radiation (
� 0.7107 ä). All data were
collected at �80 �C in the �-2� mode. The crystal and experimental data
are listed in Table 1. The structures were solved by direct methods and
expanded by Fourier techniques. All non-hydrogen atoms were refined
anisotropically. Absorption corrections were carried out for all data except
those for H3L1. All of the structural analysis and adjustment were
performed with the teXsan crystallographic software package (Molecular
Structure Corporation).


CCDC-194616 to CCDC-194621 and CCDC-197760 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK; fax: �44 ± 1223 ± 336 ± 033; E-mail : deposit@ccdc.cam.ac.
uk.
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Large Enhancement of the Nonlinear Optical Response
of Reduced Fullerene Derivatives


Emmanuil Koudoumas,[c] Maria Konstantaki,[c] Antonis Mavromanolakis,[c]
Stelios Couris,*[c] Marianna Fanti,[b] Francesco Zerbetto,*[b] Konstantinos Kordatos,[a]
and Maurizio Prato*[a]


Abstract: The third-order nonlinear optical properties of fulleropyrrolidine and its
salt as well as their reduced forms are investigated. Upon reduction, the response
increases by up to, and sometimes more than, three orders of magnitude, giving values
comparable to the largest ever reported. Calculations and experiments provide a
coherent picture for the nonlinear optical properties of these new materials.


Keywords: fullerenes ¥ hyperpolar-
izability ¥ nonlinear optics ¥
quantum chemistry


Introduction


A key parameter for photonic applications is the nonlinear
optical response of materials. Within this context, fullerenes
have been shown to possess good nonlinear optical properties
though, perhaps, not entirely outstanding.[1] Chemical mod-
ifications of the fullerenic cage can tune the photophysical
properties,[2] while oxidation/reduction can change electronic
states in a drastic way, making doped fullerene superconduct-
ing.[3] C60 reduction can also increase its second-order hyper-
polarizability by nearly two orders of magnitude.[4] In this
work, we investigate the nonlinear optical response of a C60


derivative, namely the prototypical fulleropyrrolidine, its
fulleropyrrolidinium salt and their reduced forms and show
that increases of up to and sometimes exceeding three orders
of magnitude, with respect to the neutral molecule, can be


achieved. Z-scan and the optical Kerr effect (OKE) techni-
ques, along with a combination of semiempirical and density
function theory (DFT) quantum chemical calculations pro-
vide a coherent picture; they indicate that extensive mod-
ification of the signal is caused by the lowering of the
electronic transitions and this affects both the real and the
imaginary part of the response.


Experimental Section


Two different techniques were employed for the characterization of the
third-order nonlinear response. The Z-scan technique[5] was used for the
determination of the nonlinear absorption and refraction in the case of the
transient response of the molecules (upon nanosecond excitation), whereas
the optical Kerr effect (OKE)[6] was employed for the determination of the
modulus of �(3) of the instantaneous response (upon femtosecond
excitation).
The Z-scan is a well-known and efficient technique for the determination of
the nonlinear optical parameters of a material, providing simultaneously
the magnitude of the nonlinear absorption and the magnitude and the sign
of the nonlinear refraction of the material under study. This technique is
based essentially on the measurement of the transmission of a focused laser
beam through the sample, as a function of the sample position with respect
to the focal plane of the focusing lens.


In our Z-scan experiments the second harmonic of an Nd YAG laser at
532 nm or 2.33 eV, with pulse duration of 10 ns and a repetition rate of 5 Hz
was employed. The laser beam, after being focused by a 15 cm focal length
lens into the sample, was passed through a large-area 50% beam splitter.
That part of the beam transmitted through the splitter beam was passed
through an aperture in the far field and then measured by a photo-
multiplier. The portion of the beam reflected by the beam splitter was
collected by a large aperture lens (ensuring collection of the total light
transmitted through the sample) and then measured by a photomultiplier.
The variation of the transmission of the focused laser beam in these two
cases, as a function of the sample distance from the focal plane, gives rise to
what are called closed- and open-aperture Z-scan measurements, respec-
tively. The beam radius at the focus was determined to be about 40 �m, and
the sample position in respect to the focal plane of the laser beam was
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controlled by a computer-controlled stepper
motor. The details of the determination of the
nonlinear absorption and refraction parame-
ters, � and �× respectively, have been given
elsewhere.[7]


The OKE technique has been used extensively
for the determination of the response time of
the electronic third-order nonlinear optical
response of materials and the magnitude of
the same component of the susceptibility �(3) as
that measured with Z-scan. For the OKE
measurements, a standard delay-line Mach ±
Zehnder interferometer was employed. A
Spectra Physics Tsunami Ti:Sapphire laser,
operating at 800 nm, 100 fs with a repetition
rate of 81 MHz was used as the excitation
source. The laser beam was split into two parts,
the pump and the probe beams; the intensity of
the probe beam was kept 100 times less than
that of the pump beam, and both beams were
linearly polarized with a 45� difference in their
polarization state. A variable delay was introduced into the probe beam;
this was also modulated by means of a chopper at a frequency of 1 kHz. The
two beams were combined in the sample using a 10 cm focal length lens, the
beam diameters at the focal plane being around 60 �m. The transmitted
probe beam was passed through an analyzer (Glan Thomson), while the
pump beam was dumped. The probe beam was collected with a photo-
multiplier and measured by means of a lock-in amplifier. For determination
of the third-order susceptibility and the corresponding second hyper-
polarizability of the materials, CS2 was used as a reference material.[8]


Materials : Fulleropyrrolidines are fullerene derivatives synthesized
through 1,3-dipolar cycloaddition of azomethine ylides to C60.[9] Depending
on the the reaction time, a monoadduct (compound 1), or eight bisadduct
isomers are obtained.[10] Reaction of fulleropyrrolidine(s) with excess of
methyliodide produces the fulleropyrrolidinium salt(s) (compound 2). All
the compounds can be reduced by Rb. Single reduction is indicated withM,
double reduction is labelled with B, triple reduction is labelled with T. The
singly reduced form of fulleropyrrolidine,M1, is a radical anion, the singly
reduced form of fulleropyrrolidinium salt, M2, is a neutral radical, the
doubly reduced form of fulleropyrrolidine, B1, is a dianion, etc (Figure 1).


The compounds 1 and 2 were prepared following the synthetic method
described elsewhere.[9, 10] Rb (99.9%) and anhydrous benzonitrile were


purchased from Aldrich and used without further purification. In a glove
box, stoichiometric amounts of Rb and compounds 1 and 2, respectively,
were introduced inside flasks containing benzonitrile (5 mL) and the
mixtures were left to stir overnight at room temperature so that compounds
1 and 2 were reduced. After the reduction, the color of the solution of
singly- and doubly-reduced species changed from dark brown to dark
brown-green, while in the case of the triple reduction, a dark red color was
obtained. Compound 1was dissolved in toluene and compound 2 in DMSO,
while their reduced forms were soluble in benzonitrile. For 1 and 2, the
concentration was 1m�. For the reduced forms, solutions of 1m� were
used for the transient response and 0.05m� for the electronic response
measurements. These solutions of the reduced forms were prepared inside
the glove box and introduced to special airtight quartz cuvettes of 1 mm
path length. The nonlinear optical response was measured directly after


preparation to ensure that no chemical modification of the compounds had
occurred. The absorption spectra of the compounds were recorded with a
Perkin ±Elmer spectrophotometer and were examined before and after the
irradiation to ensure that no photodegradation of the compounds had been
induced.


Computational methods : Two quantum chemical models were used. The
first was based on density functional theory (DFT) and is identified by the
acronym B3LYP/6-31G*.[11, 12] The Gaussian 98 suite of programs[13] allows
the introduction of an electric field along one or more directions. The
calculated energies can be use to obtain, by numerical differentiation, the
field dependent derivatives up to the second hyperpolarizability, �. The
model provides the zero-field, zero-frequency polarizabilities, which are
expected to underestimate the real values since in reality neither field nor
frequency is zero.


The second model was based on the complete neglect of differential
overlap/spectroscopic parameterization (CNDO/S),[14] which has been
highly successful in the description of both linear and nonlinear optical
properties of fullerenes.[15] The calculation of the hyperpolarizabilities was
performed by using all the Orr ±Ward diagrams[16] whereby the generalised
second-order hyperpolarizability is given by Equation (1):


In Equation (1) i, j, k are the Cartesian axes,K(��4 ;�1,�2 ;�3) describes the
nature of the technique used to investigate the NLO properties; I1,2,3
denotes all possible permutations of the three indices, and r represents
the transition dipole moment. Our set of experiments measured �(�;�,�
�;�). For both models, direct comparison with experiment was possible
through ��� [Eq. (2)]:


���� (�2
R ��2


I �1/2 (2)


whereby �R and �I are the real and the imaginary components which are
given by Equation (3) in which s is either the real or the imaginary part of
the response.
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Figure 1. Reduction scheme (TEG��C2H4OC2H4OC2H4OCH3).
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To make the presentation of the results more pleasing to the eye, the stick
spectrum obtained from the calculations, that is, energies and cross sections,
was then broadened by multiplying it by a function G(�) [Eq. (4)]:


G(�)� e�����0�2�a2


�a��� (4)


in which � is the wavenumber of the incident radiation (in cm�1), �0 is the
wavenumber at which the NLO calculation was performed (in cm�1), and
™a∫ is a constant, which was here taken to be 1000 cm�1.


Results and Discussion


The first issue to address is the existence of the six reduced
species,M1, B1, T1,M2, B2, T2, in the experiments when one,
two, or three equivalents of Rb are dissolved in the
solutions.[17] The major peaks of the absorption spectra,
presented in Figure 2, show that after addition of the first
equivalent of Rb to 1, the spectrum of M1 (Figure 2 top)
appears, giving a peak at 1000 nm in agreement with
reference [18]. Further addition of Rb does not alter these
spectra, indicating that either the spectra ofB1 and T1 are less
intense than that of M1 or that these reduced forms are not
formed. After the addition of the first equivalent of Rb to 2,
the spectrum of M2 (Figure 2 bottom) presents a peak at
1020 nm, in agreement with reference [18]. Addition of a
second equivalent of Rb leaves the band centered at 1020 nm
unchanged and produces a second band at 890 nm; therefore,
it is possible thatM2 and B2 co-exist in solution. Addition of a
third equivalent of Rb retains the bands centered at 1020 nm
and 890 nm, and produces a third band at 740 nm; thus, it is
possible thatM2,B2, and T2 co-exist in solution. Although co-
existence of some of the reduced species can occur, for
simplicity in the following we shall refer to the solutions
obtained by the use of the different equivalents of Rb with the
M1 to T2 nomenclature.
Z-scan measurements were performed for solutions of 1m�


in concentration, irradiated at 532 nm, 10 ns laser radiation,
with 60 ± 200 MWcm�2 intensities. In this regime, the solvent
response was found to be negligible. Under these experimen-
tal conditions, the response of the compounds depends on the
population of the excited states; therefore a transient
response is expected. All systems were observed to exhibit
significant nonlinear absorption and refraction, the latter
having a negative sign. The nonlinear refraction was slightly
larger in the derivatives of the fulleropyrrolidinium salt and
was maximal for T2. Table 1 summarizes the linear absorp-
tion, the real and imaginary parts of the third-order suscept-
ibility, and the second hyperpolarizability of 1, 2,M1,M2, B2,
and T2. Reduction enhances
the linear absorption and the
real part of the third-order
susceptibility. In contrast, the
nonlinear absorption and the
corresponding imaginary part
of the third-order susceptibility
decreases with reduction, the
decrease becoming stronger for
compound T2. Interestingly, the


Figure 2. Absorption spectra of the reduced forms of fulleropyrrolidine
(top) and fulleropyrrolidinium salt (bottom) (see text).


ratio Re�(3)/Im�(3) increases as a function of the reduction and
varies between 3 for 2 to 48.5 for T2. In passing, it should be
mentioned that the optical limiting activity of the reduced
forms was tested and found to be low, because of their large
linear absorption.
OKE measurements were performed on 1m� solutions of


the pristine fulleropyrrolidine 1 and 0.05m� solutions of the
reduced species M1. They were irradiated at 800 nm, with
100 fs pulses and a repetition rate of 81 MHz. The technique
measures the purely electronic response. Figure 3 shows the
intensity dependence of the signal for 1, M1, benzonitrile,
toluene, and the reference material CS2. The response of 1 is
similar to that of the solvents and to that reported for C60.[19]


By using the value for CS2 and the appropriate formalism,[7, 20]


the nonlinear refractive index of compound 1, n2 , is approx-
imately 0.55	 10�13 esu. The signal of M1 is, on the other
hand, very strong. If one accounts for the lower concentration,
n2 is estimated to be 3.52	 10�10 esu, that is 6400 times larger


Table 1. Nonlinear optical parameters of the compounds studied with 10 ns, 532 nm laser radiation. All solutions
are 1m�.


Sample Species �0 [cm�1] Im�(3) [10�12 esu] Re�(3) [10�12 esu] � [10�29 esu]


monoadduct 1 2.9 16.21 37.26 1.6
monoadduct� 1Rb M1 5.0 9.39 39.92 1.6
salt of monoadduct 2 2.1 10.51 32.08 1.4
salt of monoadduct� 1Rb M2 7.2 8.76 45.83 1.8
salt of monoadduct� 2Rb B2 11.0 5.63 44.35 1.7
salt of monoadduct� 3Rb T2 18.8 1.25 60.62 2.3
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Figure 3. Signal for fulleropyrrolidine, its reduced form, benzonitrile,
toluene, and reference compound CS2.


than in the neutral species. Figure 4 shows the intensity
dependence of the signal of 2, M2, benzonitrile, DMSO, and
CS2. Methylation of 1 to give 2 increases the nonlinearity 14-
fold. Upon reduction, however, n2 becomes 1.00	 10�10 esu,


Figure 4. Signal for fulleropyrrolidinium salt, its reduced form, benzoni-
trile, DMSO, and reference compound CS2.


that is, n2(M1):n2(M2)� 3.52:1.00 and reduction of 2 increases
its nonlinearity by 130 times only. Figure 5 shows the response
obtained by further reductions of 2. Both the doubly reduced
B2 and the triply reduced T2 species have a slightly smaller n2


than M1, which is estimated to be 3.20	 10�10 esu.


Reduction of the monoadduct of fulleropyrrolidine and its
salt greatly increases their purely electronic second-order
hyperpolarizability. Further investigations were carried out
computationally. B3LYP/6-31G* density functional theory
based calculations of the static second hyperpolarizability,
�(0;0,0,0), were performed for 1, M1, 2, and M2. For 1,
�(0;0,0,0)� 3.33	 10�35 esu, while for 2, �(0;0,0,0)��3.43	
10�35 esu. These values are rather low and in line with
previous calculations for C60 (for a summary of previous
calculations: see Table 1 of reference [15b]). Chemical reduc-
tion enhances �(0;0,0,0) ofM1 by 30% to 4.34	 10�35 esu, and
increases �(0;0,0,0) of M2 by nearly an order of magnitude
bringing it to �2.33	 10�34 esu. This is far from the three
orders of magnitudes observed experimentally at 800 nm. The
B3LYP/6-31G* results imply that some near-resonant contri-
butions are present. Following a previously used approach,
�(�;�,��,�) was then calculated as a function of the incident
photon frequency, �. This is the microscopic counterpart of
the OKE experiment. To avoid the difficulty of the calculation
of a configuration interaction with an open shell, the systems
considered were 1, 2, B1, and B2. Figure 6 shows the
dispersion profiles of calculated dispersion from 885 to
590 nm (from 1.4 to 2.10 eV). The experimental measure-
ments were performed at 800 nm. The rationale for inves-
tigating a range of wavelengths is twofold: 1) the calculated
electronic states energy may not match perfectly


Figure 6. Dispersion of the calculated OKE (or DFWM) response. The
experiments were performed at 800 nm.


Figure 5. Signal of singly, doubly and triply reduced fulleropyrrolidinium,
benzonitrile, and reference compound CS2.
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the experimental ones and some shift may be in order;[15b] and
2) knowledge that the dispersion profile is nearly constant
over a certain range of wavelengths excludes strong resonance
effects.
The calculations show that this is the region of the


experiments in which the nonlinear optical response for the
reduced species is largest. Moreover, the rather smooth
profiles exclude sudden, spurious resonances. Also notice that
throughout the region, the calculated signal for 1 and 2 is
nearly constant and up to 
3 orders of magnitude smaller
than that of the reduced molecules. A further factor of
agreement with the experiment is the calculated absorption,
which is rather low, see Table 2. Importantly, the oscillator
strength (f0)[21] never exceeds 0.2.


To ascertain the nature of the response and the contribution
of the low-lying electronic states, a missing state analysis
(MSA)[22] was performed. MSA allows us to establish the
contribution �(r) of an electronic state (r) to a nonlinear
optical process simply by eliminating it from the summation of
Equation (2); this leads to Equation (5):


�(r)� �tot � �r


�tot
(5)


in which �tot is the full response and �r is the response without
the contribution of state r. MSA was applied to the most
intense part of the dispersion of the response shown in
Figure 6. Only one state at a time was removed for systems B1
and B2. This is in agreement with a similar procedure used for
fullerenes, whereby only a few electronic states were found to


give a dominant contribution in the description of the
nonlinear optical properties of the lower isomers.[15b] In each
system, a single electronic state gives a large contribution:
they are the state located at 751 nm for B1, and the state
located at 739 nm for B2. The corresponding values were
�B1(751 nm)� 0.61 and �B2(739 nm)� 0.68. The contributions
of all the other states were much smaller. MSA therefore
shows that the response is one photon; however, the
elimination of the resonant state does not even change its
order of magnitude. The conclusion of the analysis is that the
™few-state picture∫ that describes the NLO properties of
C60


[15b] does not hold for the reduced forms of the full-
eropyrrolidine adducts and that their large response is due to
many small and medium size contributions. Peculiarly, this is
similar to the case of the response of higher fullerenes.[15b]


Conclusion


While fulleropyrrolidines and their salts have a second
hyperpolarizability comparable to that of C60, their reduced
forms show an enhancement of the signal of up to and
sometimes exceeding three orders of magnitude. Experimen-
tal and computational investigations provide a coherent
picture of this response. A second hyperpolarizability three
orders of magnitude higher than in C60 is not routinely
observed. In fact, in a recent compilation of four-wave mixing
and optical Kerr effect data,[1a] only one set of experiments in
solution gave a similar value for laser wavelength (1064 nm)
in this range.[20] According to the authors, however, the
response in their materials is considerably resonance-en-
hanced. Reduced fulleropyrrolidines, with their relatively low
absorption and their remarkably high response, therefore,
emerge as extremely interesting systems worth of systematic
investigation to tune their nonlinear optical properties.
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Quantitative Comparison of Kinetic Stabilities of
Metallomacrocycle-Based Rotaxanes


Sung-Youn Chang, Hye-Young Jang, and Kyu-Sung Jeong*[a]


Abstract: Four mononuclear metallo-
macrocycles with identical cavities but
different transition metals (OsVI, PdII,
PtII, and ReI) were prepared. With these
metallomacrocycles, the corresponding
rotaxanes 2-Os, 2-Pd, 2-Pt, and 2-Re
were self-assembled by hydrogen-bond-
ing interactions. The kinetic stabilities of
the rotaxanes were determined quanti-
tatively and compared with each other
by 1H NMR spectroscopic techniques,
including two-dimensional exchange
spectroscopy (2D-EXSY) experiments.
The activation free energies (�G�) for
the exchange between the rotaxanes 2-
Os, 2-Pd and 2-Pt and their free compo-
nents were determined to be 15.5, 16.0,


and 16.4 kcalmol�1, respectively. These
magnitudes imply that the rotaxanes 2-
Os, 2-Pd and 2-Pt are kinetically labile
at room temperature and exist only as
equilibrium mixtures with free compo-
nents in solution. In contrast, the rotax-
ane 2-Re is kinetically stable enough to
be isolated in pure form by silica gel
chromatography under ordinary labora-
tory conditions. However, at higher
temperatures (�60 �C) 2-Re was slowly
disassembled into its components until


the equilibrium was established. The
rate constants were measured at three
different temperatures, and the Eyring
plot yielded the activation enthalpy
�H�� 35 kcalmol�1 and the activation
entropy �S�� 27 eu for the disassembly
of the rotaxane 2-Re in Cl2CDCDCl2.
These thermodynamic parameters gave
the activation free energy �G�


off �
27.1 kcalmol�1 at 25 �C. Consequently,
2-Re is one example of a novel metal-
lomacrocycle-based rotaxane that con-
tains a coordination bond with enough
strength to allow both for isolation in
pure form around room temperature
and for self-assembly at higher temper-
atures.


Keywords: kinetic stability ¥
metallomacrocycles ¥ rotaxanes ¥
self-assembly


Introduction


Mechanically interlocked molecules have become popular
synthetic targets in supramolecular chemistry in recent years;
this is in part because of their potential applications as
molecular switches, motors, and devices.[1, 2] Rotaxanes are
typical examples of such supermolecules in whichmacrocycles
(beads) encircle a dumbbell-like linear molecules (threads).[3]


A variety of organic macrocycles have been used as the bead
component for the preparation of the rotaxanes.[4±7] Instead of
these organic macrocycles, exploitation of transition-metal-
bridged metallomacrocycles[8] would be interesting because
transition metals are generally more sensitive and responsive
on the electrochemical and light stimuli relative to organic
molecules.[9] Therefore, incorporation of a transition metal
into the rotaxane[10, 11] may give an opportunity to develop
more versatile rotaxane-based machines.


We reported for the first time the metallomacrocycle-based
rotaxane 2-Os, self-assembled from the osmate ester-bridged
metallomacrocycle 1-Os and the thread 3.[12] However, the
metallomacrocycle-based rotaxane 2-Os is kinetically so
labile that it behaves like the pseudorotaxane rather than
the conventional covalent rotaxane. The kinetic stability[13, 14]


of the metallomacrocycle-based rotaxane[15] is directly related
to the strength of the coordination bond in the metallomacro-
cycle, and can be tuned by varying the combination of
transition metal and ligand. It would be an ideal case that the
coordination bond is reversible at higher temperatures for the
self-assembly of the rotaxane, but irreversible around room
temperature for convenient isolation and handling under
ordinary laboratory conditions.[16] With this in mind, we report
here on the preparation of three new metallomacrocycle-
based rotaxanes (2-Pd, 2-Pt, and 2-Re), which contain the
most widely used metallic units for the self-assembly of
supramolecular entities (Scheme 1).[8, 17] The kinetic stabilities
of these rotaxanes were quantitatively measured and com-
pared with one another by 1H NMR spectroscopic techniques,
including 2D-EXSY experiments. In particular, the metal-
lomacrocycle-based rotaxane 2-Rewas found to be kinetically
the most stable one; we were able to isolate it in pure form by
silica gel column chromatography.
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Results and Discussion


Syntheses and characterization of metallomacrocycles 1-Os,
1-Pd, 1-Pt, and 1-Re : The metallomacrocycle 1-Os and its
precursor bispyridyl ligand were prepared as described
previously.[18] The metallomacrocycles 1-Pd and 1-Pt were
prepared in 93 ± 94% yield at room temperature by simply
mixing the ligand and [M(dppp)(CF3SO3)2] (M�Pd or Pt,
dppp� 1,3-bis(diphenylphosphino)propane) at a molar ratio
of 1:1 in dichloromethane. The metallomacrocycle 1-Re was
prepared in 93% yield by heating a 1:1 mixture of the ligand
and [Re(CO)5Cl] in 1,1,2,2-tetrachloroethane at 100 �C for
2 hours. These metallomacrocycles were all sufficiently solu-
ble in organic solvents including chloroform, dichloro-
methane, and acetonitrile. Elemental analyses of the products
were consistent with the molecular formula of the metal-
lomacrocycles 1-Pd, 1-Pt, and 1-Re. In the 1H NMR spectra,
the aryl signals of the lutidyl rings were shifted downfield
from those of the free ligand (��� 0.35, 0.30, and 0.22 ppm
for 1-Pd, 1-Pt, and 1-Re, respectively) as expected on the
coordination of the ring nitrogen to the metal center. The
FAB-MS analyses also supported the formation of mononu-
clear metallomacrocycles. For example, the mass spectrum of
1-Pd showed the molecular ion [M�] at m/z� 1646 (1.3%),
along with fragments of [M��CF3SO3] and [M�� 2CF3SO3]
at 1495 (33%) and 1345 (9%), respectively. Another cationic
metallomacrocycle of 1-Pt gave a nearly identical pattern of
the mass spectrum, while relative intensities for the fragments
of [M��CF3SO3] (m/z� 1585, 71%) and [M�� 2CF3SO3]
(m/z� 1435, 12%) were larger relative to those of 1-Pd. A
neutral metallomacrocycle 1-Re also showed the molecular
ion [M�] (m/z� 1134, 9%) and [M��Cl] (m/z� 1099, 25%)
in the FAB mass spectrum. Moreover, in all cases the
observed isotopic distribution patterns of the molecular ions
and fragments were consistent with the calculated ones based
on the metallomacrocycles 1-Pd, 1-Pt, and 1-Re (see Sup-
porting Information).


Syntheses and characterization
of [2]rotaxanes 2-Pd, 2-Pt, and
2-Re : For the self-assembly of
the metallomacrocycle-based
rotaxanes in this study, the
driving force is hydrogen-bond-
ing interactions between the
bead and thread components.
Therefore, a dumbbell-shaped
molecule 3 was chosen as the
thread because 1) the adip-
amide unit strongly binds to
the cavity of the bead[18] and
2) the tritylphenyl end group is
large enough to prevent the
bead slipping off the thread.[12]


When the thread 3 was mixed
with either 1-Pd or 1-Pt at room
temperature in CDCl3, two dif-
ferent sets of 1H NMR signals
appeared; one for free compo-
nents and the other for the


rotaxane complex (Figure 1). This suggests that the exchange
rate between the rotaxane complex and its free components is
slow on the NMR timescale. The formation of the rotaxanes 2-
Pd and 2-Pt was evident in the 1H NMR spectra. First, two
NH signals of the bead were downfield shifted (��� 1.3 ±
1.5 ppm) as the result of hydrogen-bond formation. Second,
signals of methylene (�CH2�) between two carbonyls of the
adipamide unit in the thread were far upfield shifted from 2.26
and 1.68 ppm to 0.31 and �0.20 ppm, respectively. Interest-
ingly, the magnitudes of the chemical shift changes were


Figure 1. 1H NMR (500 MHz) spectra in CDCl3 at 25 �C of a) 1-Pt, b) 1-Pt
(2m�) � 3 (2m�), c) 3, d) 1-Pd (2m�) � 3 (2m�), and e) 1-Pd.


Scheme 1. Self-assembly of rotaxanes, 2-Os, 2-Pd, 2-Pt, and 2-Re.
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identical to each other on the formation of 2-Pd and 2-Pt.
These large upfield shifts are a strong evidence for the
insertion of the adipamide unit of the thread inside the cavity
surrounded by aryl surfaces of the bead. Additional evidence
for the self-assembly of the rotaxanes 2-Pd and 2-Pt was
obtained from the ESI-MS studies of a 1:1 mixture of 3 and 1-
Pd (or 1-Pt) in CH2Cl2, showing characteristic peaks that
correspond to [M��CF3SO3] and [M2�� 2CF3SO3] (M� 2-
Pd or 2-Pt) (see Supporting Information).
In contrast to 2-Pd and 2-Pt, the rotaxane 2-Re could not be


self-assembled at room temperature in solution. That is, when
two components 1-Re and 3 were mixed in Cl2CDCDCl2, no
signals other than those of the two reactants were observed
for a week at room temperature in the 1H NMR spectrum.
However, when the temperature was raised to �60 �C, new
signals corresponding to 2-Re slowly appeared in the 1HNMR
spectrum, and the equilibrium was established in a few hours
in Cl2CDCDCl2. The rotaxane 2-Re was, therefore, prepared
by heating at 70 �C either a 1:1 mixture of 1-Re and 3 or
directly a 1:1:1 mixture of [Re(CO)5Cl], bispyridyl ligand, and
thread 3 in 1,1,2,2-tetrachloroethane. The rotaxane 2-Re can
be isolated in pure form by silica gel chromatography.
Elemental analysis, FAB-MS, 1H NMR and other spectro-
scopic data of the isolated product were consistent with the
structure of 2-Re (see Experimental Section and Supporting
Information).


Binding affinities between metallomacrocycles and threads :
Metallomacrocycles 1-Os, 1-Pd, 1-Pt, and 1-Re are all derived
from the same ligand, and thus their overall shapes and sizes
are nearly identical to each other. One difference is that 1-Os
and 1-Re are neutral and 1-Pd and 1-Pt are cationic. As
mentioned earlier, when 1-Os, 1-Pd, and 1-Ptwere mixed with
the thread 3 at room temperature, the two components
rapidly self-assembled into and established the equilibrium
with the corresponding rotaxanes 2-Os, 2-Pd, and 2-Pt. Free
components and rotaxanes gave separate 1H NMR signals in
CDCl3, and binding constants were therefore determined by
1H NMR integration method. The binding constants (Ka�
20%) of metallomacrocycles 1-Pd and 1-Pt with the thread 3
were determined to be 1800 and 1500��1 in CDCl3, respec-
tively, each of which is an average value of four measurements
by using 1.0 to 5.0m� CDCl3 solutions of two components at
24� 1 �C (see Supporting Information). For comparison, the
binding constant of 1-Os with 3 was previously reported to be
560��1 under the same conditions.[12a]


The binding affinity between the metallomacrocycle 1-Re
and the thread 3 cannot be determined at room temperature
by either 1H NMR integration or titration methods owing to
the lack of the equilibrium. Therefore, the binding ability of 1-
Re was indirectly compared with that of 1-Os by using the
thread 6, which contains smaller phenoxy groups at the ends
to form the pseudorotaxane 4 (Scheme 2, later); consequently
1-Re can be reversibly slipped in and out at room temper-
ature. The 1H NMR titration in CDCl3 at 24� 1 �C gave the
association constant of 1090��1 between 1-Re and 6, which is
similar to that of 900��1 between 1-Os and 6.[12a] In
conclusion, the binding affinities of two cationic metalloma-
crocycles 1-Pd and 1-Pt are a slightly higher than those of two


neutral metallomacrocycles 1-Os and 1-Re, but differences in
the thermodynamic stabilities of four metallomacrocycle-
based rotaxanes are small (��Go� 0.7 kcalmol�1).


Kinetic stabilities of [2]rotaxanes 2-Os, 2-Pd, and 2-Pt : Due
to the presence of weak coordination bonds, the kinetic
stability of metallomacrocycle-based rotaxanes is generally
much lower than that of the corresponding covalent ana-
logues. The rotaxanes 2-Os, 2-Pd, and 2-Pt can be reversibly
converted into their components at room temperature. The
rates of interconversions between the rotaxane complexes, 2-
Os, 2-Pd, and 2-Pt, and their components are slow on the
NMR timescale at room temperature, and, consequently, the
rate constants can be determined by two-dimensional ex-
change spectroscopy (2D-EXSY) experiments.[12, 19] The rate
constants were deduced from the diagonal and cross peaks for
the NH signals of the metallomacrocycle. The rate constant k
for the interconversion between 2-Os and its components was
previously determined to be 24(�4) s�1, corresponding to an
activation energy (�G�) of 15.5 kcalmol�1 at 23 �C.[12a] Sim-
ilarly, a series of the 2D-EXSY experiments with 2-Pd and 2-
Pt gave the rate constants of 11.0(�0.3) s�1 and 6.2(�0.1) s�1
at 25 �C, respectively. These values correspond to activation
free energies (�G�) of 16.0 kcalmol�1 and 16.4 kcalmol�1. The
kinetic stabilities are therefore in the order of 2-Os� 2-Pd�
2-Pt, but differences (��G�) are within 1 kcalmol�1. Con-
sequently, the metallomacrocycle-based rotaxanes 2-Os, 2-Pd,
and 2-Pt are all kinetically labile and exist only in equilibrium
mixtures with their components at room temperature.


Kinetic stability of [2]rotaxane 2-Re : The rotaxane 2-Re does
not disassemble into its components at room temperature.
However, at elevated temperatures it slowly disassembles into
its components 1-Re and 3 until the equilibrium is established.
This process can be quantitatively monitored by 1H NMR
spectroscopy (Figure 2a), and the rate constant can be
estimated from Equations (1) ± (4).[20]


R � �
koff


kon
M�T (1)


A lnB�kofft (2)


A� �R�0 � �R�e
�R�0 � �R�e


� �
(3)


B� �R�20 � �R�e�R�
�R�0��R� � �R�e�


� �
(4)


in which R, M, and T refer to rotaxane, metallomacrocycle,
and thread, respectively, [R]0, [R]e, and [R] are initial
concentration of the rotaxane, concentration at equilibrium,
and concentration at time t, respectively, and koff and kon are
rate constants of the disassembly and of the assembly of the
rotaxane, respectively. Here, [R] and [R]e can be experimen-
tally measured by the 1H NMR integration, while [R]0 is
known.
The experiments were performed by using a solution of 2-


Re in Cl2CDCDCl2 (5m�) at three different temperatures
(60, 70, and 80 �C). In each experiment, a well-correlated
linear relationship was observed from the plot of A lnB
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against time (t), whereby the slope corresponds to the rate
constant koff for the disassembly of the rotaxane 2-Re
(Figure 2b and also see Supporting Information). From the
constant koff and the equilibrium constant K at the given
temperature, the formation rate constant kon of the 2-Re can
be also calculated. All of these values along with the
corresponding free energies are summarized in Table 1. From
the Eyring equation, the plot of log(koffT�1) against T�1[21]


gave an activation enthalpy �H� of 35 kcalmol�1 and an
activation entropy �S� of 27 eu for the disassembly of 2-Re
(Figure 2c). Extrapolation of the plot gave the dissociation
rate constant koff of 8.0	 10�8 s�1 at 25 �C, corresponding to
the activation free energy �G�


off of 27.1 kcalmol�1. This
magnitude is approximately 11 kcalmol�1 higher than those
of 2-Pd and 2-Pt. It is also worthwhile mentioning that the
rotaxane 2-Re remains intact in the solid state around room
temperature (20 ± 30 �C) for about six months, as we examined
so far.
To reveal the mechanism for the disassembly of 2-Re, the


activation energies for two more rhenium-based (pseudo)-


rotaxanes 4 and 5, which contain
different sizes of end groups,
were examined. First, in the case
of smaller phenoxy end group,
the assembly and disassembly of
the complex 4 was fast on the
NMR timescale at room temper-
ature. The activation free energy
of this process was calculated to
be 12.1� 0.1 kcalmol�1, based on
the coalescence temperatures of
OCH2 (�22 �C) and NCH2
(�20 �C) signals in CDCl3.[21a]
The complex 4 can be formed
reversibly by slipping the metal-
lomacrocycle 1-Re on and off the
thread over the small phenoxy
end group without dissociation
of the Re�N coordination bond
(Scheme 2). Second, in the ro-
taxane 5, which has a much
larger 4-tris(4-tert-butylphenyl)-
methylphenoxy end group, the
activation free energy for the
disassembly process was meas-
ured by the identical method
used for 2-Re, and calculated to
be
26.2 kcalmol�1 at 60 �C. The
kinetic stabilities of two rheni-
um-based rotaxanes 2-Re and 5


are identical to each other, despite a large difference in the
size of the stoppers. These results strongly support that the
disassembly of both 2-Re and 5 occurs through a clipping
process, that is, the dissociation of the Re�N coordination
bond, followed by disassembly of the intermediate complex
and reassociation of the coordination bond (Scheme 2).


Conclusion


The reversible self-assembly is of a great advantage to the
supramolecular synthesis, but unfortunately results in a
decrease in the kinetic stability. A fine balance of these
opposite properties is required for the development of more
easily accessible but robust supramolecular machines. The
rhenium-based rotaxane described here is found to be one
such an entity. In addition, the system of the metallomacro-
cycle-based rotaxane has been demonstrated to be a powerful
tool to obtain the quantitative information on the strength of
the coordination bond.


Experimental Section


General methods. All reagents were, unless otherwise noted, used as
received. Dichloromethane was distilled under nitrogen from calcium
hydride (CaH2), and diethyl ether from Na/benzophenone. Melting points
were determined by using a Mel-Temp II capillary melting point apparatus
and were uncorrected. Infrared spectra were obtained on a Nicolet impact
410 FT-IR spectrometer. All NMR spectra were recorded on a DRX-500


Figure 2. a) Partial 1H NMR (500 MHz) spectra showing the disassembly of the rotaxane 2-Re (5m�) at 60 �C
in Cl2CDCDCl2 at t� 0 min, 10 min, 30 min, 1 h, 2 h, and 3 h. b) Plot of A lnB against t, whereby the slope
corresponds to the rate constant koff of the disassembly of 2-Re at 60 �C. c) Eyring plot for the disassembly of 2-
Re into its components.


Table 1. Rate constants (koff, kon), activation free energies (�G�
off, �G�


on�, and
equilibrium constants (K) for the disassembly and assembly of 2-Re at each
temperature.


Entry T [�C] koff [s�1] �G�
off


[kcalmol�1]
kon [s�1] �G�


on


[kcalmol�1]
K [��1]


1 60 4.78	 10�5 26.2 3.51	 10�3 23.3 73
2 70 2.23	 10�4 25.9 1.24	 10�2 23.2 56
3 80 1.04	 10�3 25.6 3.70	 10�2 23.1 36
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spectrometer, and chemical shifts were reported in ppm downfield relative
to the residual protonated solvent peaks (CHCl3: �� 7.26 ppm for 1H NMR
spectra, �� 77 ppm for 13C NMR spectra). FAB-MS spectra were obtained
with a JMS-HS 110/110A mass spectrometer (JEOL, Japan), and nitro-
benzyl alcohol was used as a matrix in CHCl3 as solvent. ESI-MS spectra
were obtained with a QUATTRO LC triple quadrupole tandem mass
spectrometer (Micromass, UK).


Metallomacrocycle 1-Pd : A solution of precursor bispyridyl ligand[18a]


(33 mg, 0.040 mmol) and [Pd(dppp)OTf2][22] (33 mg, 0.040 mmol, 1 equiv)
in CH2Cl2 (5 mL) was stirred at room temperature for 3 h under argon.
Diethyl ether was added to the solution to give 1-Pd as a white precipitate.
The precipitate was washed with diethyl ether and dried under reduced
pressure to give a white solid (62 mg, 94%). M.p. �250 �C; 1H NMR
(500 MHz, CDCl3, 25 �C): �� 8.89 (s, 2H; NH), 8.73 (s, 2H; NH), 8.68 (s,
4H; lutidyl H), 8.51 (d, 3J(H,H)� 7.7 Hz, 2H; pyridyl H), 8.41 (d,
3J(H,H)� 7.7 Hz, 2H; pyridyl H), 8.16 (t, 3J(H,H)� 7.7 Hz, 2H; pyridyl
H), 7.63 (br s, 8H; phenyl H), 7.43 (br s, 12H; phenyl H), 7.02 (s, 4H; anilinyl
H), 3.18 (br s, 4H; PCH2), 2.34 ± 2.28 (m, 6H; cyclohexyl H, PCH2CH2),
2.16 (s, 12H; ArCH3), 2.02 (s, 12H; ArCH3), 1.64 ppm (br s, 6H; cyclohexyl
H); 13C NMR (125 MHz, CDCl3, 25 �C): �� 160.8, 160.2, 149.2, 148.2, 147.3,
144.5, 139.8, 134.8, 133.3, 132.7, 130.1, 129.6, 126.2, 125.3, 44.9, 35.3, 31.6,
29.7, 26.3, 22.8, 22.6, 21.6, 18.9, 17.6, 15.5, 14.1 ppm; IR(KBr): �� � 3450
(NH), 1679 (C�O), 1258 (OTf), 1165 (OTf), 1034 cm�1 (OTf); FAB-MS
(mNBA matrix, based on 106Pd): m/z (%): 1646.1 (1.3) [M�], 1495.2 (33)
[M��OTf], 1345.2 (8.5) [M�� 2OTf]; elemental analysis calcd for
C79H78F6N8O10P2PdS2 (1646.00): C 57.65, H 4.78, N 6.81, S 3.90; found: C
57.70, H 4.98, N 6.89, S 3.74.


Metallomacrocycle 1-Pt : Metallomacrocycle 1-Pt was synthesized from the
bispyridyl ligand and [Pt(dppp)OTf2][22] by the same method used for the
synthesis of 1-Pd except for the reaction time of 11 h. A white solid was
isolated (93%). M.p.�250 �C; 1H NMR (500 MHz, CDCl3, 25 �C): �� 9.06
(s, 2H; NH), 8.82 (s, 2H; NH), 8.63 (s, 4H; lutidyl H), 8.51 (d, 3J(H,H)�
7.7 Hz, 2H; pyridyl H), 8.39 (d, 3J(H,H)� 7.7 Hz, 2H; pyridyl H), 8.16 (t,
3J(H,H)� 7.8 Hz, 2H; pyridyl H), 7.65 (br s, 8H; phenyl H), 7.43 (br s, 12H;
phenyl H), 7.01 (s, 4H; anilinyl H), 3.27 (br s, 4H; PCH2), 2.33 ± 2.27 (m,
6H; cyclohexyl H, PCH2CH2), 2.15 (s, 12H; ArCH3), 2.01 (s, 12H; ArCH3),
1.65 ppm (br s, 6H; cyclohexyl H); 13C NMR (125 MHz, CDCl3, 25 �C): ��
160.8, 160.1, 149.2, 149.0, 148.2, 147.1, 145.1, 139.8, 134.8, 134.0, 132.8, 130.0,
129.5, 126.2, 125.4, 124.3, 44.9, 35.2, 26.4, 22.8, 21.7, 21.5, 21.4, 18.9, 17.6,
15.6 ppm; IR(KBr): �� � 3489 (NH), 1683 (C�O) 1258 (OTf), 1165 (OTf),
1034 cm�1 (OTf); FAB-MS (mNBA matrix, based on 195Pt): m/z (%):


1735.2 (1.1) [M�], 1585.2 (71) [M��
OTf], 1435.2 (12) [M�� 2OTf]; elemen-
tal analysis calcd for C79H78F6N8O10P2Pt-
S2 ¥ 3H2O (1752.67): C 53.05, H 4.73, N
6.26, S 3.59; found: C 53.33, H 4.83, N
6.15, S 3.56.


Metallomacrocycle 1-Re : A solution of
the bispyridyl ligand (0.25 g, 0.30 mmol)
and [Re(CO)5Cl] (0.11 g, 0.30 mmol,
1 equiv) in 1,1,2,2-tetrachloroethane
(15 mL) was stirred at 100 �C for 2 h
under argon; hexane was then added to
the solution to give 1-Re as a white
precipitate. The precipitate was washed
with hexane and dried under reduced
pressure to give a white solid (0.32 g,
93%). M.p. �250 �C; 1H NMR
(500 MHz, CDCl3, 25 �C): �� 9.26 (s,
2H; NH), 8.83 (s, 2H; NH), 8.59 ± 8.53
(m, 8H; lutiyl H, pyridyl H), 8.24 (t,
3J(H,H)� 7.7 Hz, 2H; pyriyl H), 7.05 (s,
4H; anilinyl H), 2.32 (br s, 4H; cyclo-
hexyl H), 2.28 (s, 12H; ArCH3), 2.23 (s,
12H; ArCH3), 1.66 ppm (br s, 6H; cyclo-
hexyl H); 13C NMR (125 MHz, CDCl3,
25 �C): �� 195.0, 192.7, 160.7, 160.0,
153.0, 148.9, 148.8, 147.3, 143.8, 140.2,
134.8, 131.1, 130.2, 126.8, 126.4, 125.9,
45.1, 35.9, 26.2, 22.8, 19.1, 16.1 ppm;
IR(KBr): �� � 3463 (NH), 2024


(Re(C�O)), 1921 (Re(C�O)), 1885 (Re(C�O)), 1693 cm�1 (amide C�O);
FAB-MS (mNBA matrix, based on 187Re): m/z (%): 1134.3 (9.3) [M�],
1099.4 (25) [M��Cl]; elemental analysis calcd for C53H52ClN8O7Re
(1134.69): C 56.10, H 4.62, N 9.88; found: C 56.17, H 4.88, N 9.78.


Rotaxane 2-Re : A solution of 1-Re (116 mg, 0.102 mmol) and thread 3[12a]


(100 mg, 0.102 mmol, 1 equiv) in 1,1,2,2-tetrachloroethane (0.5 mL) was
stirred at 70 �C for 7 h. Rotaxane 2-Re was obtained as a white solid
(134 mg, 62%) after flash column chromatography (EtOAc/CH2Cl2 1:8).
The use of precursor bispyridyl ligand and [Re(CO)5Cl] instead of 1-Re
with thread 3 also gave the same rotaxane 2-Re (53%). M.p. 176 �C
(decomp); 1H NMR (500 MHz, CDCl3, 25 �C): �� 10.90 (s, 2H; NH), 10.16
(s, 2H; NH), 8.50 (s, 4H; lutidyl H), 8.46 (d, 3J(H,H)� 7.5 Hz, 2H; pyridyl
H), 8.39 (d, 3J(H,H)� 7.5 Hz, 2H; pyridyl H), 8.05 (t, 3J(H,H)� 7.6 Hz, 2H;
pyridyl H), 7.24 ± 7.18 (m, 30H; phenyl H), 7.11 (d, 3J(H,H)� 7.9 Hz, 4H;
phenyl H), 6.97 (s, 4H; anilinyl H), 6.73 (m, 4H; phenyl H), 5.48 (s, 1H;
NH), 5.29 (s, 1H; NH), 3.82 (t, 3J(H,H)� 8.3 Hz, 4H; OCH2), 2.96 (t,
3J(H,H)� 6.8 Hz, 4H; NCH2), 2.27 (br s, 4H; cyclohexyl H), 2.23 (s, 12H;
ArCH3), 2.18 (s, 12H; ArCH3), 1.59 (br s, 6H; cyclohexyl H), 1.50 (br s, 4H;
CH2), 1.36 (br s, 4H; CH2), 1.26 (br s, 4H; CH2), 1.16 (br s, 4H; CH2), 0.90
(br s, 2H; (C�O)CH2), 0.83 (br s, 2H; (C�O)CH2), 0.21 ppm (br s, 4H;
(C�O) CH2CH2); 13C NMR (125 MHz, CDCl3, 25 �C): �� 195.0, 192.8,
173.1, 173.0, 162.0, 161.6, 156.8, 156.7, 152.6, 149.2, 148.4, 147.8, 147.0, 145.5,
139.5, 139.1, 139.0, 135.3, 132.9, 132.2, 131.4, 131.1, 127.4, 126.5, 125.8, 125.7,
125.2, 113.2, 113.1, 67.3, 67.2, 64.3, 44.8, 40.0, 39.9, 36.2, 36.1, 34.3, 34.1, 29.4,
29.3, 29.1, 26.7, 26.2, 25.8, 25.7, 22.9, 22.7, 18.9, 15.9 ppm; IR(KBr): �� � 3257
(NH), 2026 (Re(C�O)), 1922 (Re(C�O)), 1887 (Re(C�O)), 1693 (amide
C�O), 1646 cm�1 (amide C�O); FAB-MS (mNBA matrix, based on 187Re):
m/z (%): 2116.0 (58) [M��H], 2080.0 (22) [M��Cl]; elemental analysis
calcd for C121H124ClN10O11Re (2116.00): C 68.68, H 5.91, N 6.62; found C
68.82, H 5.88, N 6.45.


Rotaxane 5 : The rotaxane 5was prepared from 1-Re and the corresponding
thread[12b] by following the method used for the preparation of 2-Re, and
was purified with flash column chromatography (EtOAc/CH2Cl2 1:10) to
give a white solid (39%). M.p. 230 �C (decomp); 1H NMR (500 MHz,
CDCl3, 25 �C): �� 10.90 (s, 2H; NH), 10.14 (s, 2H; NH), 8.50 (s, 4H; lutidyl
H), 8.45 (d, 3J(H,H)� 7.3 Hz, 2H; pyridyl H), 8.38 (d, 3J(H,H)� 7.3 Hz,
2H; pyridyl H), 8.03 (t, 3J(H,H)� 7.2 Hz, 2H; pyridyl H), 7.23 ± 7.08 (m,
28H; phenyl H), 6.97 (s, 4H; anilinyl H), 6.72 (br s, 4H; phenyl H), 5.38 (s,
1H; NH), 5.24 (s, 1H; NH), 3.80 (br s, 4H; OCH2), 2.97 (br s, 4H; NCH2),
2.23 (br s, 16H; cyclohexyl H, ArCH3), 2.18 (s, 12H, ArCH3), 1.60 ± 1.16 (m,
70H; CH2, t-Bu), 0.89 (br s, 2H; (C�O) CH2), 0.83 (br s, 2H; (C�O)CH2),


Scheme 2. Structures of 4 and 5, and schematic representation of two possible pathways: slipping and clipping.
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0.21 ppm (br s, 4H; (C�O)CH2CH2); 13C NMR (125 MHz, CDCl3, 25 �C):
�� 194.9, 192.7, 173.0, 172.9, 162.0, 161.5, 156.7, 156.6, 152.6, 149.1, 148.3,
148.2, 147.7, 145.5, 144.1, 139.6, 139.5, 135.2, 132.9, 132.2, 131.4, 130.6, 126.5,
125.7, 125.2, 124.0, 112.8, 112.7, 67.2, 67.1, 63.0, 44.8, 40.0, 39.9, 36.2, 36.0,
34.3, 34.0, 31.3, 29.7, 29.4, 29.3, 29.2, 26.8, 26.2, 25.8, 25.7, 22.7, 18.9,
15.9 ppm; IR(KBr): �� � 3269 (NH), 2027 (Re(C�O)), 1926 (Re(C�O)),
1891 (Re(C�O)), 1696 (amide C�O), 1646 cm�1 (amide C�O); FAB-MS
(mNBA matrix, based on 187Re): m/z (%): 2452.7 (1.1) [M��H], 2416.7
(7.5) [M��Cl]; elemental analysis calcd for C145H172ClN10O11Re (2452.64):
C 71.01, H 7.07, N 5.71; found: C 71.29, H 7.31, N 5.62.


Determination of binding constants


a) 1H NMR titration method :[18, 23] Chloroform was stored over 4 ä
molecular sieves and treated with K2CO3 prior to use. A 2m� solution of
host (1-Re) and 10m� solution of the guest (6) in CDCl3 (2 mL) were
separately prepared. A 500 �L portion of the host solution was transferred
to a NMR tube, and an initial NMR spectrum was taken to determine the
initial chemical shift (�free) of the free host. Aliquots of the guest solution
(10 �L initially, then 20 ± 30 �L, and finally 50 ± 100 �L) were added to the
host solution. The spectrum was recorded after each addition and overall 11
data points were obtained. The association constants (Ka) were determined
by using the nonlinear least-squares fitting of the titration curve plot �� of
the host NH signals against the molar equivalent of the guest. All of the
titration curves were well fitted to the expression of a 1: 1 binding isotherm
shown below [Eqs. (5) ± (8)].


H�G� HG (5)


Ka�
�HG�
�H��G� (6)


�����max


2 �H�
�
K�1
a � [H]t� [G]t�


������������������������������������������������������������������
�K�1


a � �H�t � �G�t�2 � 4�H�t�G�t
� �


(7)


�2��(��calcd���obsvd)2 (8)


Here, [H]t and [G]t are the total concentrations of host and guest, Ka is the
association constant, ��calcd and ��obsvd are the calculated and observed
chemical shift change at the each titration point, and ��max is the maximum
chemical shift change when complexation is completed. Minimizing the
sum of the squared deviations �2 affords the association constant (Ka),
along with ��max (calcd) .


b) 1H NMR integration method : Four solutions containing a 1:1 molar
mixture of metallomacrocycle 1-Pd (or 1-Pt) and thread 3 were separately
prepared. The concentrations of both components were 1.0, 2.0, 3.0, and
5.0m�, respectively. The 1H NMR spectrum of each solution was recorded
at 24� 1 �C. The concentrations of [H]free, [G]free, and [HG] were deduced
from the integrations of well-separated signals: NHs of 1-Pd or 1-Pt and
NH of 3.


2D-EXSY experiments :[12, 19] The 2D-EXSY spectra were recorded at
298 K on an 500 MHz Bruker spectrometer. The mixing time was 100 ms,
and each of 128 F1 increments was the accumulation of 32 scans. Prior to
Fourier transformation, the FIDs were multiplied by a square sine bell 90�
shifted in the F1 and 60� shifted in the F2 domains. The data file was zero-
filled, affording a spectrum of 2K	 256K real data points. The rate
constants (k) were calculated employing the Equations (9) ± (13) below, in
which �m is mixing time, IAB and IBA are cross peak intensities, IAA and IBB
are diagonal peak intensities, and XA, XB are molar fractions of the free
component and complex which was determined by 1H NMR integra-
tion (R� 1.9872 calK�1mol�1; kB� 3.2995	 10�24 calK�1; h� 1.5836	
10�34 cal s).


A � �
k1


k�1
B (9)


k� k1� k�1 (10)


k� 1
�m
ln
r � 1
r � 1 (11)


r� 4XAXB
�IAA � IBB�
�IAB � IBA�


� (XA�XB)2 (12)


�G���RT ln
kh


kBT
(13)


Determination of the rate constant of 2-Re : A 5m� solution of 2-Re in
Cl2CDCDCl2 was prepared and a 500 �L aliquot was transferred to a 5 mm
NMR tube. The spectrum was recorded at appropriate time intervals (5 ±
30 min) at 60, 70, or 80 �C until the ratio of the rotaxane and its components
remained constant. Concentrations of the rotaxane at time twere measured
from the 1H NMR integration of the NH signals of the bead. The rate
constant koff was estimated from the slope of the plot of A lnB [Eq. (2); see
the text] against time.
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The Structure of Lipid A of the Lipopolysaccharide from Burkholderia
caryophylli with a 4-Amino-4-deoxy-�-arabinopyranose 1-Phosphate Residue
Exclusively in Glycosidic Linkage


Antonio Molinaro,[b] Buko Lindner,[c] Cristina De Castro,[b] Birte Nolting,[a] Alba Silipo,[b]
Rosa Lanzetta,[b] Michelangelo Parrilli,[b] and Otto Holst*[a]


Abstract: From the lipopolysaccharides
(LPSs) of the plant-pathogenic bacteri-
um Burkholderia caryophylli, the com-
plete structure of lipid A has been
characterized. For the first time, a
4-amino-4-deoxy-�-arabinopyranose
1-phosphate residue was proven to be
exclusively linked to the reducing end of


lipid A from a wild-type LPS. The LPSs
of B. caryophylli were degraded by mild
acetate buffer hydrolysis at pH 4.4. The


obtained lipid A was analyzed as such,
and also after de-O-acylation or dephos-
phorylation. The structure of lipid Awas
identified mainly by means of matrix-
assisted laser desorption/ionisation mass
spectrometry, and by various 1D and 2D
1H and 13C NMR spectroscopic meas-
urements.


Keywords: lipid A ¥ lipopolysac-
charides ¥ mass spectrometry ¥
NMR spectroscopy


Introduction


Burkholderia caryophylli (Pseudomonadaceae, RNA group
II)[1] is a phytopathogenic gram-negative bacterium that is
responsible for the wilting of carnation.[2] One characteristic
feature of its lipopolysaccharides (LPSs), consistent with
several others from bacteria of the genus Burkholderia, is the
occurrence of two different O-specific polysaccharides. In the
case of LPSs from B. caryophylli, two linear homopolysac-
charides were identified as O-specific polysaccharides, that is,
caryophyllan, which is furnished from �-1� 7-linked caryo-
phyllose, and caryan, which is built up from �-1� 7-linked
caryose units.[3±6] The caryan is acetylated in a nonstoichio-
metric but systematic pattern, which leads to the establish-


ment of repeating units in a homopolymer,[7] while only the
side chain of the caryophyllan is randomly acetylated, and no
chemical repeating unit was possible to define.[8] The core
region of the LPSs contains a structural element that
commonly occurs in the Salmonella type core regions of
enterobacterial LPS,[9] namely �-�-Glcp-(1� 3)-[�-�-�-
Hepp-(1� 7)-]-�-�-�-Hepp-(1� 3)-�-�-�-Hepp-(1� 5)-[�-
Kdo-2� 4)]-�-Kdo-(2� ).[10] The Glcp residue of this moiety
is substituted by two hexoses, that is, Glcp and Galp. The
core region from LPSs of B. caryophylli is free of phosphate
and contains a Glcp residue that is �-(1� 4)-linked to the
first Hep residue and which is substituted at O6 by another
�-Glcp residue. Most strikingly, and identified for the first
time, the core region of B. caryophylli LPSs possesses two
�-�-�-Hepp-(1� 5)-�-Kdo-2� moieties, one of which is
linked to lipid A, and the other to the branching Kdo re-
sidue.


In LPSs, the O-specific polysaccharide is linked to the core
region, which in turn is bound to the lipid A.[11] Endotoxic
active lipid A, for example, enterobacterial lipid A,[12, 13] is
known to possess a rather conserved structure that is
characterized by a �-(1� 6)-linked 2-amino-2-deoxy-�-glu-
copyranose (�-GlcpN) disaccharide backbone with phosphate
groups attached to O1 and O4�. (R)-3-Hydroxy fatty acids and
(R)-3-acyloxyacyl residues are linked at positions 2 and 3, and
2� and 3�, respectively. In many LPSs, lipid A is further
substituted by compounds that reduce its net negative charge,
for example, by 2-aminoethanol phosphate (PE) and 4-amino-
4-deoxy-�-arabinopyranose (�-Arap4N).[14, 15] The latter con-
stituent was in most of these cases identified to substitute the
phosphate residue at O4� (e.g., in LPS of Proteus mirabilis,
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Salmonella enterica). There is
good evidence that this partic-
ular substitution, together with
extensive esterification of di-
phosphates in LPS by 2-amino-
ethanol, renders gram-negative
bacteria resistant against the
antibiotic polymyxin B.[14, 15] To
date, only lipid A from LPS of a
polymyxin-resistant mutant of
Klebsiella pneumoniae O3 was
shown to possess two
L-Arap4N residues, one sub-
stituting the glycosidic and
the other the 4�-phosphate
groups.[16] It is thought that the
glycosidic �-Arap4N substitu-
tion of lipid A does not contrib-
ute to resistance against polymyxin B. Two lipid A precursors
were identified in 3-deoxy-�-manno-oct-2-ulopyranosonic
acid (Kdo) deficient mutants of Salmonella enterica sv.
Typhimurium, namely, precursors IA and IIA (both are tetra-
acylated �-GlcpN disaccharides that differ in the phosphate
substitution), representing the sole lipid A species known
with only one �-Arap4N residue exclusively substituting the
glycosidic phosphate group.[17, 18] In this study we report the
first case of a wild-type lipid A in which such a substitution
pattern occurs.


Results


Isolation and compositional analysis of lipid A : Lipid A was
obtained by mild hydrolysis of the LPSs in a yield of 5% of
LPSs dry mass. Compositional analysis revealed the presence
of �-GlcN, a 4-amino-4-deoxy-pentose, and phosphate. The
4-amino-4-deoxy-pentose was identified as 4-amino-4-deoxy-
�-arabinose (Ara4N) by comparison of its acetylated O-
methyl and O-octyl glycosides with those of the authentic
compound isolated from LPSs of Burkholderia cepacia.[19]


Fatty acid analysis revealed the presence of (R)-3-hydroxy-
hexadecanoic (16:0(3OH)) (amide-linked), (R)-3-hydroxy-
tetradecanoic (14:0(3OH)), and tetradecanoic acid (14:0)
(ester-linked) in molar ratios of �2.0:1.6:1.0.


Analysis of lipid A : The negative ion MALDI-TOF mass
spectrum of the isolated native lipid A (Figure 1) composed of
a complex pattern of molecular ion peaks, indicating that the
isolated lipid A consists of a heterogeneous mixture. In
accordance with results obtained from the compositional
analysis and NMRmeasurements (see below), the mass peaks
could be assigned in a straight forward manner. There are
three series of ion peaks starting at m/z 1139.2, 1365.2, and
1591.1, representing tri-, tetra-, and pentaacylated lipid A
species respectively. The ion at m/z 1591.4 is consistent with a
monophosphorylated diglucosamine backbone possessing two
amide-linked 16:0(3-OH), two ester-linked 14:0(3-OH), and
one 14:0 residuess (calculated average mass 1591.4 Da). The
prominent tetraacylated species lack one and the low


abundant triacetylated species two 14:0(3-OH) fatty acid
residues (�m/z 226 and 452, respectively). The differently
acylated series exhibited the same heterogeneity with respect
to the nonstoichiometric substitution with phosphate (�m/z
�80) and/or Ara4N (�m/z �131).


Analysis of de-O-acylated lipid A : The amide-bound acyloxy-
acyl group was inferred from MALDI-TOF MS of the partial
de-O-acylated product obtained from treatment with
NH4OH. It was found that this mild procedure selectively
splits acyl and acyloxyacyl esters, leaving the acyl and
acyloxyacyl amides unaffected.[20] Analysis of the product by
MALDI-TOF (Figure 2) revealed ions corresponding to


Figure 2. Negative ion MALDI mass spectrum of de-O-acylated lipid A of
LPSs from B. caryophylli.


triacyl species at m/z 1138.5, 1218.5, 1269.5, and ions
corresponding to tetraacyl species at m/z 1364.7, 1444.7, and
1495.9. The ions at m/z 1138.5, 1218.5, and 1269.6 were of
particular significance. The ion at m/z 1218.5 was consistent
with a bis-phosphorylated lipid A species possessing two
amide-linked 16:0(3-OH) residues, one of which was esteri-
fied by a 14:0 residue. The other two ions both lacked a
phosphate residue; moreover, the one atm/z 1269.5 carried an


Figure 1. Negative ion MALDI mass spectrum of the lipid A of LPSs from B. caryophylli.
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�-Ara4N residue (�m/z �131). The ion at m/z 1444.7 was
assigned to a lipid A species possessing two amide-linked
16:0(3-OH) residues, one of which was esterified by a 14:0
residue, one ester-linked 14:0(3-OH) residue and two phos-
phate residues. The ions at m/z 1364.7 and 1495.9 both lacked
one phosphate, and the second one carried an �-Ara4N
residue (�m/z �131).


Analysis of dephosphorylated lipid A : The distribution of
fatty acids in lipid A was determined by analysis of the
dephosphorylated lipid A. An aliquot of lipid A was treated
with 48% aqueous HF, and the product obtained was
analyzed by mass in the positive ion mode. The spectrum
(Figure 3) shows prominent sodium and potassium adduct
ions of two molecular species at m/z 1551.4, 1535.4, and m/z
1325.2, 1309.0, which can be attributed to penta- and tetraacyl
species, respectively. The absence of ions with �m/z �131
indicated that the �-Ara4N residue must have been attached
through a phosphate group. Furthermore, the spectrum
comprises laser-induced in-source fragment ions resulting
from the cleavage of the glycosidic linkage of the disaccharide
backbone. The formation of oxonium ions (m/z 853.901 and
623.402) is exclusively observed from nonreducing distal
GlcN.[21] Thus, the oxonium ion at m/z 853.9 was consistent
with a lipid Amolecule containing one residue each of 14:0(3-
OH), 16:0(3-OH), and 14:0. The presence of the 14:0 residue
proved that the nonreducing GlcN carried an acyloxyacyl
group. The oxonium ion at m/z 623.4 was consistent with a
lipid A molecule that carried one 16:0(3-OH) and one 14:0
residue, confirming that the 14:0 residue was esterifying the
3-hydroxy group of 16:0(3-OH) residue.


NMR spectroscopy of lipid A : As lipid A was well soluble in
Me2SO, it was possible to analyze it in [D6]Me2SO by NMR
spectroscopy. The 1H and 13C chemical shift assignments
(Table 1) are based on two-dimensional correlation spectros-
copy (COSY), total correlation spectroscopy (TOCSY),
rotating frame nuclear Overhauser effect spectroscopy (RO-
ESY), and 1H-13C and 1H-31P heteronuclear single quantum
coherence (HSQC) experiments. The determination of chem-
ical shifts and coupling constants (characteristic of a gluco-
configuration) revealed that both GlcN residues of the lipid A


backbone were pyranoses in 4C1 conformation. Starting from
the anomeric and/or amide proton signals in the COSY and
TOCSY spectra, it was possible to assign the chemical shifts of
each sugar residue. In the anomeric region of the 1HNMR
spectrum (Figure 4), three signals at � 5.41, 5.33, and 4.72 ppm
were attributed to H1 of �-�-Ara4NA, �-GlcN B, and �-GlcN


Figure 4. The 1D 1H NMR spectrum of lipid A of LPSs from B.
caryophylli. The spectrum was recorded in [D6]Me2SO at 400 MHz and
60 �C.


C, respectively. The signals of the
remaining ring protons were in the
region of �� 3.1 ± 5.0 ppm (Fig-
ure 5). Most chemical shifts of the
fatty acids were between �� 0.8
and 2.4 ppm. The H3 protons of
16:0(3-O-(14:0)), and 16:0(3-OH)/
14:0(3-OH) were at �5.04 and 3.80,
respectively. In agreement with the
results of other experiments, the
lipid A was found to be composed
of three sugars substituted with
fatty acids.


The 13CNMR spectrum was as-
signed by a 1H-13C HSQC experi-
ment (Figure 5, Table 1). ThreeFigure 3. Positive ion MALDI mass spectrum of dephosphorylated lipid A of LPSs from B. caryophylli.


Table 1. 1H and 13C NMR chemical shifts [ppm] of sugar residues of lipid A
of LPS from B. caryophylli NCPP 2151.[a]


Unit Chemical shift � (1H/13C)
1 2 3 4 5 6


A, �- 5.41 3.55 3.80 3.26 4.01
Arap4N (95.5) (69.0) (74.0) (54.0) (n. d.)
B, � 5.33 3.90 4.98 3.56 4.06 3.66/3.83
GlcpN (93.9) (52.2) (73.9) (69.6) (71.1) (67.3)
C, �- 4.72 3.68 3.79 4.04 3.17 3.55/3.80
GlcpN (99.0) (54.1) (68.0) (71.0) (77.0) (60.7)


[a] The spectra were recorded at 400 MHz (1H) and 100 MHz (13C) in
[D6]Me2SO at 60 �C. The 1H NMR data are given for each unit in the first
row, the 13C NMR data in the second (in parentheses). Chemical shifts are
expressed relative to Me2SO (at 60 �C), �H 2.49, �C 39.7. Characteristic
chemical shifts for the 3-CHO- of 3-hydroxy fatty acids were at (1H/13C)
�� 5.04/71.1 {of 16:0[3-O(14:0)]} and at 3.80/68.5 ppm [of 16:0(3-OH)/
14:0(3-OH)].
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Figure 5. Sections of the TOCSY (top) and 1H-13C HSQC (bottom)
spectra of lipid A of LPSs from B. caryophylli. Both spectra were recorded
in [D6]Me2SO at 400 MHz and 60 �C. The letters refer to the carbohydrate
residues, and the arabic numerals to the protons/carbons in the respective
residues.


resonances (of the two GlcN and the Ara4N) were identified
in the anomeric region, that is, at �� 95.5 (A), 93.9 (B), and
99.0 ppm(C). Of the ring sugar signals in the region �� 50–
77 ppm, those of A4, B2 and C2 at �� 3.26, 3.90, 3.68 ppm
respectively, correlated to signals at �� 54.0, 52.2, and
54.1 ppm, respectively, and thus the carbon atoms that were
substituted by amino groups were identified. The proton
resonance of B3 was shifted downfield to �� 4.98 ppm, which
is typical for protons located geminal to anO-acylated carbon.
An alternative resonance for the proton resonance of C3� was
identified at �� 3.79 ppm, proving that O3 of this residue was
not always acylated and thus confirming the partial lack of
14:0(3-OH) in this position as revealed by MALDI-TOF-MS.
TheB6 resonance at �� 67.3 ppm indicated the substitution of
O6 of GlcN I. A cross peak between the resonances ��
71.1 ppm and 5.04 ppm identified H3 of the 16:0(3-OH)
moiety of 16:0(3-O-(14:0)). In the TOCSY and COSY
spectra, the signal at 5.04 ppm correlated with the two
diastereotopic �-methylene protons at �� 2.32 and 2.25 ppm
(H2a and H2b), and with the �-methylene protons of the acyl
chain at �� 1.47 ppm. In the HSQC spectrum, the cross-peak
between the signals at �� 68.5 and 3.80 ppm was attributed to
H3 of the 14:0(3-OH) and 16:0(3-OH) residues, and this
signal correlated with the �-methylene protons at ��
2.27 ppm, and the �-methylene protons at �� 1.46 ppm of
the acyl chains.


The ROESY spectrum established the sequence of the two
GlcN residues. The proton C1 gave strong intraresidual ROE
contacts to protons C3 and C5, validating the �-configuration
of GlcN C. In addition, C1 possessed a strong interresidual


ROE contact to proton B6a, and weak ROE contacts to
protons B4 and B6b, establishing the �-1,6 linkage between
the GlcN residues C and B. The ROE contacts found in the
spectrum were in agreement with the assumption that a rigid
glycosidic bond was present in the disaccharide, thus allowing
the fatty acid chains to be parallel ; this results in a highly
densely packed conformation.[22]


1H-31P HSQC and 1D ROESYexperiments were applied to
establish the positions of the phosphate and Ara4N residues.
Three cross peaks were observed in the 1H-31P HSQC
spectrum (Figure 6), one of which was a weak signal in F1


Figure 6. Section of the 1H-31P HSQC spectrum.


dimension at �� 0.4 ppm, representative of a monophosphate
monoester group and correlated with a proton resonance at
�� 4.04 ppm which was identified as proton C4. Thus, if
present, one phosphate group was linked to O4 of GlcN C.
The other two cross-peaks correlated with resonances in the
anomeric region in F2 dimension. The first of these, at ��
�0.58 ppm, correlated with the proton B1 and, thus, indicated
a second phosphate group �-linked to C1 of B. The other, at
���2.9 ppm, showed a double correlation of the 31P
resonance with two protons at �� 5.33 ppm (proton B1) and
�� 5.41 ppm (proton A1). This result established that the
Ara4N residue, when present, was linked to the anomeric
position of GlcN B by a phosphodiester. Additional evidence
for that was provided by the selective 1D ROESY spectrum
(Figure 7) in which a selective excitation of proton A1


Figure 7. Section of the 1D ROESY spectrum. A selective excitation of
proton A1 resulted in an increased intensity of the B1 proton resonance,
proving an intraresidual NOE contact between these protons.
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resulted in an increased intensity of the B1 proton resonance,
proving an intraresidual NOE contact, and, thus, a spatial
proximity between these protons.


On the basis of these data, the weak intensity of the
monophosphate resonance that correlated with the proton C4
resonance at �� 4.04 ppm can be explained as a result of a
nonstoichiometric substitution of this position by phosphate.
This interpretation is in agreement with the lipid A species
isolated from TLC, which lacked one phosphate group, but
still contained Ara4N (see Figure 1).


Taken together, the lipid A fraction isolated from LPS of B.
caryophylli consisted of molecular species with structures
depicted in Figure 8.


Figure 8. The structure of isolated lipid A of LPSs from B. caryophylli.
Dotted lines indicate nonstoichiometric substitutions.


Discussion


For the first time, a mixture of lipid A components was
isolated from a wild type LPS that possesses (in nonstoichio-
metric amounts) one �-Arap4N residue that is exclusively
linked by its phosphate group to the reducing end of the
glucosamine disaccharide backbone. Although the analysis of
the presence of GlcN, phosphate, and �-Arap4N in the LPSs
(data not shown) suggested that the last constituent was
present in nonstoichiometric amounts, it is likely that another
portion of this substituent was lost during the mild acetic acid
hydrolysis necessary to isolate the lipid A moiety, since the
linkage of �-Arap4N is expected to be quite sensitive to acidic
conditions. Earlier, the two lipid A precursors IA and IIA had
been identified in Kdo-deficient mutants of Salmonella
enterica sv. Typhimurium, both of which possessed only one
�-Arap4N residue substituted exclusively by the glycosidic
phosphate group.[17, 18]


MALDI-MS experiments revealed that the structure (Fig-
ure 8) of the carbohydrate backbone �-�-GlcpN-(1� 6)-�-�-
GlcpN-1�P� 1-�-�-Arap4N was substituted by two amide-


linked (R)-16:0(3-OH) fatty acids, of which one at the
nonreducing GlcN (residue C) was further substituted at its
3-hydroxy group by a 14:0 residue. Furthermore, two unsub-
stituted ester linked (R)-14:0(3-OH) fatty acids were present
at positions O3 of both GlcN B and C, and a monophosphate
residue was linked to O4 of C. To date, amide-linked (R)-
16:0(3-OH) was identified only in few other lipid A, for
example, LPSs from Helicobacter pylori, Rhodospirillum
fulvum, and Porphyromonas fragilis.[13]


Lipid A is considered as a valuable chemotaxonomic and
phylogenetic marker. Burkholderia caryophylli is a phytopa-
thogenic gram-negative bacterium that had earlier been
included in the genus Pseudomonas. Application of ribosomal
RNA (rRNA) similarity studies showed that this original
genus Pseudomonas is diverse and contains five distantly
related groups, of which, the new genus Burkholderia was
classified to RNA group II. The comparison of the structures
lipid A from LPSs of B. caryophylli and Ps. aeruginosa, the
latter of which possesses amide-linked (R)-12:0(3-OH) and
differs in fatty acid composition in general, and does not
possess �-Arap4N at all,[13] confirms such separation.


The biosynthesis of the attachment of �-Arap4N to lipid A
in LPSs of Salmonella enterica and Escherichia coli has been
elucidated only recently.[23, 24] An inner membrane enzyme
(ArnT) was identified to be expressed in polymyxin-resistant
mutants that add one or two �-Arap4N residue to lipid A or
its precursors. InE. coli, biosynthesis of the core region begins
with the attachment of two Kdo residues to precursor IVA, the
tetraacylated, and bisphosphorylated GlcN-disaccharide,
which is performed by one Kdo-transferase WaaA (KdtA),
and which results in Kdo2-lipid IVA.[25±27] Completion of
lipid A employs two additional acylation steps of Kdo2-
lipid IVA, and then the Kdo residue that is attached to lipid A
is substituted at O5 by �,�-Hepp, followed by further steps of
core biosynthesis. Most interestingly, ArnT adds two �-
Arap4N residues to Kdo2-lipid IVA, and to Kdo2-lipid A
(Re-LPS).[23] To precursor IVA it adds only one �-Arap4N
residue to the glycosidic phosphate group, a finding which
explains very well why lipid A precursors of Kdo-deficient
mutant strains exclusively possess �-Arap4N at the glycosidic
phosphate. Although the biosynthesis of the LPSs of B.
caryophylli has not yet been elucidated, it may be speculated
that the transfer of the �-Arap4N residue to a lipid A
precursor occurs prior to the attachment of core sugars. A
further substitution of the 4�-phosphate in later steps of LPSs
biosynthesis in B. caryophylli evidently does not take place;
this may be due to a substrate specificity of a �-Arap4N
transferase that is different to that of ArnT, or to peculiarities
in the conformation of the lipid A precursor possessing two
Kdo residues, or of an Re-LPS species. It may well be the
substrate specificity of an Re-LPS species, since the lipid A
possesses an acyl pattern different to that of lipid A of LPS
from E. coli.


Resistance of gram-negative enterobacteria to the poly-
cationic antibiotic polymyxin B is believed to be associated
with particular alterations in the LPS, that is, with a shift
towards a less anionic net charge achieved by a higher level of
substitution of phosphate residues by 2-aminoethanol phos-
phate and �-Arap4N.[14, 15, 28±31] Evidently, in particular, the
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esterification of the 4�-phosphate group of lipid A with �-
Arap4N leads to resistance against polymyxin B, whereas
such substitution of the glycosidic phosphate plays a less
significant role. Thus, a phosphate monoester at O4� of lipid A
should represent a part of the receptor site for polymyxin B.
Unfortunately, it was not possible to isolate the pure lipid A
fraction with �-Arap4N from the lipid A precipitate of the
LPSs of B. caryophylli. Thus we could not test whether such
lipid A possesses any reactivity with polymyxin B.


Experimental Section


Bacteria and bacterial LPSs : Burkholderia caryophylli strain NCPP 2151
was cultivated as described.[3] The LPSs were obtained from lyophilized
bacteria by the phenol/water extraction method as described (yield: 6% of
the bacterial dry mass).[3]


Preparation of lipid A , de-O-acylated lipid A, and dephosphorylated
lipid A : Free lipid A was obtained by treatment of LPS (100 mg) with
sodium acetate buffer (0.1�� (pH 4.4) containing 1% sodium dodecylsul-
fate (SDS) (100 �C, 2 h). The solution was then lyophilized, treated with 2�
HCl/EtOH (1:100, v:v) to remove the SDS, evaporated, dissolved in water,
and ultracentrifuged (100.000� g, 4 �C, 90 min). The obtained precipitate
(free lipid A) was washed with water (yield: 5 mg, 5% of the LPS). Thin-
layer chromatography (TLC) of lipid Awas carried out on silica gel 60 TLC
plates (20� 20 cm, 0.25 �m thickness), and eluted with CHCl3/MeOH/H2O
(100:75:15, by vol). Compounds were visualized by spraying the plate with
10% ethanolic H2SO4 and charring. Lipid A was de-O-acylated either by
mild hydrazinolysis (37 �C, 1.5 h) with anhydrous hydrazine in tetrahydro-
furan, followed by precipitation with acetone at 4 �C and centrifugation
(2.750� g, 15 min, yield: 2.5 mg, 50% of lipid A), or by treatment with
11% NH4OH at 20 ± 22 �C for 18 h. Lipid A was dephosphorylated by
treatment with 48% aqueous HF (4 �C, 48 h), then neutralization, dialysis,
and lyphilization.


General and analytical methods : The content of organic bound phosphate
was determined as described previously.[32] The sugar composition was
identified by GLC and combined GLC mass spectrometry (MS) after
methanolysis (80 �C, 16 h) with 2� methanolic HCl and acetylation (80 �C,
30 min) with acetic anhydride in pyridine. The absolute configuration of the
monosaccharides was obtained according to the method published by
Leontein et al.[33] Fatty acid analysis (determination of ester-, amide-bound
fatty acids and determination of the absolute configuration) were
performed as described previously,[34, 35] as were GLC and GLC-MS
analysis.[34, 35] The temperature program for the determination of the
absolute configuration of sugars was 150 �C for 8 min and then 2 �Cmin�1 to
200 �C, followed by 6 �Cmin�1 to 260 �C, and 260 �C for 5 min. For the
analysis of fatty acids, the temperature program was 150 �C for 3 min and
then 10 �Cmin�1 to 280 �C over 20 min.


Mass spectrometric analysis : Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) of native and TLC-
separated fractions of lipid A, de-O-acylated, and dephosphorylated
lipid A was performed with a Bruker-Reflex II instrument (Bruker-
Daltonik, Bremen, Germany) in the positive and negative ion mode at
an acceleration voltage of 20 kV. In general, aqueous suspensions of the
compounds were prepared at a concentration of 5 �g�L�1 and treated with
an ion exchanger (Amberlite IR-120, Merck) to remove disturbing cations
as described.[21] One �L of the sample was then mixed with 1 �l of a
saturated solution of re-crystallized 2,5-dihydroxybenzoic acid (Aldrich) in
methanol containing 30% acetonitrile and 0.1% trifluoroacetic acid, and
0.5�L aliquots were deposited on the metallic sample surface. The mass
spectra shown are the average of at least 50 single analyses. Mass scale
calibration was performed externally with similar compounds of known
chemical structure.


NMR spectroscopy : 1H, 13C, and 31PNMR spectra of a solution of lipid A
(5 mg in 0.6 mL) in [D6]Me2SOwas recored at operating frequencies of 400,
100, and 162 MHz, respectively, with a Bruker DRX 400 spectrometer
equipped with a reverse probe at 60 �C in the fourier transformed mode, by
using Bruker standard software. 13C and 1H chemical shifts are expressed


relative toMe2SO (�H 2.49, �C 39.7). The assignment of the proton chemical
shifts was achieved by COSY, TOCSY, and ROESY experiments. The
assignment of carbon chemical shifts was achieved by a 1H-13C HSQC
experiment. The homonuclear experiments were performed with 4096 data
points in the F2 dimension and 512 experiments in F1. The data matrix was
zero-filled in the F1 dimension to give a matrix of 4096� 2048 points and
was resolution-enhanced in both dimensions by a shifted sine-bell function
before fourier transformation. The TOCSYand ROESYexperiments were
performed with a mixing time of 80 ms and 300 ms, respectively. The 1D
ROESY experiment was performed by using selective excitation with a
shaped pulse. The program was furnished by Bruker software. The
heteronuclear experiment was performed as a gHSQC experiment by
using a pulse field gradient program.
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Photochemical Reaction of N,N-Dimethyl-4-chloroaniline with Dienes:
New Synthetic Paths via a Phenyl Cation


Benedetta Guizzardi, Mariella Mella, Maurizio Fagnoni, and Angelo Albini*[a]


Abstract: The irradiation of N,N-di-
methyl-4-chloroaniline in the presence
of open-chain dienes in acetonitrile
leads to addition of the aminophenyl
and chloro groups across one of the
double bonds; transannular cyclization
takes place with cyclic dienes, leading to
an arylnortricyclene from norborna-
diene and to 1-arylbicyclo[3.3.0]octanes
from 1,5-cyclooctadiene. The reaction
proceeds by photoheterolysis of the


chloroaniline to yield the 4-aminophen-
yl cation and addition to a C�C double
bond. The chemistry of the adduct
cation depends on structure and medi-
um, involving ion pairs in MeCN and
solvated ions in CF3CH2OH. In the
latter solvent, formation of ethers from


open-chain alkenes is accompanied by
Wagner ±Meerwein hydride shift. In
acetonitrile, the cation from cycloocta-
diene partitions between deprotonation
and Ritter addition, while the one from
norbornadiene is reduced; both cations
undergo nucleophilic addition in tri-
fluoroethanol. The relevance of these
cationic reactions under unusually mild
conditions is discussed.


Keywords: alkylation ¥ anilines ¥
carbocations ¥ photochemistry


Introduction


Phenyl cations have not been considered useful intermediates
in chemical synthesis due to their difficult accessibility under
convenient conditions.[1] These species have been generated in
solution only in a few particular cases, allowing for some
exploration of the chemistry, such as solvolysis of some
perfluoroalkylsulfonic aryl esters,[2] solvolytic cyclization of
(trifluoromethanesulfonyl)oxydienynes,[3] and controlled
(photo)decomposition of diazonium salts.[4] A large fraction
of the reports on aryl cations involves gas-phase studies, in
which they arise by decay of tritiated benzenes,[5] or spectro-
scopic studies in matrix at cryogenic temperatures.[6]


However, a mild entry at least to electron-donating,
substituted phenyl cations is offered by the photoheterolysis
of haloanilines[7, 8] and halophenols;[9] this occurs efficiently in
polar or protic solvents, as has been demonstrated through
several pieces of evidence. As an example, 4-N,N-dimethyl-
chloroaniline (1, Scheme 1) gives the substituted phenyl
cation 2.


Under these conditions the cation is formed in the triplet
state. This is interesting, because, while singlet phenyl cation
usually exhibits unselective attack to the solvent,[4a,f] triplet
cation 2 was found to add to alkenes, not to the solvent
(acetonitrile).[8b,c] The reaction yields 4-(�-chloroalkyl)ani-


Scheme 1.


lines 4, rationalized as arising via phenonium cation 3. There
are several points of interest in the mechanism of the process.
One is the unusual selective reaction of the triplet cation with
� rather than � nucleophiles, which is in accord with the
prediction by B3LYP calculation.[8b] Another one is the
formation along the path of a phenonium ion, another
intermediate that has been the subject of a extensive
investigation.[10] In this case, the phenonium ion is formed
through cationic addition, rather than by the usual path, that
is, elimination from a phenethyl derivative.


However, the reaction has also a preparative significance.
As it appears from Scheme 1, the overall sequence (case a)
exactly parallels the Meerwein arylation of alkenes
(case b),[11] with the important difference that the key bonding
step involves a phenyl cation in the former case and a radical
(formed by metal-induced reductive decomposition of a
benzenediazonium cation) in the latter one. The difference
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shows up clearly in the fact that the Meerwein arylation is
usually carried out with electrophilic alkenes (Z in Scheme 1
is an electron-withdrawing group), while in the above ionic
variation nonconjugated, nucleophilic alkenes are used.
Furthermore, the cation also adds to aromatic compounds
to finally give biaryls in a variation of the Gomberg ±Bach-
mann synthesis;[12] this again proceeds via the phenyl cation
rather than the radical.


The complementarity with the Meerwein arylation of
alkenes encouraged us to further examine this reaction. An
appealing extension that we considered was to replicate the
reaction and explore whether the first addition step could be
followed by a second addition to a � nucleophile and, thus,
form two new C�C bonds. Intramolecular attack seemed a
reasonable possibility (see Scheme 2, path b vs. a), and
accordingly we studied the photogeneration of the 4-N,N-
dimethylaminophenyl cation in the presence of some open-
chain, cyclic, and bicyclic dienes. In the event, we found that
double attack by path b did take place under precise
conditions, and this offered a more detailed rationalization
of these cationic reactions.


Scheme 2.


Results


Open-chain 1,3-, 1,4-, and 1,5-dienes were tested. Thus,
irradiation of a solution of 4-chloro-N,N-dimethylaniline
(0.05�) in acetonitrile containing 2,5-dimethyl-2,4-hexadiene
(1�) gave, beside a small amount of dimethylaniline, a single
product. This was identified as the trans-pentadienylaniline
(5 : Scheme 3) on the basis of the analytical and spectroscopic
properties.


Scheme 3.


In the case of 1,4-pentadiene, two products were obtained.
These were identified as the chlorinated alkenylanilines 6 and
7, resulting from the two regioisomeric additions of the aryl
group and chlorine across one of the double bonds. A similar
result was found with 1,5-hexadiene, which gave the corre-
sponding chlorohexenylanilines 8 and 9.


Cyclic dienes were then explored. Norbornadiene gave a
nonchlorinated alkylaniline as the main product. Spectro-
scopic examination demonstrated the presence of a nortricy-
clene skeleton, with the aryl residue in the 2-position (product
10, Scheme 4).


Scheme 4.


With 1,5-cyclooctadiene, three products were obtained, all
of them containing a bicyclo[3.3.0]octane skeleton with the
aminoaryl group in the 2-position; NOE experiments estab-
lished that the aryl group was cis to the bridgehead hydrogens
in every case. Detailed examination showed that one of the
products was the arylated bicyclooctene 11, while the other
two, which together accounted for 66% of the reaction, were
stereoisomers 12 and 13, bearing an acetamido group on the
same skeleton. Clearly the last reaction resulted from
incorporation of the solvent acetonitrile and adventitious
water. This encouraged us to carefully examine the reaction
with norbornadiene, which revealed the presence of further
products. Although we did not obtain a complete character-
ization, due to the tiny amounts (overall ca. 10%), GC/MS
data (see Experimental Section) supported the formation of
six further anilines (10�), resulting from the incorporation of
norbornadiene and 1) a chlorine atom (three isomers), 2) an
acetamido group, and 3) a further norbornadiene unit (two
isomers).


This suggested testing further solvents, and some of the
above reactions were repeated in trifluoroethanol. In this
solvent, the reaction with 1,4-pentadiene gave three trifluoro-
ethyl ethers (Scheme 3, bottom). These were the �-arylethyl
ethers 14 and 15, corresponding to the �-chloroalkyl deriva-
tives obtained in acetonitrile, as well as an unexpected isomer,
the benzyl ether of structure 16.
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As for norbornadiene, the above-mentioned product 10was
a minor product in trifluoroethanol, in which the reaction
mainly gave two trifluoromethyl ethers, compounds 17 and 18
(Scheme 4), which differ in the stereochemistry of the aryl
group. With cyclooctadiene compound 11, which contains the
bicyclooctene moiety, was still formed and was accompanied
by two ethers (compounds 19 and 20) corresponding to the
amides obtained in acetonitrile.


Discussion


The above results show that simple arylation is obtained with
open-chain dienes, while arylation is accompanied by intra-
molecular alkylation forming a second carbon ± carbon bond
with cyclic dienes. The structure of final products depends on
conditions. Thus, the resulting alkyl chain introduced on the
aniline bears a chloro atom with open-chain alkenes in MeCN,
or a trifluoroethoxy group in CF3CH2OH (one of the products
has a rearranged chain), no substituent with norbornadiene in
MeCN, an acetamido group with cyclooctadiene in the same
solvent, and again an alkoxy group with the cyclic dienes in
CF3CH2OH.


This demands a detailed rationalization and more precise
definition of the scope of the arylation reaction via photo-
generated aryl cations. As previously demonstrated, photol-
ysis of chloroanilines occurs from the triplet state and yields
the triplet cation. B3LYP calculations showed that this species
is not a localized � cation, but rather the charge is delocalized
over the � system and the divalent carbon resembles a triplet
carbene. More importantly, calculations showed that the
triplet does not react with a � nucleophile such as water, while
it adds to an alkene forming an adduct still of triplet
multiplicity.[8b] The lowest lying adduct cation is a singlet
phenonium cation to which the previous species intersystem
crosses. In full agreement, it was found that arylation of
alkenes occurs under these conditions yielding �-choroalkyl-
anilines (Scheme 1).


In the present reaction, the photoproduced aryl cation adds
to dienes as it does to alkenes. The ensuing chemistry depends
on the structure of the diene and on the reaction conditions.
With open-chain dienes in acetonitrile, the pattern is essen-
tially the same as with alkenes and can again be rationalized
by the intermediacy of a phenonium cation. In the case of the
conjugate diene that we investigated (2,5-dimethyl-2,4-hexa-
diene), an allylic proton acts as an electrofugal group, and
deprotonation from intermediate 21� gives the observed
(trans) pentadienyl aniline (Scheme 5), in the same way as an
allylaniline was obtained with 2,3-dimetyl-2-butene, to which
this diene is equivalent with the interposition of a further
double bond.


With nonconjugated dienes, a chloride ion acts as a
nucleophile yielding �-chloroalkyl derivatives, as with simple
alkenes, with no interference by the second double bond. This
is reasonable, because a solvent such as acetonitrile moder-
ately stabilizes the ions formed from the photofragmentation
and oppositely charged ions are expected to remain paired
(Ar�Cl�). Therefore, insertion of the cation into the alkene to
give the ion pair 22�Cl� is immediately followed by addition


Scheme 5.


of closely lying chloride (Scheme 5). The remaining double
bond has some effect on the regioselectivity in the adduct
cation reaction, since with alkenes we found attack at the
methine predominating by about 2 to 1 with Cl� in MeCN
(and 95 to 5 with MeOH as neat solvent),[8a] and in general
some selectivity is expected with phenonium ions, whereas
here there is no selectivity in the pairs 6/7 and 8/9.


Changing the medium causes a drastic change on the
reaction course, as shown in the experiments in trifloroetha-
nol. Solvation of the ions here is much more important, and it
is expected that free ions are involved ((22�)(Cl�), see
Scheme 5). The intermediacy of the free cation is apparent
through a diagnostic reaction, the Wagner ±Meerwein rear-
rangement,[13] of the alkyl cation to form a benzyl cation
(path c in Scheme 5). Thus, under these conditions both the
non-rearranged �-alkoxyalkylanilines 14 and 15 (with mod-
erate regioselectivity) and the rearranged �-alkoxyalkylani-
line 16 are formed. The last compound accounts for about
40% of the alkylated anilines formed.


Contrary to the case of freely rotating open-chain dienes,
the second double bond is directly involved in the addition
with the cyclic derivatives, apparently due to entropic reasons.
Thus, with norbornadiene attack by the phenyl cation is
immediately followed (or accompanied, we have no evidence
for the role of a phenonium intermediate) by interaction with
the second double bond. This leads to a nortricyclene cation
(23�, Scheme 6), as often observed with norbornadiene under
acidic conditions.[14] Formation of the transannular bond
moves the cationic site away from the counterion, and the
interception of Ar�Cl� in MeCN is not followed by recombi-
nation with chloride. Product 10� (X�Cl, three isomers) is
formed only in traces and further products arise from addition
of different nucleophiles, namely, acetonitrile (to form a ylide
and the acetamide from it) or a further molecule of
norbornadiene (products 10�, X�NHAc, C7H9).


The major process in this solvent, however, is reduction to
the alkane (product 10 is present in four times as much as the
sum of products 10�). We see no evident path for intermo-
lecular reduction. A possible rationalization is that ion 23�
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Scheme 6.


obtains some stabilization through intramolecular electron
transfer from the aniline moiety to the cationic site in front of
it (Scheme 6) and that this facilitates hydrogen abstraction
from the medium. This path is important only in moderately
polar MeCN, and in the better ion-solvating trifluoroethanol
the stabilized ion 23�solv mainly undergoes nucleophile addition
to yield ethers 17 and 18, with 10 as a minor product.


One may think that steric constraints are essential in
facilitating transannular bonding in norbornadiene. However,
the same chemistry is observed with cyclooctadiene, in which
attack by the aryl cation is followed by intramolecular C�C
bond formation leading to two fused five-membered rings
(ion 24� in Scheme 7). The charge is now further removed
from the counterion, no alkyl chloride is detected, and the
cation partitions, as one may expect, between deprotonation
to yield alkene 11 and addition to acetonitrile to yield
acetamides 12 and 13. This clearly involves a Ritter reaction
via the corresponding ylides, a process as yet known to occur
only under strongly acidic conditions,[15] including the case of


Scheme 7.


transannular bonding in cyclic dienes.[15c] Since the cationic
site is not protected by the counterion, there is no difference
between the reaction in the two solvents MeCN and
CF3CH2OH, the respective solvent-trapping products being
obtained in each case (Scheme 7).


The steric arrangement of the aryl group is consistently cis
to the bridgehead protons. This configuration has been
calculated to be the most stable among the phenylbicy-
clo[3.3.0]octyl cations formed from acid-catalyzed reactions
between cyclooctadiene and benzene,[16] apart from those
implying hydride transfer, which are not observed here.


In conclusion, the present results widen the scope of the
photoinduced preparation of alkyanilines starting from chloro-
anilines. The photochemical step leads to highly functional-
ized products that would otherwise require multistep proce-
dures. With open-chain dienes an alkenyl chain susceptible of
further elaboration is introduced and with cyclic dienes
transannular cyclization occurs under appropriate conditions,
leading,for example, to bicyclo[3.3.0]octane derivatives, a
frequent structure fragment among natural products.[17] From
the mechanistic point of view, this works reiterates the
characteristic selectivity for reactions with � nucleophiles of
the 4-aminophenyl cation (and presumably of other phenyl
cations) in the triplet state. The adduct cation formed under-
goes intersystem crossing to the singlet state, and the ™classic∫
carbocation chemistry appears in the ensuing reactions. Clear
examples have been found with cyclic dienes, namely, the
transannular cyclization and the Ritter reaction with acetoni-
trile. Furthermore, the difference between paired ions and
free ions has been evidenced with the study in an ion-
stabilizing medium such as trifluoroethanol, for example, in
the increased nucleophilic trapping with norbornadiene and
in the Wagner ±Meerwein rearrangement observed with 1,4-
pentadiene. One should point out that alkylation of aromatics
can be also obtained from olefins and benzene derivatives, but
only under strongly acidic conditions,[14, 18] while in the present
case the reaction occurs under extremely mild conditions. This
allows us to control the course of the reaction, as already
apparent from the few examples presented. This ongoing
work, as well as different approaches from other laborator-
ies,[4f,g, 7, 9, 19] suggests that photochemistry may be the suitable
way for generating phenyl cations in solution and that the
little investigated chemistry of this species may turn out to be
rich and rewarding.


Experimental Section


General : N,N-Dimethyl-4-chloroaniline was prepared by methylation of
the aniline and recrystallized. The dienes were commercial products. For
the irradiations, spectroscopic grade solvents were used as received.


Preparative irradiations : In a typical experiment a solution of aniline 1
(780 mg, 0.05�) in acetonitrile or trifluoroethanol (100 mL) was subdi-
vided into five quartz tubes and flushed with argon for 15 min. The dienes
(1�) were added, flushing resumed for further 5 min, and the tubes were
tightly capped. These were externally irradiated by means of 6� 15 W
(centre of emission, 310 nm) phosphor-coated lamps for 3 hours in a merry-
go-round apparatus. The progress of the reaction was monitored by GC and
GC/MS.


Products isolation and identification : The irradiated solution was evapo-
rated under reduced pressure and the residue was purified by chromatog-
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raphy on silica gel 60 HR (Millipore) by eluting with cyclohexane/ethyl
acetate or cyclohexane/toluene mixtures, which contained 0.01% of
triethylamine to avoid product decomposition due to silica gel acidity.
The products were obtained as oils or glassy solids from the fractions.
Chromatography was repeated on some fractions for increased separation.
However, in some cases we did not obtain complete purification and some
of the products (see details below) were contaminated by one of their
isomers. The products were characterized by elemental analysis, GC/MS,
and IR and NMR spectroscopy as detailed in the following. The NMR
spectra were recorded on a 300 MHz spectrometer, and the chemical shifts
were reported relative to TMS. The GC/MS analyses were performed by
using a HP-5MS column (30 m� 0.25 mm with film thickness 0.25 �m) and
helium as carrier (0.6 mLmin�1). The total run time was 30 min with the
initial oven temperature 100 �C (4 min), rising at a rate of 10 �Cmin�1 to
250 �C. The structures of new compounds were deduced from the results of
1H, 13C, DEPT-135, and 2D correlated NMR experiments.


Irradiation of aniline 1 in the presence of 1,5-dimethyl-2,4-hexadiene in
MeCN : Chromatography on silica gel eluting with cyclohexane/toluene
(1:1) gave 52% of product 5.


trans-N,N-Dimethyl-4-(1,1,4-trimethyl-2,4-pentadienyl)aniline (5): Ele-
mental analysis calcd (%) for C16H23N: C 83.79, H 10.11, N 6.11; found:
C 83.9, H 10.2, N 6.0; 1H NMR (300 MHz, CDCl3): �� 1.4 (s, 6H; 1�-Me2),
1.8 (s, 3H; 4�-Me), 2.9 (s, 6H; NMe2), 4.9 (AB, 2H; 5�-H2), 5.8 (d, 3J(H,H)�
16 Hz, 1H; 3�-H), 6.1 (d, 3J(H,H)� 16 Hz, 1H; 2�-H), 6.7, 7.1 ppm (AA�BB�,
4H; aromatics); 13C NMR (75 MHz, CDCl3): �� 18.7 (CH3), 26.8 (CH3),
39.4 (C), 40.6 (CH3), 112.5 (CH), 114.6 (CH2), 126.7 (CH), 128.1 (CH),
128.9 (CH), 140.7 (CH), 148.7 ppm (C); IR (neat): �� 1615, 1515 cm�1.


Irradiation of aniline 1 in the presence of 1,4-pentadiene in MeCN :
Chromatography on silica gel eluting with cyclohexane/toluene (1:1) gave a
fraction that contained the isomeric products 6 (30%) and 7 (28%); IR
(neat): �� 1615, 1520 cm�1.


N,N-Dimethyl-4-(2-chloro-4-pentenyl)aniline (6): 1H NMR (300 MHz,
CDCl3): �� 2.65 (m, 2H; 4�-H2), 2.95 (s, 6H; NMe2), 3.0 (m, 2H; 1�-H2),
4.1 (tt, 3J(H,H)� 7, 5 Hz, 1H; 2�-H), 5.17 (dq, 2J(H,H)� 1.5, 3J(H,H)� 17,
4J(H,H)� 1.5 Hz, 1H; 5�-H trans), 5.19 (dq, 2J(H,H)� 1.5, 3J(H,H)� 10.5,
4J(H,H)� 1.5 Hz, 1H; 5�-H cis), 5.8 (ddt, 3J(H,H)� 17, 10.5, 7 Hz, 1H; 4�-
H), 6.75, 7.16 ppm (AA�BB�, 4H; aromatics); 13C NMR (75 MHz, CDCl3):
�� 40.2 (CH3), 41.0 (CH2), 42.9 (CH2), 62.7 (CH), 112.2 (CH), 117.5 (CH2),
125.2, 129.6 (CH), 133.8 (CH), 149.1; GC/MS: m/z (%): 223 (20) [M�], 134
(100).


N,N-Dimethyl-4-(1-chloromethyl-3-butenyl)aniline (7): 1H NMR
(300 MHz, CDCl3): �� 2.45, 2.7 (2m, 2H; 2�-H2), 2.95 (s, 6H; NMe2),
2.97 (m, 1H; 1�-CH), 3.71 (d, 3J(H,H)� 6.5 Hz, 2H; CH2Cl), 5.02 (dq,
2J(H,H)� 1.5, 3J(H,H)� 10.5, 4J(H,H)� 1.5 Hz, 1H; 4�-H cis), 5.1 (dq,
2J(H,H)� 1.5, 3J(H,H)� 17, 4J(H,H)� 1.5 Hz, 1H; 4�-H trans), 5.74 (ddt,
3J(H,H)� 17, 10.5, 7 Hz, 1H; 3�-H), 6.75, 7.15 ppm (AA�BB�, 4H; aromat-
ics); 13C NMR (75 MHz, CDCl3): �� 36.9 (CH2), 40.2 (CH3), 46.3 (CH),
49.0 (CH2), 112.1 (CH), 116.3 (CH2), 127.9 (CH), 128.7, 135.5 (CH),
149.2 ppm; GC/MS: m/z (%): 223 (23) [M�], 182 (48), 147 (55), 134 (100).


Irradiation of aniline 1 in the presence of 1,5-hexadiene in MeCN :
Chromatography on silica gel eluting with cyclohexane/ethyl acetate (95:5)
gave a fraction that contained the isomeric products 8 (33%) and 9 (29%);
IR (neat): �� 1615, 1520 cm�1.


N,N-Dimethyl-4-(2-chloro-5-hexenyl)aniline (8): 1H NMR (300 MHz,
CDCl3): �� 1.8 ± 2.0 (m, 2H), 2.2 ± 2.4 (m, 2H), 2.95 (s, 6H; NMe2), 3.0
(AB part of an ABX system, 2J(H,H)� 14 Hz, 2H; 1�-H2), 4.9 (ddt,
3J(H,H)� 9, 4, 7 Hz, 1H; 2�-H), 5.0 (dq, 2J(H,H)� 1.5, 3J(H,H)� 10.5,
4J(H,H)� 1.5 Hz, 1H; 6�-H cis), 5.1 (dq, 2J(H,H)� 1.5, 3J(H,H)� 17,
4J(H,H)� 1.5 Hz, 1H; 6�-H trans), 5.8 (ddt, 3J(H,H)� 17, 10.5, 7 Hz, 1H;
5�-H), 6.75, 7.15 ppm (AA�BB�, 4H; aromatics); 13C NMR (75 MHz,
CDCl3): �� 30.5 (CH2), 36.3 (CH2), 40.6 (CH3), 44.0 (CH2), 63.7 (CH),
112.5 (CH), 115.3 (CH2), 125.7, 129.9 (CH), 137.2 (CH), 149.3 ppm; GC/
MS: m/z (%): 237 (13) [M�], 134 (100).


N,N-Dimethyl-4-(1-chloromethyl-4-pentenyl)aniline (9): 1H NMR
(300 MHz, CDCl3): �� 1.7 ± 1.8 (m, 2H), 1.9 ± 2.1 (m, 2H), 2.85 (m, 1H;
1�-H), 2.95 (s, 6H; NMe2), 3.65 (AB part of an ABX system, 2J(H,H)�
12 Hz, 2H; CH2Cl), 4.98 (dq, 2J(H,H)� 1.5, 3J(H,H)� 10.5, 4J(H,H)�
1.5 Hz, 1H; 5�-H cis), 5.1 (dq, 2J(H,H)� 1.5, 3J(H,H)� 17, 4J(H,H)�
1.5 Hz, 1H; 5�-H trans), 5.77 (ddt, 3J(H,H)� 17, 10.5, 7 Hz, 1H; 4�-H),
6.75, 7.1 ppm (AA�BB�, 4H; aromatics); 13C NMR (75 MHz, CDCl3): ��


31.2 (CH2), 31.9 (CH2), 40.5 (CH3), 46.4 (CH), 50.0 (CH2), 112.6 (CH),
114.6 (CH2), 128.3 (CH), 129.2, 138.9 (CH), 149.5 ppm; GC/MS: m/z (%):
237 (18) [M�], 147 (20), 134 (100).


Irradiation of aniline 1 in the presence of 2,5-norbornadiene in MeCN :
Chromatography on silica gel eluting with cyclohexane/ethyl acetate (95:5)
gave a fraction that contained product 10 (42%). A GC/MS analysis
revealed several other peaks, in an overall amount of ca. 10%, as listed
below.


3-(4-N,N-Dimethylaminophenyl)tricyclo[2.2.1.02.6]heptane (10): Elemen-
tal analysis calcd (%) for C15H19N: C 84.46, H 8.98, N 6.57; found: C 84.5, H
9.1, N 6.4; 1H NMR (300 MHz, CDCl3): �� 1.1 (ABX, 2J(H,H)� 10.5 Hz,
1H; 5-H endo), 1.2 ± 1.3 (m, 3H; H-1, H-2, H-6), 1.3 (ABX, 2J(H,H)�
10.5 Hz; 5-H exo), 1.45 (ABXY, 2J(H,H)� 10 Hz, 1H; 7-H), 1.55 (ABXY,
2J(H,H)� 10 Hz, 1H; 7-H), 1.9 (br s, 1H; 4-H), 2.8 (br s, 1H; 3-H), 3.0 (s,
6H; NMe2), 6.75, 7.1 ppm (AA�BB�, 4H; aromatics); 13C NMR (75 MHz,
CDCl3): �� 10.1 (CH), 11.3 (CH), 13.7 (CH), 28.7 (CH2), 34.5 (CH2), 36.0
(CH), 40.7 (CH3), 48.4 (CH), 112.5 (CH), 128.3 (CH), 136.6, 148.9 ppm;
NOE effects between 3-H (2.8) and 7-H (1.55) and between both 2�-H and
6�-H (7.1) and 3-H (2.8) and 4-H (1.9); IR: �� 1615, 1515 cm�1; GC/MS:
m/z (%): 213 (100) [M�].


Minor peaks, GC/MS: m/z (%): tR� 13.25 min (10�, X�Cl) 247 (52) [M�],
212 (100); tR� 13.28 min (10�, X�Cl) 247 (45) [M�], 212 (100); tR�
13.40 min (10�, X�Cl) 247 (48) [M�], 212 (100); tR� 16.30 min (10�, X�
NHCOMe) 270 (100) [M�], 210 (80); tR� 17.05 min (10�, X�C7H9) 305
(100) [M�], 212 (100); tR� 17.05 min (10�, X�C7H9) 305 (95) [M�], 212
(100).


Irradiation of aniline 1 in the presence of 1,5-cyclooctadiene in MeCN :
Chromatography on silica gel eluting with cyclohexane/ethyl acetate (from
95:5 to 7:3) gave a fraction that contained product 11 (23%) and a fraction
that contained products 12 (42%) and 13 (24%). IR (neat): �� 1680 cm�1.


6-(exo)-(4-N,N-Dimethylaminophenyl)bicyclo[3.3.0]oct-2-ene (11): Ele-
mental analysis calcd (%) for C16H21N: C 84.53, H 9.31, N 6.16; found: C
84.4, H 9.2, N 6.0; 1H NMR (300 MHz, CDCl3): �� 1.6, 2.1 (2m, 2H; 7-H2),
1.95 ± 2.0 (m, 2H; 8-H2), 2.2 and 2.5 (2m, 2H; 4-H2), 2.5 (m, 1H; 5-H), 2.6
(m, 1H; 6-H), 2.95 (s, 6H; NMe2), 3.3 (m, 1H; 1-H), 5.6 (m, 1H; 3-H), 5.68
(m, 1H; 2-H), 6.75, 7.2 ppm (AA�BB�, 4H; aromatics); 13C NMR (75 MHz,
CDCl3): �� 31.6 (CH2), 35.6 (CH2), 37.8 (CH2), 40.9 (CH3), 48.8 (CH), 50.5
(CH), 52.6 (CH), 113.0 (CH), 127.7 (CH), 128.7 (CH), 133.5, 135.2 (CH),
149.0 ppm; NOE effects: 3-H (5.6) with 4-H (2.2 and 2.5), 2�-H and 6�-H
with 5-H (2.6) and 6-H (2.5), 1-H (3.3) with 5-H; IR (neat): �� 1615,
1525 cm�1; GC/MS: m/z (%): 227 (90) [M�], 160 (100), 147 (88), 134 (45).


cis-2-(4-N,N-Dimethylaminophenyl)-6-acetamidobicyclo[3.3.0]octane
(12): 1H NMR (300 MHz, CDCl3): �� 1.4 ± 1.9 (m, 6H), 2.0 ± 2.25 (m, 2H),
1.97 (s, 3H; COCH3), 2.3 ± 2.6 (m, 3H; 1-H, 2-H, 5-H), 2.9 (s, 6H; NMe2),
4.0 (m, 1H; 6-H), 5.8 (br s, 1H; NH), 6.7, 7.1 ppm (AA�BB�, 4H; aromatics);
13C NMR (75 MHz, CDCl3): �� 23.3 (CH3), 29.4 (CH2), 31.4 (CH2), 32.1
(CH2), 36.1 (CH2), 40.7 (CH3), 50.3 (CH), 51.0 (CH), 52.2 (CH), 57.5 (CH),
112.8 (CH), 127.6 (CH), 132.9, 148.9, 169.5 ppm; NOE effects: 1-H (2.3 ±
2.6) with 5-H (2.3 ± 2.6) and with 2�-H, 6�-H (7.1); GC/MS m/z (%): 286
(100) [M�].


trans-2-(4-N,N-Dimethylaminophenyl)-6-acetamidobicyclo[3.3.0]octane
(13): 1H NMR (300 MHz, (CDCl3): �� 1.3 ± 1.7 (m, 6H), 1.5 ± 1.8 (m, 2H),
1.95 (s, 3H; COCH3), 2.25 (m, 1H; 1-H), 2.35 (m, 1H; 2-H), 2.7 (quint,
2J(H,H)� 8 Hz; 5-H), 2.9 (s, 6H; NMe2), 3.85 (m, 1H; 6-H), 6.7, 7.0
(AA�BB�, 4H; aromatics), 8.0 ppm (br s, 1H; NH); 13C NMR (75 MHz,
CDCl3): �� 23.1 (CH3), 27.5 (CH2), 28.2 (CH2), 29.1 (CH2), 35.6 (CH2), 40.7
(CH3), 44.9 (CH), 50.0 (CH), 53.1 (CH), 53.7 (CH), 112.8 (CH), 127.6 (CH),
132.7, 148.9, 169.7 ppm; NOE effects: 6-H (3.35) with 5-H (2.7), 5-H with
1-H (2.25), 2�-H and 6�-H (7.0) with 2-H (2.35) and 1-H (2.25), NH (8.0) with
5-H (2.35); GC/MS: m/z (%): 286 (100) [M�].


Irradiation of aniline 1 in the presence of 1,4-pentadiene in CF3CH2OH :
Chromatography on silica gel eluting with cyclohexane/ethyl acetate (9:1)
mixture gave, in the following order, fractions that contained products 16
(28%, slight impurity of 6 and 7), 14 (27%), and 15 (15%, impurity of 14).


N,N-Dimethyl-4-[2-(2,2,2-trifluoroethoxy)-4-pentenyl]aniline (14): Ele-
mental analysis calcd (%) for C15H20NF3O: C 62.70, H 7.02, N 4.87; found:
C 63.0, H 6.9, N 4.5; 1H NMR (300 MHz, CDCl3): �� 2.3 (m, 2H; 3�-H),
2.75 (AB part of an ABX system, 2J(H,H)� 14, 3J(H,H)� 6 Hz, 2H; 1�-
H2), 2.98 (s, 6H; NMe2), 3.63 (quint, 3J(H,H)� 6 Hz, 1H; 2�-H), 3.73 (m,
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3J(H, F)� 9 Hz, 2H; OCH2), 5.1 (dq, 2J(H,H)� 1.5, 3J(H,H)� 10.5,
4J(H,H)� 1.5 Hz, 1H; 5�-H cis), 5.13 (dq, 2J(H,H)� 1.5, 3J(H,H)� 17,
4J(H,H)� 1.5 Hz, 1H; 5�-H trans), 5.84 (ddt, 3J(H,H)� 17, 10.5, 7 Hz, 1H;
43�-H), 6.75, 7.1 ppm (AA�BB�, 4H; aromatics); 13C NMR (75 MHz,
CDCl3): �� 38.2 (CH2), 39.5 (CH2), 40.5 (CH3), 67.3 (q, 2J(C, F)� 35 Hz;
CH2O), 83.2 (CH), 112.8 (CH), 117.5 (CH2), 123.8 (q, 1J(C,F)� 275 Hz;
CF3), 126.2, 130.0 (CH), 134.1 (CH), 149.1 ppm; IR (neat): �� 1625, 1515,
1160 cm�1.


N,N-Dimethyl-4-[1-(2,2,2-trifluoroethoxymethyl)-3-butenyl]aniline (15):
Elemental analysis calcd (%) for C15H20NF3O: C 62.70, H 7.02, N 4.87;
found: C 62.3, H 6.9, N 4.4; 1H NMR (300 MHz, CDCl3): �� 2.4, 2.54 (2m,
2H; 2�-H), 2.96 (m, 1H; 1�-H), 3.0 (s, 6H; NMe2), 3.74 (m, 2H; CH2O), 3.76
(m, 3J(H,F)� 9 Hz, 2H; OCH2CF3), 5.0 (dq, 2J(H,H)� 1.5, 3J(H,H)� 10,
4J(H,H)� 1.5 Hz, 1H; 4�-H cis), 5.03 (dq, 2J(H,H)� 1.5, 3J(H,H)� 17,
4J(H,H)� 1.5 Hz, 1H; 4�-H trans), 5.73 (ddt, 3J(H,H)� 17, 10, 7 Hz, 1H; 3�-
H), 6.75, 7.1 ppm (AA�BB�, 4H; aromatics); 13C NMR (75 MHz, CDCl3):
�� 36.6 (CH2), 40.7 (CH3), 44.6 (CH), 68.4 (q, 2J(C,F)� 35 Hz; CH2), 76.7
(CH2) 112.7 (CH), 116.1 (CH2), 124.0 (q, 1J(C,F)� 275 Hz; CF3), 128.3
(CH), 129.5, 136.3 (CH), 149.2 ppm; IR (neat): �� 1615, 1515, 1160 cm�1;
GC/MS: m/z (%): 237 (10) [M�], 134 (100).


N,N-Dimethyl-4-[1-(2,2,2-trifluoroethoxymethyl)-4-pentenyl]aniline (16):
Elemental analysis calcd (%) for C15H20NF3O: C 62.70, H 7.02, N 4.87;
found: C 63.2, H 7.2, N 5.0; 1H NMR (300 MHz, CDCl3): �� 1.75, 2.0 (2m,
2H; 2�-H), 2.1 ± 2.2 (m, 2H; 3�-H), 3.0 (s, 6H; NMe2), 3.5 ± 3.7 (m, 3J(H,
F)� 9 Hz, 2H; OCH2), 4.3 (dd, 3J(H,H)� 7, 6 Hz, 1H; 1�-H), 5.0 (dq,
2J(H,H)� 1.5, 3J(H,H)� 10.5, 4J(H,H)� 1.5, 1H; 5�-H cis), 5.05 (dq,
2J(H,H)� 1.5, 3J(H,H)� 17, 4J(H,H)� 1.5, 1H; 5�-H trans), 5.85 (ddt,
3J(H,H)� 17, 10.5, 7, 1H; 4�-H), 6.75, 7.2 ppm (AA�BB�, 4H; aromatics);
13C NMR (75 MHz, CDCl3): �� 29.9 (CH2), 36.7 (CH2), 40.4 (CH3), 65.3 (q,
2J(C,F)� 35 Hz; CH2O), 82.6 (CH), 112.3 (CH), 114.8 (CH2), 124.1 (q,
1J(C,F)� 275 Hz; CF3), 125.8, 127.7 (CH), 137.9 (CH), 150.4 ppm; IR
(neat): �� 1615, 1515, 1170 cm�1; GC/MS: m/z (%): 237 (13) [M�], 134
(100).


Irradiation of aniline 1 in the presence of 2,5-norbornadiene in
CF3CH2OH : Chromatography on silica gel eluting with cyclohexane/ethyl
acetate (95:5 to 8:2) gave a fraction that contained product 10 (15%) and
one that contained products 17 (36%) and 18 (14%). IR (neat): �� 1615,
1515, 1160 cm�1.


3-endo-(4-N,N-Dimethylaminophenyl)-5-exo-(2�,2�,2�-trifluoroethoxy)tri-
cyclo[2.2.1.02.6]heptane (17): 1H NMR (300 MHz, (CD3)2CO): �� 1.4 ± 1.6
(m, 3H; 1-H, 2-H, 6-H), 1.55 (brd, 2J(H,H)� 10.5 Hz, 1H; 7-H), 1.95 (brd,
2J(H,H)� 10.5 Hz, 1H; 7-H), 2.1 (br s, 1H; 4-H), 2.88 (br s, 1H; 3-H), 2.9 (s,
6H; NMe2), 3.7 (br s, 1H; 5-H), 3.8 (m, 3J(H,F)� 9 Hz, 2H; CH2O), 6.8,
7.1 ppm (AA�BB�, 4H; aromatics); 13C NMR (75 MHz, CDCl3): �� 11.5
(CH), 14.2 (CH), 16.7 (CH), 31.1 (CH2); 38.8 (CH), 40.7 (CH3), 47.7 (CH),
66.7 (q, 2J(C, F)� 35 Hz; CH2O ), 84.3 (CH), 112.5 (CH), 123.2 (q, 1J(C,
F)� 275 Hz; CF3), 128.1 (CH), 135.5, 149.1 ppm; NOE effects: 2�-H and 6�-
H (7.1) with 5-H (3.7), 4-H (2.1), 2-H (1.4 ± 1.6), 1-H (1.4 ± 1.6); 3-H (2.88)
with 2�-H, 6�-H, 4-H and 7-H (1.55); 5-H with 1-H; GC/MS: m/z (%): 311
(88) [M�], 212 (30), 134 (42), 121 (100).


2-exo-(4-N,N-Dimethylaminophenyl)-5-exo-(2�,2�,2�-trifluoroethoxy)tricy-
clo[2.2.1.02.6]heptane (18): 1H NMR (300 MHz, CDCl3): �� 1.2 (m, 1H;7-
H), 1.4 ± 1.6 (m, 3H; 1-H, 2-H, 6-H), 1.6 (m, 1-H, 7-H), 2.2 (br s, 1H; 4-H),
2.85 (br s, 1H; 3-H), 2.88 (s, 6H; NMe2), 3.85 (m, 1H; 5-H), 4.0 (m,
3J(H,F)� 9 Hz, 2H; CH2O), 6.78, 7.1 ppm (AA�BB�, 4H; aromatics);
13C NMR (75 MHz, CDCl3): �� 11.5 (CH), 15.6 (CH), 16.8 (CH), 25.4
(CH2), 39.3 (CH), 40.6 (CH3), 44.7 (CH), 66.6 (q, 2J(C, F)� 35 Hz, 2H;
OCH2), 86.6 (CH), 112.5 (CH), 123.2 (q, 1J(C, F)� 275 Hz; CF3), 128.1
(CH), 135.5, 149.1 ppm; NOE effects: 5-H (3.85) with 3-H (2.85), 2�-H and
6�-H (7.1) with 3-H and 7-H (1.2) ; GC/MS: m/z (%): 311 (98) [M�], 212
(35), 134 (38), 121 (100).


Irradiation of aniline 1 in the presence of 1,5-cyclooctadiene in
CF3CH2OH : Chromatography on silica gel eluting with cyclohexane/ethyl
acetate (95:5 to 8:2) gave a fraction that contained product 11 (18%) and
one that contained products 19 (17%) and 20 (14%). IR (neat): �� 1615,
1515 , 1160 cm�1.


cis-2-(4-N,N-Dimethylaminophenyl)-6-(2,2,2-trifluoroethoxyethyl)bicy-
clo[3.3.0]octane (19): 1H NMR (300 MHz, CDCl3): �� 1.5 ± 2.2 (m, 8H),
2.6 ± 2.8 (m, 2H), 2.85 (m, 1H), 2.95 (s, 6H; NMe2), 3.85 (m, 3J(H,F)� 9 Hz,
2H; OCH2), 6.7.5, 7.17 ppm (AA�BB�, 4H; aromatics); 13C NMR (75 MHz,


CDCl3): �� 25.7 (CH2), 26.8 (CH2), 29.6 (CH2), 36.2 (CH2), 41.3 (CH3),
45.1 (CH), 50.5 (CH), 53.3 (CH), 66.6 (q, 2J(C, F)� 35 Hz, 2H; OCH2), 84.0
(CH), 113.5 (CH), 124.0 (q, 1J(C, F)� 275 Hz; CF3), 127.8 (CH), 132.5,
148.1 ppm; no NOE effect between 6-H (3.95) and 5-H (2.8); GC/MS: m/z
(%): 327 (76) [M�], 228 (41), 160 (70), 147 (38), 134 (100).


trans-2-(4-N,N-Dimethylaminophenyl)-6-(2,2,2-trifluoroethoxyethyl)bicy-
clo[3.3.0]octane (20): 1H NMR (300 MHz, CDCl3): �� 1.2 and 2.15 (m,
2H), 1.4 and 1.8 (m, 2H), 1.7 and 2.0 (m, 2H) 1.8 ± 1.9 (m, 2H), 2.45 ± 2 ± 8
(m, 3H; 1,2,5-H), 2.95 (s, 6H; NMe2), 3.75 ± 3.85 (m, 3J(H,F)� 9 Hz, 2H;
OCH2), 3.8 (m, 1H; 6-H), 6.75, 7.07 ppm (AA�BB�, 4H; aromatics);
13C NMR (75 MHz, CDCl3): �� 28.5 (CH2), 29.7 (CH2), 31.3 (CH2), 36.3
(CH2), 41.2 (CH3), 49.8 (CH), 50.2 (CH), 52.1 (CH), 65.9 (q, 2J(C, F)�
35 Hz, 2H; OCH2), 89.1 (CH), 113.5 (CH), 124.2(q, 1J(C, F)� 275 Hz;
CF3), 127.9 (CH), 132.7, 148.3 ppm; NOE effect between 6-H (3.8) and 5-H
(2.8); GC/MS: m/z (%): 327 (98) [M�], 160 (95), 147 (55), 134(100).
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Getting Closer to the Real Bacterial Cell Wall Target: Biomolecular
Interactions of Water-Soluble Lipid II with Glycopeptide Antibiotics


Pauline J. Vollmerhaus,[a] Eefjan Breukink,[b] and Albert J. R. Heck*[a]


Abstract: A novel synthesized water-
soluble variant of lipid II (LII) was used
to evaluate the noncovalent interactions
between a number of glycopeptide anti-
biotics and their receptor by bioaffinity
electrospray ionization mass spectrome-
try (ESI-MS). The water-soluble variant
of lipid II is an improved design, com-
pared to the traditionally used tripeptide
N,N�-diacetyl-�-lysyl-�-alanyl-�-alanine
(KAA), of the target molecule on the
bacterial cell wall. A representative
group of glycopeptide antibiotics was


selected for this study to evaluate the
validity of the novel cell-wall-mimicking
target LII. Structure ± function relation-
ships of various glycopeptide antibiotics
were investigated by means of 1) bio-
affinity mass spectrometry to evaluate
solution-phase molecular interactions
with both LII and KAA, 2) fluorescence


leakage experiments to study the inter-
actions with the membrane-embedded
lipid II, and 3) minimum inhibitory con-
centrations against the indicator strain
Micrococcus flavus. Our results with the
novel LII molecule reveal that some
antibiotics interact differently with
KAA and LII. Additionally, our data
cast doubt on the hypothesis that anti-
biotic selfdimerization assists in the in-
vivo efficacy. Finally, the water-soluble
lipid II proved to be a better model of
the bacterial cell wall.


Keywords: antibiotics ¥ dimeriza-
tion ¥ glycopeptides ¥ lipid II ¥
molecular recognition


Introduction


Glycopeptide antibiotics (Figure 1) are structurally charac-
terized by a macrocyclic peptide backbone with sugar
moieties attached at various sites.[1] With the exception of
amino acid residues 1 and 3, and the number of linked sugars,
there is a high degree of homology within this class of
molecules. The clinical application of vancomycin, the proto-
typical glycopeptide antibiotic, is in the treatment of methi-
cillin-resistant Stapylococcus aureus (MRSA).


Glycopeptide antibiotics target the bacterial cell wall of
Gram-positive bacteria, which is a three-dimensional network
consisting of building blocks of N-acetylglucosamine
(GlcNAc) and N-acetylmuramic acid (MurNAc) that are
assembled in the cytosol. When the nucleotide-activated
molecules UDP-GlcNAc and UDP-MurNAc-pentapeptide
are joined via the C55-lipid carrier undecaprenyl phosphate,


they form lipid II (Figure 2), which is then transferred from
the cytoplasm to the outer surface of the membrane[2] where it
becomes available to the cell-wall synthesis machinery. The
specific target of vancomycin, and related antibiotics, is the
pentapeptide terminating in �-Lys-�-Ala-�-Ala attached to
the MurNAc amino sugar. It is believed that the antibiotic
activity of the drugs is primarily a result of these (multivalent)
noncovalent interactions with �-Lys-�-Ala-�-Ala.[3] Bacterial
resistance to vancomycin occurs when the terminal residue
has mutated to �-Ala-�-lactate, as in the case of vancomycin-
resistant enterococci (VRE).[4]


Besides the strong affinity of glycopeptide antibiotics for
the �-Lys-�-Ala-�-Ala terminus on LII, it has been proposed
that the tendency of these antibiotics to form dimers promotes
their ability to eradicate bacteria.[5±7] Additionally, it has been
shown that the presence of bacterial cell wall analogues
generally enhances the dimerization of glycopeptide anti-
biotics.[8±10]


Apart from target recognition and dimerization, the
chemical nature of the linked carbohydrates is thought to
have a possible influence on the antibacterial efficacy of the
antibiotics. It has been suggested that the sugars attached to
the antibiotics may provide selectivity in binding cell-wall
precursors terminating in �-Ala-�-Ala and are probably
involved in stabilizing the dimer.[6]


Glycopeptide antibiotics are not the only antimicrobials to
use lipid II to weaken the structural integrity of the bacterial
wall. Recently, it has been shown that nisin, a lanthionine-
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Figure 1. Chemical structures of the glycopeptide antibiotics used in this study.
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containing antibiotic, interacts with lipid II to form pores in
the bacterial membrane leading to cell death.[11, 12] While
having completely different mechanisms of action, glycopep-
tide antibiotics inhibit the pore-forming ability of nisin. This
competitive inhibition is presumably caused by the fact that
they both interact with lipid II, albeit at different binding sites.
Bacterial cell-wall-mimicking peptides, such as N,N�-diacetyl-
�-lysyl-�-alanyl-�-alanine (KAA), can be used to study the
affinity of glycopeptides and the structural changes upon
binding of the glycopeptides in vitro by a variety of analytical
techniques, including NMR, calorimetry, and mass spectrom-
etry.[9, 13±21] In this work we compare the interactions of a set of
glycopeptide antibiotics towards the traditionally used model
target, the bacterial cell-wall-mimicking peptide KAA and a
novel model target, a water-soluble variant of lipid II. The
water-soluble form contains a prenyl chain which is three units
long as opposed to the eleven units in the wild-type form of
lipid II. This is the first report of glycopeptide antibiotic
interactions with water-soluble lipid II. A representative
group of glycopeptide antibiotics, that touch each facet of
the efficacy-determining parameters described above, have
been selected for this study. Our investigation uses mass
spectrometry to evaluate solution-phase molecular interac-
tions, fluorescence (leakage) to study the interactions with
membrane-embedded wild-type lipid II and minimum inhib-
itory concentrations to determine antibiotic efficacy against
the indicator strain Micrococcus flavus. By comparing the
data obtained by these orthogonal methods, we seek insight
into the structure ± function relationships of glycopeptide
antibiotics.


Results


A representative set of seven glycopeptide antibiotics (Fig-
ure 1) was selected to investigate the structural features that
influence the antibiotic molecular interaction with both the
model and our novel, bacterial cell-wall-mimicking targets.
Each antibiotic embodies one or more aspects of the efficacy-
determining molecular parameters exhibited by this class of
antibiotics, including target specificity, presence of sugar


residues, and dimerization
properties. A range of target
ligand affinity and antimicrobi-
al activity is demonstrated by
the selected glycopeptides, as
will be described below. Vanco-
mycin (V) was selected as the
prototypical glycopeptide anti-
biotic. Avoparcin (Avo)[4, 22, 23]


and ristocetin (Ris)[24] were se-
lected because they contain a
higher number of carbohydrate
moieties. In contrast toAvo and
Ris, aglucovancomycin (Aglu)
was chosen because it lacks the
presence of any carbohydrate
moieties. The synthesized head-
to-head covalent dimer of van-


comycin (VD) is included to assess the effect of dimerization
on biological activity.[8] Two glycopeptides with damaged or
inactive binding pockets were chosen for comparison with
active glycopeptides: a formaldehyde-modified derivative of
vancomycin (V*) containing a ring-closed imidazolidinone at
the N-terminus,[25] and CDP-I, a biologically inactive degra-
dation product of vancomycin[26] resulting from an unusual
aspartic-to-isoaspartic rearrangement at the third residue.


Antimicrobial efficacy : As an initial assessment of the
antibiotic efficacy of our set of glycopeptide antibiotics,
minimum inhibitory concentrations (MICs) were determined
against the indicator strain Micrococcus flavus. The results
from the MIC experiments are shown in Table 1. VD, V, and


Avo behaved similarly with MIC values of 0.42� 0.04, 0.39�
0.08, and 0.33� 0.11 �g mL�1, respectively. Against M. flavus,
Ris was three times more active than V with a MIC value of
0.16� 0.12 �g mL�1. In contrast, the concentrations required
to inhibit bacterial growth for V* and Aglu were on the order
of five times higher, indicating that some antibacterial activity
is retained.CDP-Iwas the least active of our set of antibiotics.


Molecular interactions probed by mass spectrometry : Elec-
trospray is a gentle ionization technique that allows even
relatively weak noncovalent complexes to remain intact as
they are transferred into the gas phase, prior to analysis by
mass spectrometry. Several groups, including ours, have used
bioaffinity ESI-MS methodology previously to evaluate the
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Figure 2. Chemical structure of lipid II. The newly synthesized water-soluble form of lipid II contains only three
isoprene units in the tail as opposed to the eleven in the natural form.


Table 1. Minimum inhibitory concentrations (MIC) of the glycopeptide
antibiotics used against Micrococcus flavus.


Antibiotic MIC [�g mL�1]


VD 0.42� 0.04
Ris 0.16� 0.12
Avo 0.33� 0.11
V 0.39� 0.08
V* 1.44� 0.4
Aglu 1.6� 0.06
CDP-I � 3
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strength of the interactions between some glycopeptide
antibiotics and �-Ala-�-Ala-terminated peptides.[13±16, 25, 27]


Rather than using the �-Ala-�-Ala peptide models for the
bacterial cell wall, one would like to study the interactions of
glycopeptide antibiotics with intact lipid II. Unfortunately,
intact lipid II is insoluble in water and therefore not amenable
to analysis by bioaffinity electrospray mass spectrometry. The
recently reported synthesis of a water-soluble variant of
lipid II[28] allows, for the first time, a more comprehensive
characterization of the molecular interactions that underlie
glycopeptide antibiotic efficacy.


A primary assumption for the determination of association
constants by mass spectrometry is that the ionization prob-
ability of the free antibiotic is equivalent to that of the
antibiotic ± ligand complexes. This assumption has been
validated for the vancomycin/�-Ala-�-Ala system by perform-
ing different quantitative measurements at different concen-
trations of antibiotics and ligands.[29] A limitation to deter-
mining association constants by mass spectrometry includes
the fact that the ion response decreases with increasing m/z
values. Several factors contribute to this effect, including
ionization efficiency, mass transfer efficiency, detector re-
sponse, instrument type, and tuning parameters. Therefore, it
is likely that there will be some mass discrimination against
higher m/z values. Careful control of all experimental
parameters is necessary to maintain a balance between ion
desolvation and complex dissociation with respect to the ion
source parameters thus permitting quantification. In many
cases, relative ion intensities of the different complexes


observed in the mass spectra correlate well with the equili-
brium distribution of complexes in solution. It has also been
observed that proteins or peptides of comparable size and
amino acid content have similar electrospray ionization
response factors.[30] For compounds that bind to target
molecules with similar-type binding mechanisms, it is likely
that they have similar gas-phase stabilities, and consequently
allow a relative assessment of the binding affinities of the
antibiotics towards the bacterial cell-wall-mimicking li-
gands.[31] Given the aforementioned considerations, we em-
ployed mass spectrometry to investigate the noncovalent
complexes formed between the glycopeptide antibiotics and
LII, and compared them with those formed with the tradi-
tional KAA model peptides.


Association constants (KA) determined for glycopeptide
antibiotics : The relative KA values of Ris and V were
measured by keeping the concentrations of the two glyco-
peptides constant and titrating in KAA and LII. Previous
NMR and MS studies on Ris and V demonstrated that
heterodimers might be formed both in the presence and
absence of the peptide ligand.[14, 32] In our spectra, any
heterodimer (m/z 1172, triply protonated) formation ob-
served was less than 10 % of the total signal and was therefore
excluded from our calculations. Figure 3 A shows the mass
spectrum of equimolar concentrations of V (m/z 725, doubly
protonated) and Ris (m/z 1034, doubly protonated) without
any ligand present. Figure 3 B shows that the addition of KAA
induces the development of the V-KAA complex (m/z 910,
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Figure 3. ESI mass spectra ofA. Mixture of 10�� V ( , freeV) andRis ( , freeRis). The doubly protonatedVandRis can be observed at m/z 725 and m/z
1034, respectively. The triply protonated heterodimer formed between V and Ris ( , Ris-V heterodimer) can be found at m/z 1172. B. Competition
experiment between Vand Ris after adding 16�� KAA ( , free KAA). The doubly protonated complex of V with KAA ( , V-KAA complex) and Ris
with KAA ( , Ris-KAA complex) can be found at m/z 910 and m/z 1220, respectively. A triply protonated species belonging to the complex of the
heterodimer with KAA can also be seen at m/z 1297 ( ,Ris-V-KAA complex) C. Competition experiment betweenVandRis after adding 8�� LII ( ,
free LII). The doubly protonated complex ofVwith LII ( ) andRiswith LII ( ,Ris-LII complex) can be found at m/z 1390 and m/z 1700, respectively.
The triply protonated species of the complex of Ris with LII is also observed (m/z 1139).
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doubly protonated) and the Ris-KAA (m/z 1220, doubly
protonated) complex. The ratio of free to complexed glyco-
peptide is 1.3:1 and 0.94:1 for V and Ris, respectively.
However, when LII is added (Figure 3 C), the complex
betweenVand LII (m/z 1390, doubly protonated) is preferred
over that of Ris and LII (m/z 1700, doubly protonated, m/z
1134, triply protonated). The ratio of free to complexed
glycopeptide for V is now 0.77:1, whereas it is almost 20:1 for
Ris. This is remarkable because it is well documented that V
and Ris behave similarly towards KAA bacterial cell-wall
mimics.[18, 32±36] From the titration experiments, the KA values
determined for Ris and V complexed with KAA were 0.43�
0.09���1 and 0.40� 0.08���1 respectively. In contrast, V has
a higher KA for LII at 1.1� 0.2���1. The KA determined for
Ris with LII was 0.24� 0.05���1.


Similarly, we attempted to determine the KA of VD for
KAA, by holding the dimer concentration constant at 10��
and titrating in the two different ligands. The observed
behavior of VD towards the two ligands was significantly
different. The mass spectra from a titration experiment with
KAA are depicted in Figure 4. In the top mass spectrum, the
only observed ion signals are those of the 3� peak of VD (m/z
1000) and its ammoniated counterpart (m/z 1005), and the 2�


peak of VD (m/z 1500). As KAA is added, the gradual
formation of complexes can be observed. At 8�� KAA, the
majority of the complexes formed consist of a singly bound
KAA to a covalent dimer (1:1, m/z 1124, triply protonated)
with a smaller amount of fully occupied VD (1:2, m/z 1248,
triply protonated) binding. At 16�� KAA, the dominant
species is a 1:2 complex, signifying that both binding sites are
occupied. Notably, as the concentration of KAA increases,VD


begins to dimerize, as is evident from the formation of the
observed species [VD(KAA)2]2 (m/z 1497, quintuply proto-
nated). The evolution of the different VD-KAA complexes as
a function of the KAA concentration is shown in Figure 5.
Dimerization appears to be preceded by the total occupation
of the monomeric VD binding sites.


Figure 5. Intensities of different species observed in the ESI mass spectra
as a function of increasing KAA concentration ; VD (�), VDKAA (�),
VD(KAA)2 (�), (VD)2(KAA)3 (�), (VDKAA2)2 (�).


For comparison, VD was titrated with LII. In the bottom
mass spectrum of Figure 6 both theVD(LII) complex (1:1, m/z
1443, triply protonated) and the VD(LII)2 complex (1:2, m/z
1887, doubly protonated and 1415, triply protonated) are
observed. In contrast to KAA, LII does not appear to induce
dimerization of VD, even at excess concentration of lipid II.
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Figure 4. ESI-MS of 10�� VD ( , freeVD) titrated with KAA. Initially, the doubly and triply charged peaks for the freeVD can be seen at m/z 1000 and m/z
1500. Ammonia adducts are of equal intensity in some cases. With increasing concentration of KAA, triply protonated species of the complex containing a
single bound tripeptide (m/z 1124, , free KAA) or two bound tripeptides (m/z 1248, , VD-KAA complex) develop. As the titration is taken further, VD
dimerizes and complexes containing three tripeptides (m/z 1778, ) and even four KAA molecules (m/z 1497, ) are observed.
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The KA×s determined for VD with KAA and LII were,
however, comparable and found to be 1.30� 0.26���1 and
1.27� 0.25���1, respectively.


In the competition experiments involvingAvo andV,Avo is
a mixture of �- and �-avoparcin where � differs from � by the
substitution of a Cl for an H on one of the rings. Both �- and �-
avoparcin behave as expected towards KAA, where �- is
approximately three times more active than �-avoparcin. In
the presence of LII, the association constant of �-avoparcin is
slightly higher, as shown in Table 2. The association constants
of our entire set of glycopeptide antibiotics were determined
and are summarized in Table 2. For CDP-I and V*, only very
weak complexation with the ligands was observed. The
affinity constant for Aglu towards KAA was three times less
than that of V, in agreement with data cited previously in the
literature.[6, 37]Aglu was found to have a higher affinity for LII
than for KAA, nevertheless, it is still nearly 10 times lower
than that of V.


Inhibitive effect of glycopep-
tide antibiotics on nisin-in-
duced membrane leakage :
The antimicrobial agent nisin
induces pore formation in bac-
teria. This pore formation is
highly effective if LII is avail-
able to nisin.[11] It was shown
that V has an inhibitive effect
on nisin×s pore-forming ability,
presumably because the two
antibiotics bind to lipid II, al-
though most likely to different
sites. Here, we used this inhib-
itive effect of V on nisin as a
measure of the affinity of V for
LII in a membrane context.
The extent of the antagonistic
effect of the different glyco-
peptide antibiotics on nisin×s
efficacy was determined by
measuring the amount of leak-
age from carboxyfluorescein-
filled vesicles as a function of
the glycopeptide concentration
(Figure 7). From these plots,
Kinhibition values were deter-
mined and are given in Table 3.


Kinhibition values were defined as the concentration of glyco-
peptide antibiotic required to obtain 50 % inhibition of the
nisin activity. (For clarity, the Ris and Avo curves were
excluded from Figure 7).


Both Avo (0.34� 0.1 �m) and Ris (0.36� 0.3 �m) had a
slightly greater inhibitive effect on nisin than V (0.46�
0.09 �m). Three times as much Aglu (1.35� 0.6 �m) than V
was required to inhibit nisin to the same extent. Of the
glycopeptides studied, VD had the largest inhibitive effect on
nisin pore formation. CDP-I had no effect on nisin activity,
whereas V* inhibited nisin to a maximum of 40 %.


Discussion


In this work, we examined the molecular interactions and
efficacy of a representative set of glycopeptide antibiotics
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Table 2. Solution-phase binding constants of glycopeptide antibiotics
determined by ESI-MS.


Antibiotic KKAA [���1] KLII [���1]


VD 1.30� 0.26 1.27� 0.25
Ris 0.43� 0.09 0.24� 0.05
�-Avo 0.17� 0.04 0.26� 0.05
�-Avo 0.46� 0.09 0.41� 0.08
V 0.40� 0.08 1.10� 0.2
V* � 0.001 � 0.001
Aglu 0.01� 0.01 0.14� 0.03
CDP-I � 0.001 � 0.001


Table 3. Inhibition constants for nisin×s pore-forming ability determined
from carboxyfluorescein leakage experiments. Kinhibition refers to the
concentration of glycopeptide antibiotic required to inhibit nisin activity
by 50 %.


Antibiotic Kinhibition [��]


VD[a] 0.09� 0.02, 0.10� 0.02
Ris 0.36� 0.3
Avo 0.34� 0.1
V 0.46� 0.09
V* 15.0� 6.4
Aglu 1.35� 0.6
CDP-I �


Figure 6. ESI-MS of A. 10�� VD ( , free VD). The triply protonated species can be observed at m/z 1000. An
ammonia adduct of the triply protonated dimer can be found at approximately m/z 1006B. 10�� VD combined with
16�� LII. The triply protonated complex ofVD with one LII molecule attached ( , free LII) can be found at m/z
1443. The triply and quadruply protonated complex of VD with two LII molecules ( ) attached can be found at
m/z 1887 and m/z 1443, respectively. The singly protonated lipid II ( ) ligand and that of its head group are found
at m/z 1331 and m/z 1127, respectively.
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Figure 7. Inhibition of nisin×s pore-forming activity by glycopeptide anti-
biotics as a function of the glycopeptide antibiotic concentration; VD (�),
Aglu (�), V (�), V* (�).


with the bacterial cell wall manifested in different forms (e.g.
in vitro MICs, target-mimicking peptides, and model mem-
branes that have incorporated wild-type lipid II). The combi-
nation of data reveals some striking new features surrounding
the relationship of these glycopeptide antibiotics with bacte-
rial cell-wall models. To date, the model peptide N,N�-
diacetyl-�-Lys-�-Ala-�-Ala has been used often to evaluate
solution-phase interactions between glycopeptide antibiotics
and the bacterial cell wall. In this paper, we have used a novel
cell-wall-mimicking peptide, a water-soluble variant of lip-
id II, whose structure differs from the wild type simply by a
shorter hydrocarbon tail. There are some inconsistencies in
the interactions of the glycopeptide antibiotics with LII as
compared to KAA.


The primary interaction of glycopeptide antibiotics is with
the �-Ala-�-Ala terminus of lipid II.[1] A number of secon-
dary features have been suggested to enhance the potency of
glycopeptide antibiotics. For example, the sugar residues may
positively influence glycopeptide binding to the bacterial cell
wall, as well as possibly interfering with the trans-glycosyla-
tion process during the formation of the peptidoglycan.[6, 38]


Another factor that contributes to antibiotic efficacy is the
possibility of noncovalent dimerization of some glycopeptide
antibiotics.[39] It has been reported in the literature that
cooperativity may induce glycopeptide antibiotics to dimerize
upon binding to bacterial cell-wall analogues.[40] There
appears to be a subtle balance among these different
mechanisms that determines the actual antibacterial activity
of each individual glycopeptide.


Previous studies have shown that the binding of KAA to
vancomycin involves several intermolecular hydrogen bonds
originating from the backbone amides of the antibiotic to the
carboxylate anion and amides of the KAA ligand. Structural
changes within the binding pocket of vancomycin can result in
a dramatic decrease in the ligand binding affinity. In this
investigation, CDP-I and V* were included because of their
diminished target recognition abilities. Indeed, our mass
spectrometry experiments confirm that both CDP-I and V*
bind extremely weakly to KAA and LII. Surprisingly, V* still
had an inhibitive effect on nisin pore formation and some
vestiges of antibiotic activity. It is likely that the disparity


between V* and CDP-I may originate from conformational
differences within the binding pocket. V, being the proto-
typical glycopeptide antibiotic, has the optimal configuration
for binding KAA. In CDP-I, the conformation of the binding
pocket has been altered in such a way that the intermolecular
distances for hydrogen bond formation between antibiotic
and ligand is clearly less optimal. One can only surmise that in
the case of V*, more of the binding region may be preserved
than that of CDP-I, allowing V* to interact more, although
also weakly, with the bacterial cell-wall target in the different
forms presented here. Additionally, it may be possible that the
ring closure occurring inV*may be reversible to some extent.


The binding sites of V and Ris have been shown to be very
similar despite differences in structure.[33] The binding pocket
created in V when attaching KAA ligand contains hydro-
phobic interaction sites formed from aromatic and aliphatic
hydrocarbon groups thus strengthening the hydrogen bonds.
In the case of Ris, the walls of the pocket are formed from
aromatic hydrocarbon groups.[33]


In our experiments, Vand Ris exhibit differences in affinity
with respect to complex formation with LII and KAA. For
binding to KAA, V and Ris have nearly identical association
constants. However, V clearly has a higher affinity than Ris
for LII. If we propose LII to be a more descriptive mimic of
the bacterial cell wall, then plainly V×s target-recognition
ability is stronger than that of Ris. Despite of this, Ris is a
more effective antibiotic against Micrococcus flavus, as
demonstrated by the MICs. This concept of dominant
behavior by Ris over V is reiterated in the carboxyfluorescein
leakage assay, whereRis has a greater antagonistic effect than
Von the pore formation of nisin. Evidently, target recognition
is not the sole basis for the higher antimicrobial activity
exhibited by Ris in the MICs.


Although, the molecules Vand Ris originate from the same
class, diverse structural features may contribute to different
antibacterial activities. One such structural difference be-
tween Ris, and V lies in the number and size of the
carbohydrate moieties linked to the heptapeptide backbone.
Ris contains six sugars, whereas V contains only two. In
contrast Aglu is stripped of the disaccharide. Given the MS
results presented here, V has a greater affinity for the
bacterial cell-wall target compared toRis. If no carbohydrates
are present, as in Aglu, a loss of affinity for the target as well
as a decrease in activity occurs. In the case of a glycopeptide
antibiotic containing several sugars, such as Ris, the affinity
for the cell wall target decreases while the antibiotic activity
remains slightly greater than that of V. Avo, which contains
five sugars, also exhibits a slightly higher efficacy with
decreased ligand affinity compared to V. The diminished
molecular recognition is clearly compensated for by a
secondary mechanism. In light of our data, it is likely that
the antibiotic efficacy observed for Ris and Avo may have
significant contributions from these surplus carbohydrate
moieties, more so than inV. It is possible that the excess sugar
residues further interfere with the bacterial cell-wall synthesis
machinery in the trans-glycosylation step, once the glycopep-
tide antibiotic has docked onto the �-Ala-�-Ala target.
Another mechanism that influences efficacy may be that of
dimerization. However, as the above-mentioned antibiotics
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do not selfassociate easily in solution, we can overrule the
possibility of dimer formation.


Although V does not selfassociate easily in solution (Kdim �
700��1),[41] noncovalent dimerization has been suggested to
dramatically increase the effectiveness of some glycopeptides
(e.g. eremomycin).[39] It has also been demonstrated that
cooperativity may induce glycopeptide antibiotics to dimerize
upon attaching bacterial cell-wall-mimicking peptides.[10] We
have included the synthesized head-to-head covalent dimer of
vancomycin, VD, to assess the effect of dimerization on
antibiotic activity. In this report, ESI-MS revealed distinct
dimerization behavior of VD in the presence of LII as
compared to KAA. At high concentrations of KAA, VD
forms dimers with all four sites occupied with ligand whilst
no dimerization could be observed for LII. It is intriguing that,
while VD was already a covalent dimer, the motif of
cooperativity and ligand binding manifested itself in the
presence of KAA. However, when LII was used as ligand,
complex formation with VD was only extended to the total
occupation of the binding sites and does not induce dimeriza-
tion.


Since LII is structurally closer to the bacterial cell-wall
target of glycopeptide antibiotics, it is uncertain whether
dimerization actually occurs in vivo. In fact Kim et al.[42] have
recently demonstrated by rotational-echo double resonance
of vancomycin binding sites in Staphylococcus aureus that
glycopeptide antibiotics might not form dimers in-situ in
mature peptidoglycan. Furthermore, they postulate that the
sugar interactions with the glycans of the cell wall stabilize the
monomeric complex. They stipulate, however, that their
conclusion may not necessarily be true for glycopeptide
antibiotic binding to immature cell walls and lipid II. In the
work presented here, the spontaneous noncovalent dimeriza-
tion ofVD is specific to KAA and not necessarily correlated to
antimicrobial activity. It is likely that antibiotic binding of
KAA induces conformational changes in VD such that it
allows dimerization to occur. It is probable then that the
drastic inhibition of nisin×s activity by VD is indicative of
interference of cell wall growth beyond multiple ligand
binding (e.g. steric hindrance).


Obviously, VD is capable of attaching more ligand than the
other glycopeptide monomers, exclusive of the possibility of
spontaneous noncovalent dimer formation. Whether both
binding sites will be used in vivo for binding to the cell wall is
questionable. More work is necessary to truly elucidate
whether cooperativity plays a role in vivo, or whether it is
induced by a bacterial cell-wall mimic such as KAA.


Conclusion


We have investigated, for the first time, the noncovalent
interactions of a set of glycopeptide antibiotics with a novel
water-soluble variant of lipid II (LII), which is a more realistic
representation of the target on the bacterial cell wall than the
traditionally used N,N�-diacetyl-�-lysyl-�-alanyl-�-alanine
peptide (KAA). We observed that several antibiotics behave
differently towards KAA as compared to LII, both in the
magnitude of the interactions and in the effect on dimeriza-


tion. From our data with the more realistic cell-wall-mimick-
ing molecule LII, the mode via which dimerization enhances
in-vivo efficacy is questionable. Although our data reveal that
dimerization is probably not an important factor in the
antibiotic efficacy, they do further emphasize the concept that
the sugar moieties attached to some of the antibiotics
positively affect the binding to the bacterial cell-wall target
and in-vivo efficacy.


Experimental Section


Materials : Vancomycin ¥ HCl, ristocetin A, N,N�-diacetyl-�-lysyl-�-alanyl-
�-alanine (KAA), and p-xylylenediamine were obtained from Sigma-
Aldrich. Avoparcin was a gift from M. Siegel at Wyeth Ayerst. (Benzo-
triazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate
(BOP) was obtained from A.G. Scientific. Deionized water was used to
make up sample solutions and mobile phases for HPLC. All solvents and
buffer solutions were HPLC grade. Nisin Z was produced by batch
fermentation and purified as previously described.[43] Full-length and
water-soluble lipid II was prepared by the procedure outlined in the work
of Breukink et al.[28] Carboxyfluorescein was purchased from Kodak and
purified as described.[44] Vesicles were prepared as described in litera-
ture.[11] Micrococcus flavus indicator strain DSM 1790 was grown at 30 �C in
Mueller ± Hinton broth.


Synthesis of CDP-I from vancomycin : CDP-I was generated from
vancomycin by thermal degradation. Vancomycin ¥ HCl in aqueous solution
(1 mg mL�1) was heated at 80 �C for 16 h. The sample was purified by semi-
preparative reversed-phase HPLC (Alltech Adsorbosphere XL C18, 1.0�
25 cm, 10 �m particles, mobile phase A: 0.1% TFA in H2O, mobile
phase B: 0.1 % TFA in H2O/CH3CN (5:95) isocratic 20 %B, 5 mL min�1,
UV detection, �� 280 nm) to afford CDP-I as a white powder.


Degradation of vancomycin to form aglucovancomycin : Aglucovancomy-
cin was generated from vancomycin as outlined by Boger et al.[45]


Vancomycin ¥ HCl (99.55 mg) was treated with trifluoroacetic acid
(26 mL) and the resulting solution was stirred (8 h at 50 �C). The mixture
was lyophilized and the resulting residue washed with EtOAc/hexane(1:1,
64 mL). The resulting precipitate was collected by filtration. EtOAc
(50 mL) was used to wash the filtrate. The filtrate was collected and dried
under vacuum. A sample of crude residue was purified by semipreparative
reversed-phase HPLC (Alltech Adsorbosphere XL C18, 1.0� 25 cm,
10 �m particles, mobile phase A: 0.1 % TFA in H2O, mobile phase B:
0.1% TFA in H2O/CH3CN (5:95) isocratic 20%B, 5 mL min�1, UV
detection, �� 280 nm) to afford pure aglucovancomycin as a white powder.


Synthesis of ring-closed imidazolidinone derivative of vancomycin (V*):
Vancomycin ¥ HCl (5.3 mg) was incubated for one week at room temper-
ature in water/methanol (1:1, 5.30 mL) to which formaldehyde solution was
added (6 �L, 37% solution stabilized with 15 % methanol). The conversion
to the ring-closed imidazolidinone derivative of vancomycin was monitored
by mass spectrometry.[25] The sample was purified by semipreparative
reversed-phase HPLC (Alltech Adsorbosphere XL C18, 1.0� 25 cm,
10 �m particles, mobile phase A: 0.1 % TFA in H2O, mobile phase B:
0.1% TFA in H2O/CH3CN (5:95) isocratic 20%B, 5 mL min�1, UV
detection, �� 280 nm).


Synthesis of covalently linked vancomycin dimer (VD): A dimer of
vancomycin was synthesized following a procedure described in the
literature[46] with some modification. In our procedure, BOP was used to
catalyze the reaction, resulting in two products only–the desired covalent
dimer and the linker-attached monomer. p-Xylylenediamine was chosen as
the linker in the dimeric derivative because it is structurally rigid and easily
modified synthetically. To a solution of vancomycin hydrochloride (100 mg)
in DMF/DMSO (1:1, 1 mL) was added a solution of p-xylylenediamine
(4.5 mg, 0.5 equiv) in DMSO (0.5 mL). The mixture was shaken until it had
completely dissolved. BOP (30 mg, 1 equiv) was dissolved in DMF
(0.5 mL). Both mixtures were cooled to �0 �C then combined. DIPEA
(12 �L, 1 equiv) was added. The solution was stirred overnight at room
temperature.
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A sample of crude residue was purified by semipreparative reversed-phase
HPLC (Alltech Adsorbosphere XL C18, 1.0� 25 cm, 10 �m particles,
mobile phase A: 0.1% TFA in H2O, mobile phase B: 0.1% TFA in H2O/
CH3CN (5:95) 5 mL min�1, UV detection, �� 280 nm) to afford pure
covalently linked vancomycin dimer as a white powder. Separations were
accomplished using the following gradient conditions: 2% B for 3 min to
50% B in 30 min, hold for 2 min, then to 90 %B in 5 min, hold for 2 min,
and return to 2 % B in 2 min.


Synthesis and purification of water-soluble lipid II (LII) containing a
polyprenyl chain of 3 isoprene units : Water-soluble lipid II was created
according to a procedure based on the addition of farnesyl phosphate to a
membrane preparation of Micrococcus flavus in the presence of suitable
amounts of substrates and will be described in detail elsewhere.[28] Farnesyl-
lipid II, water-soluble lipid II containing 3 isoprene units, was stored in
methanol at �20 �C at a concentration of 0.35 m�.


Mass spectrometry : Electrospray mass spectra were recorded with a time-
of-flight (LCT) mass spectrometer fitted with a Z-spray nanoflow ion
source (Micromass Ltd., Manchester, UK). Each of the glycopeptide
antibiotics, KAA and LII were dissolved in 25 m� ammonium acetate
(acidified with acetic acid to pH 5.2). In an initial screening process to
determine whether the noncovalent complexes of the glycopeptide anti-
biotics with KAA or LII could be observed by mass spectrometry,
100 picomoles of each antibiotic was combined with an equivalent amount
of ligand (concentration ranges between 10 and 20 �m, depending on the
molecular mass of the receptor). For further titration experiments, a 10 �m
amount of antibiotic was added to a range of KAA and LII concentrations
(1, 2, 4, 8, 16, 32 �m). The capillary voltage was typically 1200 V and the
cone voltage was between 10 and 15 V. The source block temperature was
maintained at 75 �C. Spectra were acquired and processed with Micromass
MassLynx version 3.4 software. In order to obtain the peak areas required
to calculate relative binding constants by mass spectrometry, spectra were
combined and the background was subtracted. Subsequently, the data was
smoothed and centred. All data was handled in a similar manner, unless
otherwise stated. Solution-phase association constants for glycopeptide
antibiotics were determined by mass spectrometry by means of procedures
described previously.[13, 14, 29, 35, 47] Binding constants were derived from
single spectra[29] or from titration experiments.


Carboxyfluorescein leakage (CF) experiments : CF-loaded vesicles con-
taining 0.1 % LII were prepared as described.[48] The inhibitive effect of the
glycopeptide antibiotics on the pore formation by nisin was measured by
monitoring the nisin-induced leakage of carboxyfluorescein from model
membrane vesicles in the presence of increasing glycopeptide antibiotic
concentrations. Initially, the glycopeptide antibiotic (0 ± 50 �m) was
preincubated (3 min) with CF-loaded vesicles (5 �m based on lipid-Pi


content). Then nisin (5 nm� was added. The nisin-induced leakage of
carboxyfluorescein from the vesicles was monitored by measuring the
increase in fluorescence intensity at �� 515 nm (excitation at 492 nm) with
a SPF 500 C spectrophotometer (SLM instruments Inc., USA) at 20 �C.


Minimum inhibitory concentration (MIC) determination : The minimum
inhibitory concentration was determined by measuring the inhibition of
growth of the indicator strain Micrococcus flavus DSM 1790 by serial
dilution in a Mueller ± Hinton broth. In microtiter plates, 1:1 dilution series
of the appropriate antibiotic were made and each well was inoculated with
a fresh culture of bacteria. The total volume per well was 200 �L. The plates
were incubated overnight at 30 �C prior to recording the MICs.
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Highly Stereoselective Radical Cyclization of Haloacetals Controlled by the
Acetal Center


Fe¬ lix Villar,[a] Tanja Kolly-Kovac,[a, b] Olivier Equey,[a] and Philippe Renaud*[a, b]


Abstract: A systematic investigation of
radical haloacetal cyclizations (Ueno ±
Stork reaction) where the acetal center
is the unique stereogenic element is
reported. This highly diastereoselective
reaction can be used for the preparation
of polysubstituted tetrahydrofurans and


�-lactones. We report herein the full
experimental details of reactions where


up to three new chiral centers are
created. To demonstrate the potential
of this approach, short syntheses of (�)-
eldanolide and of tricyclic acetals relat-
ed to biologically active lignans have
been achieved.


Keywords: asymmetric synthesis ¥
cyclizations ¥ haloacetals ¥ lactones
¥ radical reactions


Introduction


Eighteen years ago, Ueno and Stork reported independently
the very efficient 5-exo cyclization of bromoacetals.[1±6] This
reaction is one of the most useful radical reaction described to
date and has been applied for the synthesis of natural
products.[4, 7±14] The use of chiral alcohol allows the synthesis
of polysubstituted lactones in enantiomerically pure form
with good to excellent diastereoselectivity (Scheme 1).[4, 15] In
these processes, the allylic chiral center controls completely
the stereochemical outcome of the reaction. Apparently, the
second stereogenic center at the acetal does not influence the
diastereoselectivity of the reaction. In the original work,
chair-like transition states where the ethoxy group is either
occupying an axial or an equatorial position were proposed
(Scheme 1).[3] These first experiments suggested that the
control of the stereochemical outcome of Ueno ± Stork
cyclizations from the acetal center is very hypothetical.
However, several reports indicates that the role of the acetal
center was overlooked, and that it has a determinant influence
at several occasions[16±19] can provide some degree of stereo-
control.[20±23]


Therefore, a few years ago, we started a systematic
investigation of cyclization reactions where the acetal center
is the unique stereogenic element.[12, 13, 24] We report here our
effort to define the scope and limitations of this approach.


Scheme 1. Stereoselective Ueno ± Stork reactions for the synthesis of
trans-�,�-disubstituted �-butyrolactone.


Application to the synthesis of optically pure lactones such as
(�)-eldanolide, the pheromone of the male African sugarcane
stem borer Eldana saccharina, is described. A stereoselective
cascade cyclization reaction leading to tricyclic compounds is
also described. A computational study of the stereoselectivity
of the reaction is described in the following paper.[25]


Results and Discussion


Diastereoselectivity of the cyclization reactions


4-Substituted 2-alkoxytetrahydrofurans : The bromoacetals
1 ± 6 have been prepared by treatment of a mixture of the
corresponding enol ethers and allylic alcohols with NBS. The
cyclization reactions were conducted at �78 �C using tribu-
tyltin hydride and triethylborane/oxygen as initiator [Eq. (1)]
results are summarized in Table 1. In all cases, the major
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tetrahydrofuran product 7 ± 12 possesses a cis configuration.
The size of the alkoxy group has no influence on the
stereochemical outcome as demonstrated by comparing
entries 1, 3 and 5 (OR�OEt) with entries 2, 4 and 6 (OR�
OtBu), respectively. However, the substitution of the alkene
moiety has a marked influence. With terminal alkenes (Rt and
Rc�H), the cis isomer was produced with an excellent
stereoselectivity (entries 1 and 2, cis/trans �98:2). When the
alkene moiety is monosubstituted at the terminal position
(Rt� nBu, Rc�H), the stereoselectivity decreased (cis/trans
92:8). With an alkene disubstituted at the terminal position
(Rt�Rc�Me), the cis/trans ratio dropped to 77:23 (entries 5
and 6).
Finally, a good control of the stereochemistry was obtained


with the allene 13. Cyclization of 13 afforded 2-tert-butoxy-
4-vinyl tetrahydrofuran 14 as a cis/trans 92:8 mixture
[Eq. (2)].


O


OtBu


O


•


tBuO Br


14


Bu3SnH, Et3B, O2


13


(2)
71%, cis/trans 92:8


3,4-Disubstituted 2-alkoxytetrahydrofurans : The isopropyl
substituted system 15 was examined first. Under our standard
radical cyclization conditions, the tetrahydrofuran 16 was
isolated as a 1:1 mixture of isomers [Eq. (3)], the stereo-
chemistry at C(4) is fully controlled by the acetal center but
the stereochemistry at C(3) is not controlled.


O


EtO


Br O


OEt


O


OEt
Bu3SnH
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The �-iodoketone 17 was examined next. Under iodine
atome transfer conditions (5 mol% Bu3SnSnBu3, h�,
10 �C),[26] the reaction afforded (r-2,t-3,c-4)-18 as a single
diastereomer [Eq. (4)].[27] The relative configuration
of the main isomer was assigned from difference NOE
spectra.


4,5-Disubstituted 2-alkoxytetrahydrofurans : The radical pre-
cursors 19 and 21 are easily prepared from 1,4-pentadien-1-ol
and 4-hydroxy-4-methyl-2,5-cyclohexadien-1-one by haloace-
talization with ethyl vinyl ether and tert-butyl vinyl ether,
respectively. Reaction of 19 with tributyltin hydride at�78 �C
furnishes essentially (r-2,c-4,t-5)-20 [Eq. (5)]. At 80 �C, the
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19 (r-2,c-4,t-5)-20


5
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stereoselectivity drops to 86% ds. The reaction of 21 leading
to the bicyclic compound 22 shows the same tendency
[Eq. (6)]: a very high diastereoselectivity in favor of the exo


O


ItBuO


O


Me O


tBuO


O
Me


HBu3SnH


initiator


Et3B/O2 (–78 °C):
AIBN (80 °C):


74%, >98% ds
71%, 89% ds


(6)


21 exo-22


isomer is achieved at low temperatures whereas lower stereo-
control (89% ds) is observed at 80 �C. Interestingly, the
cyclization of 21 can be coupled with an allylation of the final
radical enolate to give 23 [Eq. (7)]. Three new chiral centers
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23 (68%, 81% ds)


are generated in this process with a diastereoselectivity of
81% ds at 80 �C. This allylation process does not work
efficiently at lower temperature.


3,4,5-Trisubstituted 2-alkoxytetrahydrofurans : The gem-di-
methyl substituted bromide 24 was prepared from 1-ethoxy-2-
methyl-propene. At low temperature, it affords predominant-
ly the (r-2,c-4,t-5)-25 [Eq. (8)]. The gem-dimethyl substitution
induces a slight decrease of the diastereoselectivity relative
to the unsubstituted system [compare with Eq. (5)]. The
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Table 1. Radical cyclization of 1 ± 6 according to Equation (1).


Entry Bromide OR Rt Rc Product Yield [%] cis/trans


1 1 OEt H H 7 71 � 98:2
2 2 OtBu H H 8 68 � 98:2
3 3 OEt nPr H 9 75 92:8
4 4 OtBu nPr H 10 71 92:8
5 5 OEt Me Me 11 80 77:23
6 6 OtBu Me Me 12 83 77:23
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24 (r-2,c-4,t-5)-25


�-iodoester 26 is prepared from the corresponding enolether
and gives the polysubstituted tetrahydrofuran 27 under iodine
atom transfer conditions at 10 �C [Eq. (9)]. Three new chiral
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26 (r-2,t-3,c-4,t-5)-27
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centers are created during this process and the major isomer
(r-2,t-3,c-4,t-5)-27 represents 77% of the whole mixture of
diastereomers. The isopropyl derivative 28 has also been
examined [Eq. (10)]. The control of the stereochemistry at the
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28 (r-2,t-3,c-4,t-5)-29


C(3) center is moderate (63% ds) and (r-2,t-3,c-4,t-5)-29 is
isolated as major isomer. However, two out of the three newly
formed centers (C(4) and C(5)) are created with high
stereocontrol since the principal minor isomer is epimeric at
position C(3).


Tetrahydropyran derivatives : The stereochemical outcome of
6-exo cyclizations leading to tetrahydropyran derivatives can
also be controlled by the acetal center. For instance, the
desymmetrization of 1,6-heptadien-4-ol via the acetal 30 is
totally diastereoselective at �78 �C [Eq. (11)]. The moderate


O
Br


OtBu


O


OtBu


Bu3SnH


Et3B, O2, –78 °C
43%


30 (r-2,t-4,t-6)-31


(11)


yield of this process is due to the formation of the acyclic
reduced product. The relative configuration of the 2,4,6-
trisubstitued tetrahydropyran 31 was deduced from 1H NMR
coupling constants. Beckwith has recently reported a related
example of stereoselective bromoacetal cyclization leading to
2,4-disubstituted tetrahydropyran.[22]


Discussion of the stereochemical outcome : The stereochem-
ical outcome of the above reactions for all acyclic precursors
can be rationalized by a chair-like transition state where the


alkoxy substituent occupies an axial position (Scheme 2,
model A). The substituent at C(5) lies in a pseudoequatorial


Scheme 2. Model for the Ueno ± Stork cyclization controlled by the acetal
center.[25]


position as predicted by the Beckwith ±Houk model. The
substituent at C(3) can occupy either a pseudoaxial (Rax)
position which would minimize the steric interactions with the
C(2)-alkoxy substituents, or a equatorial (Req) position as in
the Beckwith ±Houk model. An exception to this model is the
reaction of the cyclic haloacetal 21. In this case, the major
isomer arises from the twist-like transition state B. Interest-
ingly, in both models, the exo-alkoxy group is in a pseudoaxial
position that allows to maximize the anomeric effect. The
models presented in Scheme 2 are based on the results of the
ab inito calculations that are reported in the following
paper.[25]


Cascade cyclization process


Polycyclic lactones are substructure of many natural products.
Our interest in the synthesis of analogues of (�)-podophyllo-
toxin,[28, 29] a tetracyclic lignan with potent antimitotic activity,
prompted us to examine a cascade cyclization process for the
preparation of tricyclic lactones. To validate such an ap-
proach, the iodoacetal 36 was prepared from the monopro-
tected 1,4-benzoquinone 32 by allylation with lithiated allyl
methyl ether followed by methylation of the tertiary alcohol,
iodoacetalization with N-iodosuccinimide and allyl alcohol
and deprotection of the dioxolanyl acetal with hydrated
magnesium sulfate (Scheme 3). Treatment of the iodoacetal
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Scheme 3. Preparation of the tricyclic acetal 38 related to podophyllotox-
in.
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36 with triethylborane in toluene at �95 �C afforded the
desired tricyclic compound 37 in good yield. The efficiency of
this tin-free cyclization is striking and best explained by the
mechanism depicted in Scheme 3. Indeed, this reaction is
mediated by a stoichiometric amount of triethylborane which
reacts with the tricylic enolate radical to give a boron enolate
and an ethyl radical that can abstract an iodine atom from the
substrate and propagates the chain reaction (Scheme 4).[30]


The diastereoselectivity (84% ds) is remarkable considering


Scheme 4. Proposed mechanism for the triethylborane mediated cycliza-
tion of 36.


that the position 3 of 3,4-disubstituted 2-alkoxytetrahydrofur-
an is usually difficult to control (see below) and that four new
stereogenic centers are created in a single reaction. After
treatment of the major isomer with p-toluenesulfonic acid in
methanol and trimethyl orthoformate, the aromatic com-
pound (r-2,t-3,c-4)-38 was isolated and its trans relative
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configuration was unambiguously established from NOE
difference and COSY spectra.


Preparation of optically pure lactones


Optically pure chiral enol ethers are easily available from
diverse chiral alcohols and are very valuable starting material
for asymmetric synthesis.[31] Since our reactions are producing
acetals as final products, it was anticipated that the chiral
alcohol could be recovered by simple hydrolysis. We have
previously shown [Eq. (1), Table 1] that the size of the exo-
alkoxy group has no influence on the stereochemistry of the
radical cyclization, therefore, we were expecting that the
acetal center will be the only control element of the
cyclization reactions.


Synthesis of 3-vinyl-�-butyrolactone : 3-Vinyl-�-butyrolactone
is an important building block widely that has been used in
several natural product synthesis.[32±35] The acetal 40 has been
prepared from the (1R,2S)-2-phenylcyclohexyl vinyl ether


39[36] and 1,2-butadien-4-ol. The bromoacetalization furnished
40 as a 1:1 mixture of two diastereomers which were separated
by flash chromatography.[23, 37] Reaction of the diastereomeri-
cally pure (R)-40 with tributyltin hydride gave the 2-alkoxy-4-
vinyl tetrahydrofuran in 88% yield as a cis/trans 90:10
mixture. After elimination of the minor diastereomer by flash
chromatography, hydrolysis of the pure cis isomer followed by
oxidation of the lactol gave the enantiomerically pure (�99%
ee) lactone 41 (Scheme 5). During the hydrolysis step, the
chiral auxiliary was recovered in 84% yield.
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Scheme 5. Preparation of the enantiomerically enriched (�99% ee)
lactone (R)-41.


Synthesis of (�)-eldanolide : The utility of our approach was
demonstrated by the preparation of the naturally occuring
(�)-eldanolide, the pheromone of the male African sugarcane
stem borer Eldana saccharina (Scheme 6).[38±48] For this
purpose, the bromoacetal 42 was prepared from the chiral
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Scheme 6. Synthesis of (�)-eldanolide.


vinyl ether 39 by bromoacetalization with 1,4-pentadien-3-ol.
The haloacetalization step is not stereoselective, the required
diastereomerically pure 42 could be obtained after flash
chromatography; however, since the separation of the dia-
stereomers is easier after the cyclization reaction, the mixture
of diastereomers was used for the next step. The bromoacetal
42 (1:1 mixture of two diastereomers) was submitted to
cyclization conditions to afford 43 as a 1:1 mixture of two
diastereoisomers, the cyclization process is completely dia-
stereoselective (ds � 98%) for each diastereomer of 42. At
this stage, the two diastereomers were separated by flash
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chromatography and (2S,4S,5R)-43was used for the rest of the
synthesis. The �-chain was modified in a straightforward
manner by hydroboration, Swern oxidation and Wittig
reaction. Finally, hydrolysis of the acetal 44 furnished the
lactol together with recovered (1R,2S)-2-phenylcyclohexanol
(62%). Oxidation of the lactol with PCC gave (�)-eldanolide
45 (optical purity �99% by gas chromatography on a chiral
column).


Conclusion


We have demonstrated on several examples that the Ueno ±
Stork radical cyclization of haloacetal can be highly stereo-
selective. The key element for the control of the stereo-
chemical outcome is the acetal center. This allows an excellent
control of the stereochemistry at C(4) and C(5) of the newly
formed tetrahydrofuran. The control of the stereochemistry at
C(3) is lower due to antagonist effect of the two neighbouring
substituents. The used of easily recovered chiral auxiliary
offers an entry for the synthesis of enantiomerically pure
compounds. At the moment, the diastereoselectivity of the
haloacetalization step is not controlled and separation of the
diastereomers by chromatography is necessary. Further
efforts toward stereoselective haloacetalization reaction are
currently underway in our laboratory and will be reported in
due course.


Experimental Section


General remarks : THF was freshly distilled from K under N2; CH2Cl2 and
benzene from CaH2 under N2; toluene from Na under N2. Et3B solution
(1�) in hexane or toluene was freshly prepared from commercially
available Et3B (95%, Aldrich). Other reagents were obtained from
commercial sources and used as received. Flash column chromatography
(FC) and filtration: Baker silica gel (0.063 ± 0.200 mm); AcOEt, Et2O,
CH2Cl2 and hexane as eluents. Thin-layer chromatography (TLC): Merck
silica gel 60 F254 analytical glass plates; detection either with UV or by
spraying with a solution of vanillin or a solution of 25 g phosphomolybdic
acid, 10 g Ce(SO4)2 ¥ 4H2O, 60 mL conc. H2SO4 and 940 mL H2O with
subsequent heating. FT-IR: Mattson Unicam 5000 and Perkin Elmer 1600.
NMR: Varian Gemini 200 (1H 200 MHz, 13C 50.3 MHz), Bruker AM 360
(1H 360 MHz, 13C 90.5 MHz), Bruker Avance DRX 500 (1H 500.13 MHz,
13C 125.8 MHz), Bruker DRX 400 (1H 400 MHz, 13C 100.6 MHz); chemical
shift in ppm relative to tetramethylsilane (�0 ppm) or CHCl3 (�7.26 ppm)
for 1H and CDCl3 (�77.0 ppm) for 13C. Intensity of the NOE effect: w
(weak), m (medium), s (strong). MS: Vacuum Generators Micromass VG
70/70E, DS 11-250 and VG Autospec; CI (CH4), EI (70 eV). High
resolution mass spectra (HRMS) were recorded on a FTICR mass
spectrometer Bruker 4.7 BioApex II and VG Autospec. Elementary
analysis: Ilse Beetz, Mikroanalytisches Laboratorium, 96317 Kronach
(Germany).


General procedure 1 (GP 1): N-Halosuccinimide (10 mmol) was added in
portions to a solution of enol ether (10 mmol) and alcohol (11 mmol) in
CH2Cl2 (10 mL) cooled at �20 �C. The resulting mixture was stirred at the
same temperature for 2 ± 3 h until disappearance of the starting material.
The mixture was diluted with hexane, filtered and washed successively with
KOH (5%), water and NaCl. After drying and evaporation of the solvent,
the residue was purified by FC (hexane/Et2O).


General procedure 2 (GP 2): A solution of the haloacetal (2.1 mmol) and
Bu3SnH (735 mg, 2.5 mmol) in toluene (52 mL) was cooled at�78 �C and a
1� solution of Et3B in hexane (2.9 mL, 2.9 mmol) was added. Air (2.0 mL)
was then bubbled into the reaction mixture with a syringe. The solution was
kept at �78 �C for 3 h. A 1� NaOH solution (30 mL) was added and the


heterogeneous mixture was stirred for 2 h at rt. The organic layer was
washed with H2O, dried over MgSO4 and evaporated under reduced
pressure. The crude product was purified by flash chromatography
(pentane/Et2O) to afford the tetrahydrofuran. The diasteroisomeric ratios
were determined by 1H NMR before and after FC. Attempts to measure
the diasteroselectivity by GC failed due to partial decomposition of the
products. The relative configuration have been assigned by NOE difference
experiments.


General procedure 3 (GP 3): A solution of Bu3SnH (735 mg, 2.52 mmol),
AIBN (17 mg, 0.11 mmol) and the haloacetal (2.1 mmol) was heated under
reflux in benzene (20 mL). The reaction was monitored by TLC. After
cooling, a 1� NaOH solution (30 mL) was added and the heterogeneous
mixture was stirred for 2 h at rt. The organic layer was washed with H2O,
dried over MgSO4 and evaporated under reduced pressure. The crude
product was purified by FC (hexane/Et2O).


General procedure 4 (GP 4): A solution of the haloacetal (1 mmol) and
(Bu3Sn)2 (58 mg, 0.1 mmol) in benzene (5 mL) was irradiated with a sun
lamp for 2 h at 10 �C. A KF aqueous solution was added and the mixture
was stirred for 2 h. The organic layer was washed with water, dried over
MgSO4 and evaporated. The crude product was purified by FC (hexane/
Et2O).


3-(2-Bromo-1-ethoxyethoxy)-1-propene (1): According to GP 1 from ethyl
vinyl ether (1.13 g, 15.7 mmol), allyl alcohol (1.00 g, 17.2 mmol) and NBS
(2.79 g, 15.7 mmol). The bromoacetal 1 (2.73 g, 76%) was obtained as a
colorless oil after FC (hexane/Et2O 40:1). IR (KBr): �� � 3081, 2978, 2877,
1423, 1346, 1126, 1057 cm�1; 1H NMR (360 MHz, CDCl3): �� 5.97 (m, 1H,
CH�CH2), 5.25 (dq, J� 1.8, 17.4 Hz, 1H, CH�CHH), 5.20 (dq, J� 1.2,
10.4 Hz, 1H, CH�CHH), 4.72 (t, J� 5.5 Hz, 1H, OCHCH2Br), 4.16 (ddt,
J� 1.5, 5.5, 12.8 Hz, 1H, OCHHCH�CH2), 4.07 (ddt, J� 1.5, 6.1, 12.2 Hz,
1H, OCHHCH�CH2), 3.75 ± 3.53 (m, 2H, CH2CH3), 3.38 (d, J� 5.2 Hz,
2H, OCHCH2Br), 1.23 (t, J� 7.0 Hz, 3H, CH2CH3); 13C NMR (50 MHz,
CDCl3): �� 134.0 (d), 117.4 (t), 100.9 (d), 67.6 (t), 62.4 (t), 31.7 (t), 15.17 (q);
CI-MS (CH4):m/z (%): 209 (3) [M�], 165 (74), 163 (72), 153 (97), 152 (100),
115 (84), 85 (5), 83 (8); elemental analysis calcd for C7H13O2Br (209.08): C
40.21, H 6.27; found: C 40.34, H 6.21.


3-(2-Bromo-1-tert-butoxyethoxy)-1-propene (2): According to GP 1 from
tert-butyl vinyl ether (2.07 g, 20.7 mmol), allyl alcohol (1.20 g, 20.7 mmol)
and NBS (3.68 g, 20.7 mmol). The bromoacetal 2 (3.73 g, 91%) was
obtained as a colorless oil after FC (hexane/Et2O 40:1). IR (KBr): �� � 3082,
2978, 2953, 2874, 1369, 1182, 1109, 925 cm�1; 1H NMR (360 MHz, CDCl3):
�� 5.95 ± 5.86 (m, 1H, CH�CH2), 5.30 (dq, J� 1.8, 17.4 Hz, 1H,
CH�CHH), 5.17 (dq, J� 1.5, 10.4 Hz, 1H, CH�CHH), 4.92 (t, J� 5.5 Hz,
1H, OCHCH2Br), 4.08 ± 4.06 (m, 2H, OCHCH2Br), 3.39 (dd, J� 5.8,
10.7 Hz, 1H,CHHCH�), 3.29 (dd, J� 5.2, 10.4 Hz, 1H, CHHCH�), 1.27 (s,
9H, tBu); 13C NMR (50 MHz, CDCl3): �� 134.4 (d), 116.8 (t), 95.7 (d), 75.1
(s), 64.8 (t), 33.1 (t), 28.6 (q); CI-MS (CH4):m/z (%): 239 (13) [M��H], 237
(14), 221 (17), 181 (100), 179 (97), 165 (68), 163 (67), 115 (47), 101 (14), 57
(99); elemental analysis calcd for C9H17O2Br (237.14): C 45.59, H 7.23;
found: C 45.39, H 7.06.


1-(2-Bromo-1-ethoxyethoxy)-2-hexene (3): According to GP 1 from ethyl
vinyl ether (655 mg, 9.1 mmol), 2-hexen-1-ol (1.0 g, 10.0 mmol) and NBS
(1.62 g, 9.1 mmol). The bromoacetal 3 (1.78 g, 78%) was obtained as a
colorless oil after FC (hexane/Et2O 40:1). IR (KBr): �� � 2959, 2872, 1436,
1377, 1187, 1118, 1055, 970 cm�1; 1H NMR (360 MHz, CDCl3): �� 5.72 ±
5.69 (m, 1H, OCH2CH�CH), 5.60 ± 5.52 (m, 1H, CH�CHCH2), 4.70 (t, J�
5.5 Hz, 1H, OCHCH2Br), 4.11 (ddd, J� 1.2, 6.1, 11.9 Hz, 1H,
OCHHCH�CH), 4.02 (ddd, J� 0.9, 6.4, 11.6 Hz, 1H, OCHHCH�CH),
3.71 ± 3.50 (m, 2H, OCH2CH3), 3.38 (d, J� 5.5 Hz, 2H, OCHCH2Br),
2.06 ± 2.00 (m, 2H, CH�CHCH2CH2), 1.46 ± 1.36 (m, 2H, CH2CH2CH3),
1.24 (t, J� 7.0 Hz, 3H, OCH2CH3), 0.90 (t, J� 7.6 Hz, 3H, CH3); 13C NMR
(50 MHz, CDCl3): �� 135.3 (d), 125.6 (d), 100.6 (d), 67.7 (t), 62.3 (t), 34.3
(t), 31.9 (t), 22.2 (t), 15.2 (q), 13.7 (q); CI-MS (CH4): (2) [M�], 235 (19), 233
(18), 211 (13), 165 (14), 153 (90), 151 (89), 125 (16), 83 (100); elemental
analysis calcd (%) for C10H19O2Br (251.16): C 47.82, H 7.63; found: C 47.69,
H 7.60.


1-(2-Bromo-1-tert-butoxyethoxy)-2-hexene (4): According to GP 1 from
tert-butyl vinyl ether (910 mg, 9.1 mmol), 2-hexen-1-ol (1.0 g, 10.0 mmol)
and NBS (1.62 g, 9.1 mmol). The bromoacetal 4 (1.8 g, 71%) was obtained
as a colorless oil after FC (hexane/Et2O 40:1). IR (KBr): �� � 2974,
2872, 1464, 1367, 1110, 1010, 969 cm�1; 1H NMR (360 MHz, CDCl3):
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�� 5.71 ± 5.66 (m, 1H, OCH2CH�CH), 5.58 ± 5.50 (m, 1H, CH�CHCH2),
4.88 (t, J� 5.5 Hz, 1H, OCHCH2Br), 4.01 (dd, J� 0.9, 6.1 Hz, 2H,
OCHCH2Br), 3.39 (dd, J� 5.5, 10.4 Hz, 1H, OCHHCH�CH), 3.28 (dd,
J� 5.5, 10.4 Hz, 1H, OCHHCH�CH), 2.05 ± 2.00 (m, 2H,
CH�CHCH2CH2), 1.40 ± 1.31 (m, 2H, CH2CH2CH3), 1.26 (s, 9H, tBu),
0.89 (t, J� 7.3 Hz, 3H, CH3); 13C NMR (50 MHz, CDCl3): �� 134.5 (d),
125.1 (d), 95.7 (d), 75.0 (s), 67.0 (t), 33.3 (t), 28.6 (q), 22.2 (t), 13.7 (q); CI-
MS (CH4): m/z (%): 279 (1) [M�], 183 (9), 181 (13), 179 (13), 164 (12), 157
(15), 139 (13), 99 (9), 83 (100), 57 (56); elemental analysis calcd for
C12H23O2Br (279.22): C 51.62, H 8.30; found: C 51.63, H 8.26.


1-(2-Bromo-1-ethoxyethoxy)-3-methyl-2-butene (5): According to GP 1
from ethyl vinyl ether (1.20 g, 16.6 mmol), 3-methyl-2-buten-1-ol (1.57 g,
18.3 mmol) and NBS (2.95 g, 16.6 mmol). The bromoacetal 5 (2.66 g, 81%)
was obtained as a colorless oil after FC (hexane/Et2O 20:1). IR (KBr): �� �
2975, 2879, 1444, 1348, 1118, 1056, 684 cm�1; 1H NMR (360 MHz, CDCl3):
�� 5.40 (m, 1H, CH�CMe2), 4.70 (t, J� 5.5 Hz, 1H, OCHCH2Br), 4.14
(dd, J� 7.0, 11.3 Hz, 1H, OCHHCH�CMe2), 4.08 (dd, J� 7.2, 11.4 Hz, 1H,
OCHHC�CMe2), 3.74 ± 3.55 (m, 2H, CH2CH3), 3.39 (d, J� 5.5 Hz, 2H,
OCHCH2Br), 1.76 (s, 3H, CH3), 1.70 (s, 3H, CH3), 1.25 (t, J� 7.0 Hz, 3H,
CH2CH3); 13C NMR (50 MHz, CDCl3): �� 137.7 (s), 120.3 (d), 100.8 (d),
63.2 (t), 62.1 (t), 31.8 (t), 25.8 (q), 18.0 (q), 15.2 (q); CI-MS (CH4):m/z (%):
236 (10) [M��H], 171 (10), 153 (100), 151 (99), 125 (34), 123 (37), 101 (63),
85 (78), 83 (41), 69 (46); elemental analysis calcd for C9H17O2Br (237.14): C
45.59, H 7.23; found: C 45.56, H 7.21.


1-(2-Bromo-1-tert-butoxyethoxy)-3-methyl-2-butene (6): According to
GP 1 from tert-butyl vinyl ether (0.34 g, 3.43 mmol), 3-methyl-2-buten-1-
ol (0.33 g, 3.80 mmol) and NBS (2.97 g, 0.61 mmol). The bromoacetal 6
(0.65 g, 72%) was obtained as a colorless oil after FC (hexane/Et2O 20:1).
IR (KBr): �� � 2975, 1446, 1366, 1179, 1100, 1014, 935 cm�1; 1H NMR
(360 MHz, CDCl3): �� 5.37 ± 5.30 (m, 1H, CH�CMe2), 4.89 (t, J� 5.8 Hz,
1H, OCHCH2Br), 4.05 (d, J� 7.0 Hz, 2H, OCHCH2Br), 3.41 (dd, J� 5.5,
10.4 Hz, 1H, OCHHCH�C), 3.30 (dd, J� 5.8, 10.7 Hz, 1H, OCHHCH�C),
1.75 (s, 3H, CH3), 1.68 (s, 3H, CH3), 1.27 (s, 9H, tBu); 13C NMR (50 MHz,
CDCl3): �� 136.8 (s), 120.8 (d), 95.8 (d), 74.9 (s), 60.6 (t), 33.3 (t), 28.7 (q),
25.7 (q), 18.0 (q); CI-MS (CH4):m/z (%): 267 (6) [M � 3], 265 (6) [M�� 1],
199 (10), 197 (10), 181 (100), 179 (98), 155 (74), 143 (86), 137 (28), 125 (68);
elemental analysis calcd for C11H21O2Br (265.19): C 49.82, H 7.98; found: C
49.81, H 7.89.


cis-2-Ethoxy-4-methyltetrahydrofuran (7): The reaction was performed in
CH2Cl2 due to the high volatility of the resulting tetrahydrofuran.
According to the GP 2 from bromoacetal 1 (438 mg, 2.1 mmol), Bu3SnH
(735 mg, 2.52 mmol) and 1� Et3B (2.9 mL, 2.9 mmol) in CH2Cl2 (52 mL).
After flash chromatography (pentane/Et2O 40:1), cis-7 (71%, 98% ds) was
obtained as a colorless oil. IR (KBr): �� � 2974, 2876, 1446, 1373, 1112, 1076,
987 cm�1; 1H NMR (360 MHz, CDCl3): �� 5.13 (dd, J� 3.1, 5.5 Hz, 1H,
OCHCH2), 3.93 (t, J� 6.7 Hz, 1H, OCHHCHMe), 3.75 (dq, J� 7.0, 9.5 Hz,
1H, OCHHCH3), 3.49 ± 3.40 (m, 2H, OCHHCHMe, OCHHCH3), 2.32 ±
2.20 (m, 2H, CH2), 1.49 ± 1.42 (m, 1H, CHMe), 1.20 (t, J� 7.0 Hz, 3H,
OCH2CH3), 1.08 (d, J� 6.7 Hz, 3H, CH3); 13C NMR (50 MHz, CDCl3): ��
104.7 (d), 73.2 (t), 63.1 (t), 40.8 (t), 33.0 (d), 17.1 (q), 15.3 (q); CI-MS (CH4):
m/z (%): 131 (12) [M��H], 113 (13), 85 (100), 73 (41); HRMS (CI/
isobutane): calcd for C7H15O2: 131.10665, found: 131.10661 [M��H].


cis-4-Methyl-2-tert-butoxytetrahydrofuran (8): According to GP 2 from
the bromoacetal 2 (0.5 g, 2.1 mmol), Bu3SnH (735 mg, 2.52 mmol) and 1�
Et3B (2.9 mL, 2.9 mmol) to afford the acetal cis-8 (226 mg, 68%, 98% ds)
as a colorless oil after FC (pentane/Et2O 10:1). IR (KBr): �� � 2974, 2876,
1460, 1366, 1259, 1194, 1018, 993 cm�1; 1H NMR (360 MHz, CDCl3): ��
5.40 (dd, J� 4.3, 1H, 5.2 Hz, OCHCH2), 3.87 (t, J� 7.9 Hz, 1H,
OCHHCHCH3), 3.46 (t, J� 8.2 Hz, 1H, OCHHCHCH3), 2.27 ± 2.18 (m,
2H, OCHCH2CHCH3), 1.43 ± 139 (m, 1H, CHCH3), 1.25 (s, 9H, tBu), 1.07
(d, J� 6.4 Hz, 3H, CH3); NOE difference spectra (500 MHz): �� 5.41 ±
5.38 (tBuOCH)� 2.27 ± 2.18 (2.05%), 1.26 ± 1.21 (1.71%), 3.90 ± 3.83
(OCHH)� 3.49 ± 3.43 (6.57%), 2.27 ± 2.18 (1.37%), 1.26 ± 1.21 (0.14%),
3.49 ± 3.43 (OCHH)� 3.90 ± 3.83 (6.89%), 2.27 ± 2.18 (0.57%), 1.26 ± 1.21
(0.36%), 1.08 ± 1.05 (1.80%), 2.27 ± 2.18 (tBuOCHCHH)� 5.41 ± 5.38
(1.21%), 3.90 ± 3.83 (0.56%), 3.49 ± 3.43 (0.11%), 1.43 ± 1.39 (4.25%),
1.26 ± 1.21 (0.25%), 1.08 ± 1.05 (1.0%), 1.43 ± 1.39 (CHMe)� 5.41 ± 5.38
(0.46%), 3.49 ± 3.43 (0.36%), 2.27 ± 2.18 (7.06%), 1.08 ± 1.05 (2.29%),
1.08 ± 1.05 (CH-CH3)� 3.49 ± 3.43 (0.49%), 2.26 ± 2.18 (0.87%); 13C NMR
(50 MHz, CDCl3): �� 99.6 (d), 74.0 (s), 73.1 (t), 42.1 (t), 33.2 (d), 28.9 (q),
17.0 (q); MS-CI (CH4): m/z (%): 159 (36) [M��H], 103 (27), 101 (18), 85


(100), 57 (33); HRMS (CI, isobutane): calcd for C9H19O2: 159.13795;
found: 159.13791 [M��H].


cis-4-Butyl-2-ethoxytetrahydrofuran (9): According to GP 2 from the
bromoacetal 3 (220 mg, 0.84 mmol), Bu3SnH (294 mg, 1.01 mmol) and 1�
Et3B (1.2 mL, 1.2 mmol) to afford the acetal 9 (115 mg, 75%, cis/trans 92:8)
as a colorless oil after FC (pentane/Et2O 40:1). cis-9 : 1H NMR (360 MHz,
CDCl3): �� 5.12 (dd, J� 3.4, 5.5 Hz, 1H, OCHCH2), 3.93 (t, J� 7.9 Hz, 1H,
OCHHCH), 3.78 ± 3.70 (dq, J� 7.0, 9.5 Hz, 1H, OCHHCH3), 3.48 ± 3.42
(m, 2H, OCHHCHnBu, OCHHCH3), 2.30 ± 2.23 (m, 1H, CHnBu), 2.18 ±
2.09 (m, 1H, OCHCHH), 1.50 ± 1.40 (m, 3H, OCHCHH, CH2nPr), 1.34 ±
1.17 (m, 4H, CH2CH2CH2CH3), 1.20 (t, J� 7.0 Hz, 3H, OCH2CH3), 0.89 (t,
J� 7.1 Hz, 3H, CH3); 13C NMR (50 MHz, CDCl3): �� 104.4 (d), 71.9 (t),
63.0 (t), 39.2 (t), 38.7 (d), 32.7 (t), 30.9 (t), 22.8 (t), 15.3 (q), 14.0 (q); trans-9 :
1H NMR (360 MHz, CDCl3): �� 4.05 (t, J� 7.9 Hz, 1H, OCHH); cis/trans-
9 : IR (KBr): �� � 2960, 2926, 2860, 1446, 1404, 1114, 1043, 1004 cm�1; EI-
MS:m/z (%): 173 (9) [M��H], 128 (13), 127 (96), 109 (45), 99 (22), 85 (52),
83 (51), 75 (61), 70 (66), 57 (100); elemental analysis calcd (%) for C10H20O2


(172.27): C 69.72, H 11.70; found: C 69.86, H 11.83.


cis-2-tert-Butyl-4-butyltetrahydrofuran (10): According to GP 2 from the
bromoacetal 4 (243 mg, 0.84 mmol), Bu3SnH (294 mg, 1.01 mmol) and 1�
solution Et3B (1.2 mL, 1.2 mmol) to afford the acetal 10 (126 mg, 71%, cis/
trans 92:8) as a colorless oil after FC (pentane/Et2O 40:1). cis-10 : 1H NMR
(360 MHz, CDCl3): �� 5.38 (dd, J� 4.6, 5.8 Hz, 1H, OCHCH2), 3.87 (t, J�
7.6 Hz, 1H, OCHHCHnBu), 3.49 (t, J� 8.2 Hz, 1H, OCHHCHnBu),
2.26 ± 2.18 (m, 1H, CHnBu), 2.13 ± 2.03 (m, 1H, OCHCHH), 1.45 ± 1.37 (m,
3H, OCHCHH, CHCH2nPr), 1.33 ± 1.18 (m, 4H, CH2-CH2CH3), 1.22 (s,
9H, tBu), 0.88 (t, J� 7.0 Hz, 3H, CH3); 13C NMR (50 MHz, CDCl3): ��
99.4 (d), 73.9 (s), 71.1 (t), 40.4 (t), 38.9 (d), 32.4 (t), 30.9 (t), 29.0 (q), 22.8 (t),
14.1 (q); trans-10 : 1H NMR (360 MHz, CDCl3): �� 4.06 (t, J� 7.6 Hz, 1H,
OCHH), 3.37 (dd, J� 7.0 Hz, J� 8.2 Hz, 1H, OCHH); cis/trans-10 : IR
(KBr): �� � 2972, 2930, 2860, 1467, 1365, 1199, 1008 cm�1; CI-MS (CH4):m/z
(%): 201 (76) [M��H], 145 (18), 128 (9), 127 (100), 109 (7); elemental
analysis calcd for C10H24O2 (200.32): C 71.94, H 12.08; found: C 71.96, H
11.90.


cis-2-Ethoxy-4-isopropyltetrahydrofuran (11): According to GP 2 from the
bromoacetal 5 (0.5 g, 2.1 mmol), Bu3SnH (735 mg, 2.52 mmol) and 1� Et3B
(2.9 mL, 2.9 mmol) to afford the acetal 11 (266 mg, 80%, cis/trans 77: 23) as
a colorless oil after FC (pentane/Et2O 20:1). cis-11: 1H NMR (360 MHz,
CDCl3): �� 5.13 (dd, J� 3.7, 5.8 Hz, 1H, OCHCH2), 3.91 (t, J� 7.6 Hz, 1H,
OCHHCHiPr), 3.79 ± 3.66 (m, 1H, CHHCH3), 3.54 ± 3.39 (m, 2H, OCHH-
CHiPr, CHHCH3), 2.30 ± 2.21 (m, 1H, OCH2CHiPr), 1.90 ± 1.80 (m, 1H,
CHMe2), 1.60 ± 1.42 (m, 2H, OCHCH2CH), 1.20 (t, J� 7.0 Hz, 3H,
CH2CH3), 0.92 (d, J� 6.7 Hz, 3H, CH3), 0.87 (d, J� 6.7 Hz, 3H, CH3);
13C NMR (50 MHz, CDCl3): �� 104.6 (d), 70.6 (t), 63.1 (t), 46.7 (d), 37.9
(d), 31.6 (d), 21.1 (q), 21.6 (q), 15.3 (q); trans-11: 1H NMR (360 MHz,
CDCl3): �� 5.09 (d, J� 4.9 Hz, 1H, OCHCH2), 4.05 (t, J� 8.2 Hz, 1H,
OCHHCHiPr), 1.2 (t, J� 7.0 Hz, 3H, CH2CH3), 0.91 (d, J� 6.7 Hz, 3H,
CH3), 0.86 (d, J� 6.7 Hz, 3H, CH3); 13C NMR (50 MHz, CDCl3): �� 104.2
(d), 71.6 (t), 62.5 (t), 44.3 (d), 37.6 (t), 32.3 (d), 21.5 (q), 21.3 (q), 15.3 (q); cis/
trans-11: IR (KBr): �� � 2962, 2874, 1467, 1371, 1114, 1068, 1006 cm�1; MS-
CI (CH4): m/z (%): 159 (13) [M��H], 157 (19) [M��H], 127 (8), 113
(100), 95 (16), 85 (43), 75 (14), 56 (19); HRMS (CI, isobutane): calcd for
C9H19O2: 159.13795; found: 159.13794 [M��H].


cis-4-Isopropyl-2-tert-butoxytetrahydrofuran (12): According to GP 2 from
the bromoacetal 6 (0.3 g, 1.13 mmol), Bu3SnH (395 mg, 1.36 mmol) and 1�
Et3B (1.6 mL, 1.6 mmol) to afford the acetal 12 (174 mg, 83%, cis/trans
77:23) as a colorless oil after FC (pentane/Et2O 20:1). cis-12 : 1H NMR
(360 MHz, CDCl3): �� 5.40 (dd, J� 5.4, 5.5 Hz, 1H, OCHCH2), 3.87 (t, J�
7.9 Hz, 1H, OCHHCHiPr), 3.56 (dd, J� 8.2, 10.1 Hz, 1H, OCHHCHiPr),
2.24 ± 2.18 (m, 1H, CHiPr), 1.91 ± 1.74 (m, 1H, CHMe2), 1.58 ± 1.41 (m, 2H,
OCHCH2), 1.24 (s, 9H, tBu), 0.92 (d, J� 6.7 Hz, 3H, CH3), 0.86 (d, J�
6.4 Hz, 3H, CH3); 13C NMR (50 MHz, CDCl3): �� 99.6 (d), 74.0 (s), 70.5
(t), 46.6 (d), 39.1 (t), 31.6 (d), 28.9 (q), 21.8 (q), 21.6 (q); trans-12 : 1H NMR
(360 MHz): �� 4.08 (t, J� 7.9 Hz, 1H, OCHHCHiPr), 3.44 (t, J� 7.9 Hz,
1H, OCHHCHiPr), 1.23 (s, 9H, tBu), 0.91 (d, J� 6.7 Hz, 3H, CH3), 0.87 (d,
J� 6.4 Hz, 3H, CH3); 13C NMR (50 MHz, CDCl3): �� 99.2 (d), 73.9 (s),
71.1 (t), 44.4 (d), 38.7 (t), 32.3 (d), 21.3 (q), 21.2 (q); cis/trans-12 : IR (KBr):
�� � 2972, 2874, 1469, 1365, 1197, 1006 cm�1; MS-CI (CH4): m/z (%): 187
(16) [M��H], 141 (7), 131 (45), 129 (21), 113 (100), 95 (17), 85 (12), 69 (7),
57 (40); HRMS (CI, isobutane): calcd for C11H23O2: 187.16925; found:
187.16905 [M��H].
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4-(2-Bromo-1-tert-butoxyethoxy)-1,2-butadiene (13): According to GP 1
from tert-butyl vinyl ether (750 mg, 7.5 mmol), 2,3-butadien-1-ol (525 mg,
3.80 mmol) and NBS (1.33 g, 7.5 mmol). The bromoacetal 13 (1.20 g, 64%)
was obtained as a colorless oil after FC (hexane/Et2O 40:1). IR (KBr): �� �
2978, 2939, 1957, 1471, 1369, 1105, 846 cm�1; 1H NMR (360 MHz, CDCl3):
�� 5.25 (quint, J� 6.7 Hz, 1H, OCH2CH�C�CH2), 4.93 (t, J� 5.5 Hz, 1H,
OCHCH2Br), 4.80 (dt, J� 2.4, 6.7 Hz, 2H, CH�C�CHH), 4.10 (dt, J� 2.4,
6.7 Hz, 2H, OCH2CH�C), 3.39 (dd, J� 5.8, 10.7 Hz, 1H, OCHCHHBr),
3.29 (dd, J� 5.5, 10.7 Hz, 1H, OCHCHHBr), 1.27 (s, 9H, tBu); 13C NMR
(50 MHz, CDCl3): �� 209.1 (s), 95.7 (d), 88.0 (d), 76.0 (t), 75.1 (s), 62.0 (t),
33.3 (t), 28.7 (q); MS-CI (CH4): m/z (%): 251 (12) [M��2], 249 (13) [M�],
181 (34), 176 (36), 127 (71), 113 (23), 109 (19), 57 (100); elemental analysis
calcd for C10H17O2Br (249.15): C 48.21, H 6.88; found: C 47.83, H 6.99.


cis-2-tert-Butyl-4-vinyltetrahydrofuran (14): According to GP 2 from the
bromoacetal 13 (523 mg, 2.1 mmol), Bu3SnH (735 mg, 2.52 mmol) and 1�
solution Et3B (2.94 mL, 2.94 mmol) to afford the acetal 14 (252 mg, 71%,
cis/trans 92:8) as a colorless oil after FC (pentane/Et2O 40:1). cis-14 :
1H NMR (360 MHz, CDCl3): �� 5.82 (ddd, J� 8.6, 10.4, 17.1 Hz, 1H,
CHCH�CH2), 5.43 (dd, J� 4.0, 5.5 Hz, 1H, OCHCH2), 5.09 ± 5.54 (m, 2H,
CHCH�CH2), 3.88 (t, J� 7.9 Hz, 1H, OCHHCH), 3.62 (t, J� 8.5 Hz, 1H,
OCHHCH), 2.85 ± 2.73 (m, 1H, CHCH�CH2), 2.26 (ddd, J� 5.8, 8.9,
13.4 Hz, 1H, OCHCHH), 1.64 (ddd, J� 4.0, 8.5, 12.8 Hz, 1H, OCHCHH),
1.26 (s, 9H, tBu); 13C NMR (50 MHz, CDCl3): �� 139.0 (d), 115.1 (t), 99.4
(d), 74.0 (s), 70.8 (t), 43.3 (d), 40.5 (t), 28.9 (q); trans-14 : 1H NMR
(360 MHz, CDCl3): �� 4.10 (t, J� 7.9 Hz, 1H, OCHH), 3.49 (t, J� 7.3 Hz,
1H, OCHH); cis/trans-14 : IR (KBr): �� � 3080, 2964, 2872, 1643, 1365, 1194,
1010, 914 cm�1; CI-MS (CH4):m/z (%): 171 (5) [M��H], 115 (29), 97 (100),
85 (3), 69 (6), 57 (60); HRMS (CI, isobutane): calcd for C10H19O2:
171.13795; found: 171.13807 [M��H].


2-Bromo-1-ethoxy-3-methyl-1-(2-propenoxy)-butane (15): According to
GP 1 from ethyl 3-methyl 1-butenyl ether (2.6 g, 23.0 mmol), allyl alcohol
(1.3 g, 23.0 mmol) and NBS (4.1 g, 23.0 mmol). The bromoacetal 15 (1.4 g,
24%) was obtained as a colorless oil after FC (hexane/Et2O). IR (KBr):
�� � 3082, 2970, 2933, 2877, 1464, 1386, 1112, 1055, 925 cm�1; 1H NMR
(360 MHz, CDCl3): �� 6.00 ± 5.90 (m, 1H, OCH2CH�), 5.33 (dq, J� 1.5,
17.1 Hz, 1H, CHH�CH), 5.19 (dq, J� 1.5, 10.5 Hz, 1H, CHH�CH), 4.64 (d,
J� 7.9 Hz, 1H, OCHCHBr), 4.15 (ddt, J� 1.5, 5.5, 8.9 Hz, 2H,
OCH2CH�CH2), 4.02 (dd, J� 3.1, 7.6 Hz, 1H, OCHCHBr), 3.73 ± 3.53
(m, 2H, OCH2CH3), 2.15 ± 2.07 (m, 1H, CH(CH3)2), 1.22 (t, J� 7.0 Hz, 3H,
OCH2CH3), 1.07 (d, J� 7.0 Hz, 3H, CH3), 0.95 (d, J� 7.0 Hz, 3H, CH3);
13C NMR (50 MHz, CDCl3): �� 134.2 (d), 117.1 (t), 102.5 (d), 67.8 (t), 63.9
(d), 62.6 (t), 29.4 (d), 21.9 (q), 17.3 (q), 15.2 (q); CI-MS (CH4):m/z (%): 206
(7) [M�� 45], 204 (7), 195 (26), 193 (26), 171 (10), 115 (100), 113 (21), 85
(32), 73 (24), 57 (13); elemental analysis calcd for C10H19O2Br (251.16): C
47.82, H 7.63; found: C 47.78, H 7.65.


(r-2,c-3,c-4)- and (r-2,t-3,c-4)-2-Ethoxy-4-methyl-3-isopropyltetrahydrofur-
an (16): According to GP 2 from the bromoacetal 15 (527 mg, 2.1 mmol),
Bu3SnH (735 mg, 2.52 mmol) and 1� solution Et3B (2.94 mL, 2.94 mmol) to
afford the acetal 16 (160 mg, 44%, 1:1 mixture of two diasteromers) after
FC (pentane/Et2O 40:1). These diastereomers were separated by FC and
characterized. Their relative stereochemistry was assigned by NOE experi-
ments.


(r-2,c-3,c-4)-16 : 1H NMR (360 MHz, CDCl3): �� 4.88 (d, J� 4.9 Hz, 1H,
OCHCHiPr), 4.03 (t, J� 7.0 Hz, 1H, OCHHCHMe), 3.74 (dq, J� 7.0,
9.8 Hz, 1H, OCHHCH3), 3.67 (dd, J� 2.1, 8.2 Hz, 1H, O-CHHiPr), 3.37
(dq, J� 7.0, 9.8 Hz, 1H, OCHHCH3), 2.25 (dq, J� 2.1, 7.3 Hz, 1H,
CHCH3), 1.91 ± 1.82 (m, 1H, CH(CH3)2), 1.61 (ddd, J� 4.9, 7.3, 12.2 Hz,
1H, CHiPr), 1.20 (t, J� 7.0 Hz, 3H, OCH2CH3), 1.10 (d, J� 7.0 Hz, 3H,
CH-CH3), 0.95 (d, J� 6.1 Hz, 3H, CH3), 0.93 (d, J� 6.4 Hz, 3H, CH3).
NOE difference spectra (500 MHz): 4.90 ± 4.87 (EtOCH)� 4.05 ± 4.00 (w),
3.78 ± 3.65 (m), 3.41 ± 3.33 (s), 1.64 ± 1.58 (s), 0.99 ± 0.90 (m), 4.05 ± 4.00
(OCHH)� 3.69 ± 3.65 (s), 2.30 ± 2.21 (m), 1.64 ± 1.58 (w), 3.69 ± 3.65
(OCHH)� 4.90 ± 4.00 (m), 4.05 ± 4.00 (s), 1.20 ± 1.15 (m), 2.30 ± 2.21
(CH3CH)� 4.05 ± 4.00 (s), 3.69 ± 3.65 (w), 1.64 ± 1.58 (s), 1.11 ± 1.09 (s),
0.92 ± 0.90 (m), 1.64 ± 1.58 (CHiPr)� 4.90 ± 4.87 (s), 4.05 ± 4.00 (w), 2.30 ±
2.21 (m), 0.98 ± 0.90 (s); 13C NMR (50 MHz, CDCl3): �� 104.2 (d), 75.6 (t),
62.9 (t), 55.0 (d), 33.0 (d), 24.0 (d), 21.8 (q), 21.5 (q), 16.0 (q), 15.4 (q).


(r-2,t-3,c-4)-16 : 1H NMR (360 MHz, CDCl3): �� 4.82 (d, J� 2.8 Hz, 1H,
OCHCHiPr), 3.94 (t, J� 7.9 Hz, 1H, OCHHCHMe), 3.72 (dq, J� 7.0,
9.8 Hz, 1H, OCHHCH3), 3.50 ± 3.40 (m, 2H, OCHHCHMe, OCHHCH3),


2.02 ± 1.93 (m, 1H, CHMe), 1.75 ± 1.65 (m, 1H, CH(CH3)2), 1.48 (dt, J� 2.8,
7.3 Hz, 1H, CHiPr), 1.20 (t, J� 7.0 Hz, 3H, OCH2CH3), 1.05 (d, J� 6.7 Hz,
3H, CHCH3), 0.95 (d, J� 2.8 Hz, 3H, CH3), 0.94 (d, J� 2.8 Hz, 3H, CH3).
NOE difference spectra (500 MHz): 4.83 ± 4.80 (EtOCH)� 3.96 ± 3.90 (w),
3.77 ± 3.68 (m), 3.50 ± 3.40 (s), 2.13 ± 1.93 (w), 1.74 ± 1.65 (m), 1.50 ± 1.44 (m),
1.23 ± 1.17 (m), 0.97 ± 0.91 (s), 3.96 ± 3.90 (OCHH)� 3.50 ± 3.40 (s), 2.13 ±
1.93 (m), 2.13 ± 1.93 (CHCH3)� 4.83 ± 4.80 (m), 3.96 ± 3.90 (s), 3.50 ± 3.40
(m), 1.74 ± 1.65 (m), 1.50 ± 1.44 (m), 1.07 ± 1.03 (s), 0.97 ± 0.91 (s), 1.74 ± 1.65
(CHMe2)� 4.83 ± 4.80 (m), 2.13 ± 1.93 (w), 1.50 ± 1.44 (w), 0.97 ± 0.91 (s),
1.50 ± 1.44 (CH-iPr)� 4.83 ± 4.80 (m), 2.13 ± 1.93 (m), 1.74 ± 1.65 (m), 1.07 ±
1.03 (m), 0.97 ± 0.91 (s), 1.07 ± 1.03 (CH-CH3)� 3.50 ± 3.40 (s), 2.13 ± 1.93
(s), 1.50 ± 1.44 (s); 13C NMR (50 MHz, CDCl3): �� 108.2 (d), 73.7 (t), 63.0
(t), 60.1 (d), 36.8 (d), 29.8 (d), 20.7 (q), 17.2 (q), 15.4 (q).


Mixture of diasteroisomers: IR (KBr): �� � 2962, 2933, 2874, 1469, 1375,
1114, 1076, 1028, 981 cm�1; CI-MS (CH4): m/z (%): 173 (15) [M��H], 171
(19), 155 (13), 127 (100), 115 (10), 97 (12), 83 (11); HRMS (ESI): calcd for
C10H20O2Na: 195.13554; found: 195.13565.


2-Iodo-3-(2-propenoxy)-3-methoxy-1-phenyl-1-propanone (17): N-Iodo-
succinimide (1.4 g, 6.2 mmol) was added in portions at 0 �C protected from
the light to a solution of the 3-methoxy-1-phenylpropenone (1.0 g,
6.2 mmol) and allyl alcohol (1.70 g, 29.4 mmol) in CH2Cl2 (10 mL). The
mixture was stirred at rt for 2 d. Hexane was added and the precipitated
was filtered off. The filtrate was washed with H2O and NaCl, dried and
evaporated. FC (hexane/Et2O 10:1) afforded 17 (1.26 g, 59%) as a yellow
oil and starting material (0.32 g, 32%). IR (KBr): �� � 3067, 2989, 2931, 1680,
1597, 1448, 1294, 1047 cm�1. Major diasteroisomer: 1H NMR (360 MHz,
CDCl3): �� 7.96 (d, J� 7.3 Hz, 2H, arom. H), 7.59 (t, J� 7.3 Hz, 1H, arom.
H), 7.47 (t, J� 7.6 Hz, 2H, arom. H), 5.79 (ddt, J� 5.8, 10.4, 17.1 Hz, 1H,
OCH2CH�CH2), 5.43 (d, J� 8.6 Hz, 1H, MeOCHCHI), 5.16 (d, J� 8.2 Hz,
1H, MeOCHCHI), 5.22 ± 5.10 (m, 2H, OCH2CH�CH2), 4.21 ± 4.10 (m, 2H,
OCH2CH�CH2), 3.49 (s, 3H, CH3O); 13C NMR (50 MHz, CDCl3): ��
193.4 (s), 134.4 (s), 133.8 (d), 133.7 (d), 128.8 (d), 128.6 (d), 117.6 (t), 103.4
(d), 70.3 (t), 54.0 (d), 24.3 (q); CI-MS (CH4):m/z (%): 347 (7) [M��H], 329
(13), 315 (99), 289 (61), 267 (13), 219 (60), 189 (51), 163 (68), 160 (20), 101
(100); elemental analysis calcd for C13H15IO3 (346.17): C 45.11; H 4.37;
found: C 45.15, H 4.37.


(r-2,t-3,c-4)-[4-(Iodomethyl)-2-methoxytetrahydro-3-furanyl](phenyl)me-
thanone (18): A solution of iodoacetal 17 (2.5 g, 7.25 mmol) and (Bu3Sn)2
(5%, 0.21 g, 0.36 mmol) in benzene (36 mL) was irradiated with a sun lamp
at 10 �C for 3 h. Then a saturated aqueous solution of KF (20 mL) was
added and the resulting mixture was stirred for 2 h. The organic phase was
washed with H2O, dried over MgSO4 and evaporated under reduced
pressure. Purification by FC (hexane/Et2O 8:1) gave 18 (1.85 g, 74%, one
diastereomer) as a yellow oil. IR (KBr): �� � 3061, 2933, 2833, 1687, 1597,
1448, 1379, 1228, 1064 cm�1; 1H NMR (500 MHz, [D8]toluene): �� 8.00
(dd, J� 1.3, 8.4 Hz, 2 arom. H), 7.14 ± 6.97 (m, 3 arom. H), 4.91 (d, J�
2.1 Hz, 1H, MeOCHCH), 3.98 (dd, J� 7.7, 8.4 Hz, 1H, OCHHCHCH2I),
3.62 (dd, J� 2.0, 6.0 Hz, 1H, MeOCHCHCOPh), 3.54 (t, J� 8.4 Hz, 1H,
OCHHCHCH2I), 3.16 ± 3.12 (m, 1H, OCHHCHCH2I), 3.06 (s, 3H, CH3O),
2.79 (dd, J� 6.6, 9.8 Hz, 1H, CHCHHI), 2.70 (dd, J� 7.9, 9.7 Hz, 1H,
CHCHHI). NOE difference spectra (500 MHz): 4.91 ± 4.89 (MeOCH)�
8.02 ± 7.98 (1.45%), 3.63 ± 3.60 (1.09%), 4.01 ± 3.96 (OCHH)� 8.02 ± 7.98
(0.05%), 4.91 ± 4.89 (0.18%), 3.56 ± 3.50 (10.74%), 3.16 ± 3.11 (2.46%),
3.63 ± 3.60 (MeOCHCHCOPh)� 8.02 ± 7.98 (8.11%), 4.91 ± 4.89 (1.50%),
4.01 ± 3.96 (0.29%), 2.82 ± 2.78 (1.61%), 2.72 ± 2.68 (1.73%), 3.56 ± 3.50
(OCHH)� 4.01 ± 3.96 (11.53%), 2.82 ± 2.78 (1.01%), 2.72 ± 2.68 (1.35%),
3.16 ± 3.11 (CH-CH2I)� 8.02 ± 7.98 (0.40%), 7.14 ± 6.97 (0.92%), 4.91 ± 4.89
(0.56%), 4.01 ± 3.96 (2.26%), 3.63 ± 3.60 (0.73%), 3.56 ± 3.50 (0.09%),
2.82 ± 2.78 (1.11%), 2.72 ± 2.68 (1.12%); 13C NMR (50 MHz, CDCl3): ��
196.3 (s), 134.0 (s), 133.7 (d), 128.8 (d), 107.4 (d), 73.0 (t), 61.1 (d), 55.3 (d),
42.8 (q), 6.4 (t); CI-MS (CH4): m/z : 347 (10) [M��H], 315 (100), 287 (40),
219 (28), 159 (32), 105 (100); elemental analysis calcd for C13H15IO3


(346.17): C 45.11, H 4.37; found: C 45.15, H 4.47.


3-(2-Bromo-1-ethoxy)-1,4-pentadiene (19): According to GP 1 from ethyl
vinyl ether (0.72 g, 10 mmol), 1,4-pentadien-3-ol (840 mg, 10 mmol) and
NBS (1.78 g, 10 mmol). FC (hexane/Et2O 40:1) gave 19 (2.02 g, 86%) as a
colorless oil. IR (KBr): �� � 3029, 2978, 2883, 1420, 1115, 1028, 928 cm�1;
1H NMR (360 MHz, CDCl3): �� 5.92 ± 5.71 (m, 2H, 2CH�CH2), 5.32 ± 5.15
(m, 4H, 2CH2�CH), 4.77 (t, J� 5.2 Hz, 1H, OCHCH2Br), 4.54 (tt, J� 1.2,
6.1 Hz, 1H, CH(CH�CH2)2), 3.65 (dq, J� 7.0, 9.2 Hz, 1H, CH3CHH), 3.58
(dq, J� 7.0, 9.5 Hz, 1H, CH3CHH), 3.39 (dd, J� 2.7, 5.2 Hz, 2H, CH2Br),
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1.23 (t, J� 7.0 Hz, 3H, CH3); 13C NMR (50 MHz, CDCl3): �� 137.4 (d),
136.9 (d), 117.5 (t), 116.3 (t), 99.5 (d), 78.8 (d), 62.0 (t), 32.1 (t), 15.2 (q); MS
(EI): m/z (%): 153 (65) [M�� 81], 151 (65) [M�� 83], 125 (36), 123 (37),
67 (100), 65 (20); elemental analysis calcd for C9H15O2Br (235.12): C 45.98,
H 6.43; found: C 46.00, H 6.38.


5-Ethoxy-3-methyl-2-vinyltetrahydrofuran (20): According to the GP 2
from 19 (0.49 g, 2.1 mmol), Bu3SnH (735 mg, 2.5 mmol) and a 1� solution
of Et3B in hexane (2.9 mL, 2.9 mmol). FC (hexane/Et2O 10:1) gave 20
(0.21 g, 65%, 98% ds). IR (KBr): �� � 3082, 2974, 2876, 1448, 1375, 1107,
985, 923 cm�1; 1H NMR (360 MHz, CDCl3): �� 5.77 (ddd, J� 7.3, 10.4,
17.4 Hz, 1H, CH�CH2), 5.32 ± 5.16 (m, 2H, CH2�CH), 5.15 (dd, J� 4.0,
5.8 Hz, 1H, OCHCH2), 3.93 (t, J� 8.2 Hz, 1H, CHCH�CH2), 3.79 (dq, J�
7.0, 9.5 Hz, 1H, CH3CHH), 3.45 (dq, J� 7.0, 9.5 Hz, 1H, CH3CHH), 2.40
(ddd, J� 5.8, 8.9, 13.4 Hz, 1H, OCHCHH), 1.91 ± 1.77 (m, 1H, CHMe),
1.57 (ddd, J� 3.7, 9.2, 13.1 Hz, 1H, OCHCHH), 1.20 (t, J� 7.0 Hz, 3H,
CH3), 1.03 (d, J� 6.4 Hz, 3H, CH3). NOE difference spectra (500 MHz):
5.83 ± 5.72 (OCHCH�CH2)� 5.20 ± 5.16 (s), 3.97 ± 3.90 (m), 1.89 ± 1.79 (m),
5.16 ± 5.12 (EtOCH)� 5.83 ± 5.72 (m), 3.50 ± 3.41 (m), 2.45 ± 2.36 (m),
3.97 ± 3.90 (OCHCH�CH2)� 5.83 ± 5.72 (m), 5.31 ± 5.25 (s), 1.89 ± 1.79 (m),
1.56 ± 1.48 (m), 1.05 ± 1.01 (s), 2.45 ± 2.36 (EtOCHCHH)� 5.16 ± 5.12 (m),
1.89 ± 1.79 (m), 1.56 ± 1.48 (s), 1.89 ± 1.79 (CH-Me)� 5.83 ± 5.72 (m), 5.16 ±
5.12 (w), 3.97 ± 3.90 (w), 2.45 ± 2.36 (m), 1.56 ± 1.48 (w), 1.05 ± 1.01 (s), 1.56 ±
1.48 (EtOCHCHH)� 5.16 ± 5.12 (w), 3.97 ± 3.90 (w), 2.45 ± 2.36 (s), 1.89 ±
1.79 (w), 1.05 ± 1.01 (m), 1.05 ± 1.01 (CH-CH3)� 3.97 ± 3.90 (s), 1.89 ± 1.79
(s), 1.56 ± 1.48 (s); 13C NMR (50 MHz, CDCl3): �� 137.1 (d), 117.2 (t), 103.7
(d), 85.4 (d), 63.4 (t), 41.2 (t), 39.2 (d), 15.8 (q), 15.3 (q); MS (EI):m/z (%):
157 (5) [M��H], 111 (69), 100 (100), 93.10 (71), 85 (74), 82 (27), 72 (38), 67
(76), 57 (74); HRMS (CI, isobutane): calcd for C9H15O2: 155.10665; found:
155.10660 [M��H].


4-[1-(tert-Butoxy)-2-iodomethoxy]-4-methyl-2,5-cyclohexadien-1-one
(21): According to the GP 1 from tert-butyl vinyl ether (1.00 g, 10 mmol),
4-hydroxy-4-methyl-2,5-cyclohexadien-1-one[49] (1.24 g, 10 mmol) and NIS
(2.25 g, 10 mmol) in CH2Cl2 (10 mL). The resulting mixture was stirred at rt
overnight protected from the light. After usual workup, FC (hexane/Et2O
5:1) gave 21 (2.80 g, 80%) as a colorless oil. IR (KBr): �� � 3043, 2978, 2931,
1668, 1631, 1338, 1091 cm�1; 1H NMR (360 MHz, CDCl3): �� 7.04 (dd, J�
3.1, 5.1 Hz, 1H, CH�CH), 7.01 (dd, J� 3.1, 5.1 Hz, 1H, CH�CH), 6.31 (dd,
J� 3.1, 10.1 Hz, 1H, CH�CH), 6.22 (dd, J� 3.1, 10.1 Hz, 1H, CH�CH),
4.69 (dd, J� 4.0, 5.8 Hz, 1H, OCHCH2I), 3.15 (dd, J� 4.0, 5.8 Hz, 2H,
CH2I), 1.48 (s, 3H, CH3), 1.19 (s, 9H, tBu); 13C NMR (50 MHz, CDCl3): ��
185.0 (s), 152.5 (d), 151.2 (d), 129.6 (d), 128.0 (d), 95.0 (d), 75.4 (s), 72.5 (s),
29.1 (q), 27.5 (q), 10.0 (q); MS (EI):m/z (%): 351 (2) [M��H], 153 (25), 125
(63), 124 (16), 109 (20), 108 (14), 107 (100), 77 (28), 57 (66), 53 (12);
elemental analysis calcd for C13H19O3I (350.20): C 44.59, H 5.47; found: C
44.41, H 5.45.


2-(tert-Butoxy)-7a-methyl-2,3,3a,4,5,7a-hexahydrobenzo[b]furan-5-one
(22): According to the GP 2 from the iodoacetal 21 (0.74 g, 2.1 mmol),
Bu3SnH (735 mg, 2.52 mmol) and a 1� solution of Et3B in hexane (2.9 mL,
2.9 mmol). FC (hexane/Et2O 5:1) afforded 22 (0.35 g, 74%, 98% ds).
According to the GP 3 from the iodoacetal 21 (0.18 g, 0.5 mmol), Bu3SnH
(174 mg, 0.60 mmol) and AIBN (4 mg, 0.025 mmol) gave 22 (0.08 g, 71%,
89% ds). IR (KBr): �� � 3032, 2976, 2872, 1689, 1369, 1099 cm�1. exo-22
(major diastereomer): 1H NMR (360 MHz, CDCl3): �� 6.50 (dd, J� 1.8,
10.8 Hz, 1H, CH�CHCMe), 5.84 (d, J� 10.4 Hz, 1H, CH�CO), 5.29 (d,
J� 5.2 Hz, 1H, OCHCH2), 2.88 ± 2.78 (m, 1H, CHCH2CO), 2.64 (dd, J�
5.5, 17.0 Hz, 1H, CHCHHC�O), 2.54 (dd, J� 2.1, 16.8 Hz, 1H,
CHCHHC�O), 1.96 (dd, J� 7.0, 12.5 Hz, 1H, CHHCH-O), 1.86 (dt, J�
5.2, 12.5 Hz, 1H, CHHCH-O), 1.52 (s, 3H, CH3), 1.23 (s, 9H, tBu-O). NOE
difference spectra (500 MHz): 5.31 ± 5.27 (tBuOCH)� 1.91 ± 1.81 (s),
1.25 ± 1.22 (s), 2.87 ± 2.78 (tBuOCHCH2CH)� 2.68 ± 2.51 (s), 1.99 ± 1.92
(m), 1.91 ± 1.81 (w), 1.53 ± 1.51 (m), 1.99 ± 1.92 (tBuOCHCHH)� 5.31 ± 5.27
(w), 2.87 ± 2.78 (m), 1.91 ± 1.81 (s), 1.25 ± 1.22 (m), 1.91 ± 1.81
(tBuOCHCHH)� 5.31 ± 5.27 (s), 1.99 ± 1.92 (s), 1.53 ± 1.51 (CH3)� 2.87 ±
2.78 (s), 2.67 ± 2.59 (m); 13C NMR (50 MHz, CDCl3): �� 197.6 (s), 151.8 (d),
126.0 (d), 97.1 (d), 79.3 (s), 74.1 (s), 41.6 (d), 39.7 (t), 39.4 (t), 29.1 (q), 25.6
(q). endo-22 (minor diastereomer): 1H NMR (360 MHz, CDCl3): �� 6.70
(dd, J� 1.8, 10.1 Hz, 1H, CH�CH), 1.73 (s, 3H, CH3), 1.21 (s, 9H, tBuO);
MS (CI, CH4):m/z (%): 225 (12) [M��H], 197 (32), 169 (86), 152 (13), 150
(100), 122 (8), 57 (13); elemental analysis calcd for C13H20O3 (224.30): C
69.51, H 8.97; found: C 69.61, H 8.99.


Methyl-2-{[2-(tert-butoxy)-7a-methyl-5-oxo-2,3,3a,4,5,7a-hexahydro-1-
benzofuran-4-yl]methyl}acrylate (23): A solution of 2-(methoxycarbonyl)-
propenyltributylstannane (1.55 g, 4 mmol), AIBN (4 mg, 0.025 mmol) and
the iodoacetal 21 (0.18 g, 0.5 mmol) in benzene (6 mL) was heated under
reflux. The reaction was monitored by TLC until disappearance of the
starting material. An aqueous KF solution was added and the mixture was
stirred at rt for 2 h. The organic layer was washed with H2O, dried over
MgSO4 and evaporated. FC (hexane/Et2O 2:1) gave 23 (0.11 g, 68%, 81%
ds) as a mixture of diastereomers. IR (KBr): �� � 3030, 2976, 1722, 1680,
1440, 1347, 1199, 1143 cm�1. Major diastereomer: 1H NMR (360 MHz,
CDCl3): �� 6.50 (dd, J� 1.5, 10.1 Hz, 1H, CH�CHCMe), 6.26 (d,
J� 1.2 Hz, 1H, CHH�CCO2Me), 5.80 (d, J� 10.1 Hz, 1H, CH�CO), 5.56
(d, J� 1.2 Hz, 1H, CHH�CCO2Me), 5.27 (d, J� 5.2 Hz, 1H, OCHCH2),
3.76 (s, 3H, CH3O), 2.75 ± 2.72 (m, 2H, CHC�O, CHCHCO), 2.64 ± 2.62
(m, 2H, CH2C�CH2), 2.03 (ddd, J� 0.9, 7.0, 12.8 Hz, 1H, CHHCHCHCO),
1.85 (dt, J� 5.2, 12.5 Hz, 1H, CHHCHCHCO), 1.59 (s, 3H, CH3), 1.23 (s,
9H, tBuO). NOE difference spectra (500 MHz): 5.29 ± 5.24 (tBuOCH)�
2.06 ± 1.99 (0.70%), 1.90 ± 1.81 (5.67%), 1.25 ± 1.21 (6.37%), 2.78 ± 2.70
(tBuOCHCH2CH)� 2.65 ± 2.60 (0.31%), 2.06 ± 1.99 (2.43%), 1.90 ± 1.81
(0.48%), 1.61 ± 1.58 (1.41%), 2.65 ± 2.60 (CH2C�CH2)� 2.78 ± 2.70
(2.73%), 1.61 ± 1.58 (2.04%), 2.06 ± 1.99 (tBuOCHCHH)� 5.29 ± 5.24
(1.95%), 2.78 ± 2.70 (7.79%), 1.90 ± 1.81 (23.54%), 1.90 ± 1.81
(tBuOCHCHH)� 5.29 ± 5.24 (9.28%), 2.78 ± 2.70 (2.92%), 2.06 ± 1.99
(18.91%), 1.61 ± 1.58 (CH3)� 2.78 ± 2.70 (2.72%), 2.65 ± 2.60 (2.01%),
1.25 ± 1.21 (0.13%); 13C NMR (50 MHz, CDCl3): �� 199.8 (s), 166.9 (s),
149.8 (d), 137.5 (t), 127.4 (s), 124.9 (d), 96.9 (d), 78.3 (s), 74.1 (s), 51.8 (q),
47.9 (d), 46.0 (d), 41.1 (t), 35.1 (t), 29.1 (q), 28.8 (q). Minor diastereoisomer:
1H NMR (360 MHz, CDCl3): �� 6.66 (dd, J� 1.22, 10.07 Hz, 1H,
CH�CH), 5.59 (d, J� 1.22 Hz, 1H, tBuOCH), 3.79 (s, 3H, CH3), 1.19 (s,
9H, tBuO); MS (CI, CH4): m/z (%): 323 (8) [M��H], 267 (21), 235 (30),
217 (63), 169 (24), 151 (100), 136 (15), 57 (78); elemental analysis calcd for
C18H26O5 (322.46): C 67.06, H 8.13; found: C 67.10, H 8.09.


3-(2-Bromo-1-ethoxy-2-methylpropoxy)-1,4-pentadiene (24): According to
GP 1 from 1-ethoxy-2-methyl-1-propene[50] (1.00 g, 10 mmol), 1,4-penta-
dien-3-ol (840 mg, 10 mmol) and NBS (1.78 g, 10 mmol). FC (hexane/Et2O
20:1) afforded 24 (1.12 g, 43%) as a colorless oil. IR (KBr): �� � 3084, 2978,
2876, 1464, 1383, 1112, 1055, 927 cm�1; 1H NMR (360 MHz, CDCl3): ��
5.92 ± 5.73 (m, 2H, 2CH�CH2), 5.32 ± 5.15 (m, 4H, 2CH2�CH), 4.56 (tt, J�
0.9, 5.8 Hz, 1H, CH(CH�CH2)2), 4.54 (s, 1H, OCHCBrMe2), 3.82 (dq, J�
7.0, 9.1 Hz, 1H, CH3CHH), 3.68 (dq, J� 7.0, 9.2 Hz, 1H, CH3CHH), 1.74 (s,
3H, CH3), 1.73 (s, 3H, CH3), 1.23 (t, J� 7.0 Hz, 3H, CH3); 13C NMR
(50 MHz, CDCl3): �� 137.7 (d), 137.1 (d), 117.7 (t), 116.2 (t), 105.2 (d), 80.4
(d), 67.1 (t), 29.1 (q), 28.4 (q), 15.4 (q); MS (EI): m/z (%): 181 (63) [M��
81], 179 (65) [M�� 83], 153 (9), 151 (9), 75 (20), 67 (100); elemental
analysis calcd for C11H19O2Br (263.18): C 50.20, H 7.28; found: C 50.83, H
7.46.


2-Ethoxy-3,3,4-trimethyl-5-vinyltetrahydrofuran (25): According to the
GP 2 from the bromoacetal 24 (0.55 g, 2.1 mmol), Bu3SnH (735 mg,
2.5 mmol) and a 1� solution of Et3B in hexane (2.9 mL, 2.9 mmol). FC
(hexane/Et2O 10:1) gave 25 (0.29 g, 75%, 86% ds) as a mixture of
diastereomers. According to the GP 3 from 24 (0.55 g, 2.1 mmol), Bu3SnH
(735 mg, 2.52 mmol) and AIBN (17 mg, 0.11 mmol), compound 25 (0.34 g,
88%, 74% ds) was obtained after FC. IR (KBr): �� � 3082, 2974, 2877, 1645,
1469, 1388, 1109, 1020, 922 cm�1. (r-2,c-4, t-5)-25 (major): 1H NMR
(360 MHz, CDCl3): �� 5.80 (ddd, J� 7.3, 10.1, 17.1, 1H, CH�CH2), 5.23
(ddd, J� 0.9, 1.5, 17.1 Hz, 1H, CHH�CH), 5.13 (ddd, J� 0.9, 1.5, 10.1 Hz,
1H, CHH�CH), 4.69 (s, 1H, OCHCMe2), 4.00 (dd, J� 7.3, 8.2 Hz, 1H,
CHCH�CH2), 3.82 (dq, J� 7.0, 9.5 Hz, 1H, CH3CHH), 3.48 (dq, J� 7.0,
9.8 Hz, 1H, CH3CHH), 1.57 (dq, J� 7.0, 8.2 Hz, 1H, CHMe), 1.20 (t, J�
7.0 Hz, 3H, CH3CH2), 1.00 (s, 3H, CH3), 0.87 (s, 3H, CH3), 0.86 (d, J�
6.7 Hz, 3H, CHCH3); 13C NMR (50 MHz, CDCl3): �� 138.8 (d), 116.0 (t),
111.1 (d), 84.8 (d), 64.5 (t), 48.5 (d), 43.9 (s), 25.9 (q), 16.0 (q), 15.3 (q),
11.2 (q). Minor diastereoisomer: 1H NMR (360 MHz, CDCl3): �� 4.51
(s, 1H, OCHCMe2), 3.95 (t, J� 8.5 Hz, 1H, CHCH�CH2); elemental
analysis calcd for C11H20O2 (183.99): C 71.70, H 10.94; found: C 71.42,
H 10.93.


Methyl 3-ethoxy-2-iodo-3-[(1-vinyl-2-propenyl)-oxy]propanoate (26): NIS
(2.92 g, 13 mmol) at 0 �C was added in portions to a solution of methyl (E)-
3-ethoxy-2-propenoate[51] (1.69 g, 13 mmol) and 1,4-pentadien-3-ol (0.93 g,
11 mmol) in CH2Cl2 (10 mL). The resulting mixture, protected from the
light, was stirred at rt for 3 d. The precipitate was diluted in hexane and
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filtered off. The filtrate was washed with sat. Na2S2O3, brine and dried.
Evaporation in vacuo afforded a yellow oil that was purified by FC
(hexane/Et2O 10:1) to give the iodoacetal 26 (2.24 g, 60%). IR (KBr): �� �
3082, 2978, 2895, 1741, 1435, 1303, 1253, 1109, 1030, 929 cm�1; 1H NMR
(360 MHz, CDCl3): �� 5.85 ± 5.60 (m, 2H, 2CH�CH2), 5.30 ± 5.15 (m, 4H,
2CH2�CH), 5.03 (d, J� 8.6 Hz, 1H, CHICO2Me), 4.55 (dt, J� 1.2, 7.3 Hz,
1H, CH(CH�CH2)2), 4.46 (d, J� 8.5 Hz, 1H, OCHCHICO2Me), 3.82 ±
3.61 (m, 2H, OCH2CH3), 3.73 (s, 3H, CH3O), 1.24 (t, J� 7.3 Hz, 3H,
CH3CH2O); 13C NMR (50 MHz, CDCl3): �� 169.9 (s), 137.2 (d), 136.4 (d),
117.7 (t), 116.4 (t), 100.2 (d), 79.7 (d), 61.6 (t), 52.8 (d), 21.4 (q), 14.9 (q); MS
(EI):m/z (%): 257 (56) [M�� 83], 229 (17), 197 (17), 169 (19), 127 (12), 103
(19), 89 (34), 67 (100), 55 (16); elemental analysis calcd for C11H17O4I
(340.16): C 38.84, H 5.04; found: C 39.10, H 5.18.


Methyl 2-ethoxy-4-iodomethyl-5-vinyltetrahydro-3-furancarboxylate (27):
According to the GP 4 from the iodoacetal 26 (0.34 g, 1 mmol) and
(Bu3Sn)2 (58 mg, 0.1 mmol). FC (hexane/Et2O 5:1) afforded 27 (0.24 g,
71%, 77% ds). IR (KBr): �� � 3082, 2978, 1739, 1437, 1199 cm�1. (r-2,t-3,c-
4,t-5)-27 (major): 1H NMR (360 MHz, CDCl3): �� 5.85 (ddd, J� 7.6, 10.2,
17.2 Hz, 1H, CH�CH2), 5.39 (dt, J� 1.1, 17.1 Hz, 1H, CHH�CH), 5.33 (d,
J� 2.5 Hz, 1H, OCHCHCO2Me), 5.28 (ddd, J� 0.8, 1.4, 10.2 Hz, 1H,
CHH�CH), 4.25 (t, J� 8.0 Hz, 1H, CHCH�CH2), 3.77 (dq, J� 7.0, 9.7 Hz,
1H, CH3CHH), 3.75 (s, 3H, CH3), 3.49 (dq, J� 7.0, 9.4 Hz, 1H, CH3CHH),
3.39 (dd, J� 4.9, 10.3 Hz, 1H, CHCHHI), 3.28 (dd, J� 6.3, 10.3 Hz, 1H,
CHCHHI), 3.00 (dd, J� 2.5, 7.4 Hz, 1H, CHCO2Me), 2.29 (m, 1H, CH),
1.22 (t, J� 7.2 Hz, 3H, CH3CH2); 13C NMR (50 MHz, CDCl3): �� 171.7 (s),
135.7 (d), 118.9 (t), 104.5 (d), 84.2 (d), 63.5 (d), 57.7 (d), 52.5 (q), 48.7 (d),
15.1 (q), 6.0 (q). Minor diastereomer: 1H NMR (360 MHz, CDCl3): �� 4.38
(t, J� 7.9 Hz, 1H, CHCH�CH2); MS (EI): m/z (%): 341 (4) [M��H], 295
(100), 254 (7), 127 (4), 58 (6); elemental analysis calcd for C11H17IO4


(340.16): C 38.84, H 5.04; found: C 38.74, H 5.09.


3-(2-Bromo-1-ethoxy-3-methylbutoxy)-1,4-pentadiene (28): According to
GP 1 from (Z/E)-1-ethoxy-3-methyl-1-butene[50] (1.14 g, 10 mmol), 1,4-
pentadien-3-ol (840 mg, 10 mmol) and NBS (1.78 g, 10 mmol). FC (hexane/
Et2O 20:1) gave 28 (0.47 g, 17%) as a colorless oil. Mixture of
diastereomers. IR (KBr): �� � 3084, 2968, 2877, 1464, 1386, 1109, 1035,
925 cm�1; 1H NMR (360 MHz, CDCl3): �� 5.95 ± 5.65 (m, 2H, 2 CH�CH2),
5.32 ± 5.15 (m, 4H, 2 CH2�CH), 4.70 (d, J� 7.0 Hz, 1H, OCHCHBr), 4.56
(t, J� 6.1 Hz, 1H, CH(CH�CH2)2), 4.03 (dd, J� 3.1, 7.3 Hz, 1H,
OCHCHBr), 3.68 ± 3.56 (m, 2H, CH3CH2O), 2.18 ± 2.05 (m, 1H,
CH(CH3)2), 1.20 (t, J� 7.0 Hz, 3H, CH3CH2O), 1.01 (d, J� 6.7 Hz, 3H,
CH3), 0.96 (d, J� 6.7 Hz, 3H, CH3); 13C NMR (50 MHz, CDCl3): �� 137.6
(d), 137.5 (d), 117.6 (t), 116.3 (t), 100.8 (d), 79.4 (d), 64.5 (d), 61.4 (t), 29.4
(d), 22.0 (q), 17.7 (q), 15.2 (q); MS (EI): m/z (%): 195 (98) [M�� 81], 193
(100) [M�� 83], 167 (8), 165 (8), 137 (26), 113 (84), 85 (57), 75 (31), 55 (62);
HRMS (ESI): calcd for C12H21O2BrNa: 299.06171; found: 299.06128.


2-Ethoxy-3-isopropyl-4-methyl-5-vinyltetrahydrofuran (29): According to
the GP 2 from the bromoacetal 28 (0.58 g, 2.1 mmol), Bu3SnH (735 mg,
2.5 mmol) and a 1� solution of Et3B in hexane (2.9 mL, 2.9 mmol). FC
(hexane/Et2O 40:1) gave 29 (0.27 g, 66%, 63:37 mixture of diastereomers).
The two diastereomers were separated by further FC. (r-2,t-3,c-4,t-5)-29
(major): 1H NMR (500 MHz, CDCl3): �� 5.79 (ddd, J� 7.5, 10.3, 17.2 Hz,
1H, CH�CH2), 5.27 (ddd, J� 1.0, 1.7, 17.2 Hz, 1H, CHH�CH), 5.17 (ddd,
J� 0.8, 1.7, 10.3 Hz, 1H, CHH�CH), 4.83 (d, J� 2.7 Hz, 1H, OCHCHiPr),
3.99 (t, J� 8.3 Hz, 1H, CHCH�CH2), 3.77 (dq, J� 7.1, 9.7 Hz, 1H,
CH3CHH), 3.45 (dq, J� 7.0, 9.7 Hz, 1H, CH3CHH), 1.73 ± 1.68 (m, 1H,
CH-Me2), 1.59 ± 1.55 (m, 1H, CHMe), 1.51 ± 1.46 (m, 1H, CHiPr), 1.20 (t,
J� 7.1 Hz, 3H, CH3CH2), 1.1 (d, J� 6.4 Hz, 3H, CHCH3), 0.95 (d, J�
2.7 Hz, 3H, CH3), 0.93 (d, J� 2.7 Hz, 3H, CH3); 13C NMR (50 MHz,
CDCl3): �� 137.2 (d), 117.2 (t), 107.1 (d), 85.9 (d), 63.1 (t), 60.3 (d), 42.9 (d),
29.8 (d), 20.7 (q), 20.5 (q), 16.0 (q), 15.3 (q). 29 (minor): 1H NMR
(360 MHz, CDCl3): �� 5.86 (ddd, J� 6.7, 10.4, 17.1 Hz, 1H, CH�CH2), 5.20
(dt, J� 1.5, 17.1 Hz, 1H, CHH�CH), 5.04 (dt, J� 1.2, 10.4 Hz, 1H,
CHH�CH), 4.97 (d, J� 4.6 Hz, 1H, OCHCHiPr), 4.21 (dquint, J� 1.2,
6.4 Hz, 1H, CHCH�CH2), 3.76 (dq, J� 7.3, 9.8 Hz, 1H, CH3CHH), 3.40
(dq, J� 7.2, 9.7 Hz, 1H, CH3CHH), 2.04 ± 1.94 (m, 1H, CHMe), 1.91 ± 1.80
(m, 1H, CHMe2), 1.72 ± 1.65 (m, 1H, CHiPr), 1.20 ± 1.14 (m, 6H, CH3CH2,
CH3), 0.94 (d, J� 6.4 Hz, 3H, CH3), 0.90 (d, J� 6.7 Hz, 3H, CH3); 13C NMR
(50 MHz, CDCl3): �� 139.5 (d), 114.0 (t), 104.9 (d), 87.6 (d), 62.9 (t), 53.4
(d), 39.1 (d), 23.9 (d), 21.8 (q), 21.5 (q), 16.0 (q), 15.4 (q). Mixture of isomers
of 29. IR (KBr): �� � 3082, 2960, 2876, 1465, 1377, 1093, 989, 922 cm�1;


HRMS (CI, isobutane): calcd for C12H23O2: 199.16925; found: 199.17066
[M��H].


4-(2-Bromo-1-tert-butoxyethoxy)-1,6-heptadiene (30): According to the
GP 1 from 1,6-heptadien-3-ol (1.0 g, 8.9 mmol), tert-butyl vinyl ether
(0.89 g, 8.9 mmol) and NBS (1.58 g, 8.9 mmol). FC (hexane/Et2O 40:1)
afforded the bromoacetal 30 (1.74 g, 67%) as a colorless oil. IR (KBr): �� �
3076, 2978, 2935, 1641, 1367, 1033, 914 cm�1; 1H NMR (360 MHz, CDCl3):
�� 5.91 ± 5.78 (m, 2H, CH�CH2), 5.12 ± 5.02 (m, 4H, CH2�CH), 4.87 (dd,
J� 4.6, 6.1 Hz, 1H, OCHCH2Br), 3.66 (m,1H, OCH(CH2CH�CH2)2), 3.36
(dd, J� 6.1, 10.7 Hz, 1H, OCHCHHBr), 3.27 (dd, J� 4.3, 10.4 Hz, 1H,
OCHCHHBr), 2.31 (t, J� 6.4 Hz, 4H, 2 CH2CH�CH2), 1.27 (s, 9H, tBu);
13C NMR (50 MHz, CDCl3): �� 134.7 (d), 134.3 (d), 117.6 (t), 117.1 (t), 95.9
(d), 74.8 (s), 38.8 (t), 38.2 (t), 34.5 (t), 28.9 (q); MS (EI): m/z (%): 293 (4)
[M��2], 291 (3) [M�], 219 (26), 217 (26), 201 (9), 199 (9), 169 (40), 127
(56), 95 (100), 81 (39), 57 (65); elemental analysis calcd for C13H23O2Br
(291.23): C 53.62, H 7.96; found: C 53.48, H 8.13.


6-(3-Propenyl)-4-methyltetrahydro-2H-pyran-2-yl tert-butyl ether (31):
According to the GP 2 from the bromoacetal 30 (0.61 g, 2.1 mmol),
Bu3SnH (735 mg, 2.5 mmol) and a 1� solution of Et3B in hexane (2.9 mL,
2.9 mmol). FC gave the acetal 31 (0.19 g, 43%) as a single diastereomer. IR
(KBr): �� � 3078, 2976, 2930, 2872, 1458, 1375, 1112, 1001 cm�1; 1H NMR
(500 MHz, CDCl3): �� 5.82 (ddt, J� 7.0, 10.3, 17.0 Hz, 1H, CH�CH2), 5.15
(dm, J� 3.3 Hz, 1H, tBuOCHCH2), 5.05 (ddt, J� 1.4, 2.1, 17.1 Hz, 1H,
CHH�CH), 5.00 (ddt, J� 1.1, 2.1, 10.1 Hz, 1H, CHH�CH), 3.91 (dddd, J�
2.2, 5.6, 7.1, 11.6 Hz, 1H, OCHCH2CH�CH2), 2.20 (dtt, J� 1.3, 6.9, 14.1 Hz,
1H, CHHCH�CH2), 2.12 (dddt, J� 1.0, 6.1, 7.3, 14.1 Hz, 1H,
CHHCH�CH2), 1.98 (tqt, J� 6.5 Hz, 1H, CHMe), 1.60 (ddt, J� 1.5, 3.8,
12.9 Hz, 1H, OCH(CH2CH�CH2)CHH), 1.54 (ddt, J� 1.5, 3.0, 12.9 Hz,
1H, tBuOCHCHH), 1.22 (s, 9H, tBu), 1.21 (ddd, J� 3.7, 12.3, 12.9 Hz, 1H,
tBuOCHCHH), 0.86 (d, J� 6.5 Hz, 3H, CH3), 0.85 (ddd, J� 11.7, 11.7,
12.9 Hz, 1H, OCH(CH2CH�CH2)CHH); 13C NMR (50 MHz, CDCl3): ��
135.5 (d), 116.2 (t), 91.8 (d), 73.7 (s), 67.8 (d), 40.9 (t), 40.0 (t), 39.8 (t), 28.8
(q), 24.2 (d), 22.3 (q); MS (EI): m/z (%): 213 (16) [M��H], 171 (11), 157
(43), 139 (78), 115 (38), 95 (27), 69 (22), 57 (100); HRMS (ESI): calcd for
C13H24O2Na: 235.16685; found: 235.16711.


8-Methoxy-8-[(2Z)-3-methoxyprop-2-enyl]-1,4-dioxaspiro[4.5]deca-6,9-di-
ene (34): Allyl methyl ether (656 mg, 9.1 mmol) dissolved in THF (5 mL)
was added to a 0.5� solution of sBuLi (9.8 mmol) in dry THF at �78 �C.
After 30 min a solution of ketone 32[52] (690 mg, 4.5 mmol) in THF (5 mL)
was added. The reaction medium was kept at �78 �C for 1 h. After dilution
with Et2O, H2O was added and the solution was allowed to warm up to rt.
The aqueous phase was extracted with Et2O and the organic layer was dried
and evaporated to give crude alcohol 33 (880 mg). To a suspension of NaH
(912 mg, ca. 50% in paraffin, 19 mmol) in dry THF (15 mL) was added at
0 �C the crude alcohol 33 (880 mg) dissolved in THF (5 mL) and the
mixture was allowed to warm up to rt. After 20 min, MeI (1.2 mL, 19 mmol)
was added at 0 �C and the mixture was stirred at rt overnight. H2O was
added and the mixture was extracted with Et2O. The organic layer was
dried over MgSO4 and evaporated, FC (hexane/ethylacetate 10:1) gave the
vinyl ether 34 (521 mg, 2.2 mmol, 48% from 32) as a colorless oil. IR
(CHCl3): �� � 3020, 2936, 2889, 2827, 1666, 1464, 1407, 1206, 1109 cm�1;
1H NMR (360 MHz, CDCl3): �� 5.92 (d, J� 10.5 Hz, 2H,
2CH�CHC(OMe)), 5.90 ± 5.93 (m, 1H, CHOMe), 5.77 (d, J� 10.4 Hz,
2H, 2CH�CHC(OMe)), 4.23 (dt, J� 6.4, 7.3 Hz, 1H, CH2CH�CH), 4.02 (s,
4H, OCH2CH2O), 3.51 (s, 3H, OCH3), 3.09 (s, 3H, OCH3), 2.36 (d, J�
7.3 Hz, 2H, CH2CH�CH); 13C NMR (90.5 MHz, CDCl3): �� 147.8 (d),
134.7 (d), 129.9 (d), 99.9 (d), 99.2 (s), 73.7 (s), 65.2 (t), 65.0, 59.3 (q), 51.8 (q),
34.4 (t); EI-MS: m/z (%): 238 (3) [M�], 167 (100), 136 (18), 115 (21), 95
(26), 72 (82); HRMS (ESI-MS): calcd for C13H18O4Na: 261.10973; found:
261.10943 [M��Na].
8-[3-(Allyloxy)-2-iodo-3-methoxypropyl]-8-methoxy-1,4-dioxaspiro[4.5]-
deca-6,9-diene (35): According to GP 1 from enol ether 34 (5.76 g,
24 mmol), allyl alcohol (11 mL), NEt3 (2.3 mL, 12 mmol) and NIS
(16.3 g, 72 mmol, addition at �50 �C) in CH2Cl2 (70 mL). FC (CH2Cl2/
Et2O 60:1) gave the iodoacetal 35 (8.2 g, 19.4 mmol, 81%) as a colorless oil.
IR (CHCl3): �� � 3007, 2936, 2889, 2829, 1464, 1406, 1336, 1206, 1116,
967 cm�1; 1H NMR (360 MHz, CDCl3): �� 6.20 ± 5.80 (m, 5H,
2CH�CHC(OMe), CH2�CH), 5.28 (dm, J� 17.2 Hz, 1H, CHH�CH),
5.16 (dm, J� 10.4 Hz, 1H, CHH�CH), 3.93 ± 4.17 (m, 8H, CHCH2O,
OCH2CH2O, ICHCHOMe), 3.34 (s, 3H, OCH3), 3.07 (s, 3H, OCH3), 2. 51
(dd, J� 15.3, 4.3 Hz, 1H, CHHCI), 2.26 (dd, J� 15.4, 6.6 Hz, 1H, CHHCI);
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13C NMR (90.5 MHz, CDCl3): �� 134.4 (d), 134.0 (d), 130.9 (d), 130.8 (d),
117.2 (t), 104.7 (d), 98.9 (s), 73.6 (s), 68.9 (t), 65.4 (t), 65.1 (t), 55.3 (q), 51.6
(q), 44.8 (t), 25.82 (d); EI-MS:m/z (%): 422 (1.1) [M�], 167 (100), 233 (1.6),
149 (22), 128 (12), 107 (11), 101 (70), 71 (15), 41 (63); HRMS (EI-MS):
calcd for C16H23O5I: 422.05903; found 422.05902 [M�].


4-[3-(Allyloxy)-2-iodo-3-methoxypropyl]-4-methoxycyclohexa-2,5-dien-1-
one (36): A solution of 35 (5.27 g, 12.5 mmol) in benzene (2 L) saturated
with H2O (0.5 mL) was stirred for 1 h with anhydrous MgSO4 (210 g) until
the TLC shows no starting material. The mixture was filtered and the
filtrate was concentrated to give 36 (4.50 g, 11.9 mmol, 95%) as a yellow oil
that was used without further purification for the next step. IR (CHCl3):
�� � 3009, 2933, 1670, 1635, 1507, 1460, 1394, 1071, 929, 861 cm�1; 1H NMR
(360 MHz, CDCl3): �� 6.90 (dd, J� 10.5, 3.2 Hz, 1H, CH�CHC�O), 6.76
(dd, J� 10.0, 3.2 Hz, 1H, CH�CHC�O), 6.34 ± 6.39 (m, 2H,
2CH�CHC�O), 5.87 (ddt, J� 17.3, 10.4, 5.9 Hz, 1H, CH2�CH), 5.28 (dd,
J� 17.3, 1.4 Hz, 1H, CHH�CH), 5.18 (d, J� 10.5, 1H, CHH�CH), 4.23 (d,
J� 4.1, 1H, CHOMe), 4.12 (dd, J� 12.7, 5.5 Hz, 1H, CHHCI), 4.02 (dd, J�
12.7, 5.9 Hz, 1H, CHHCI), 3.95 (ddd, J� 8.2, 4.5, 3.2, 1H, CHI), 3.38 (s, 3H,
OCH3), 3.16 (s, 3H, OCH3), 2.71 (dd, J� 15.4, 2.7 Hz, 1H, CHHCI), 2.27
(dd, J� 15.9, 8.2 Hz, 1H, CHHCI); 13C NMR (90.5 MHz, CDCl3): �� 185.2
(s),150.6 (d), 149.6 (d), 133.7 (d), 131.7 (d), 131.6 (d), 117.6 (t), 105.4 (d),
74.7 (s), 69.1 (t), 55.6 (d), 52.8 (q), 44.4 (t), 23.9 (q); EI-MS: m/z (%): 378
(0.2) [M�], 41 (100), 289 (1.4), 255 (1.4), 210 (12), 162 (25),152 (19), 123
(64), 101 (81), 71 (29); HRMS (EI-MS): calcd for C14H19O4I: 378.03281;
found 378.03275 [M�].


1,8a-Dimethoxy-1,3a,4,4a,5,8a,9,9a-octahydronaphtho[2,3-c]furan-6(3H)-
one (37): A solution of 36 (909 mg, 2.4 mmol) in toluene (60 mL) was
cooled to �90 �C and a 1� solution of Et3B in toluene (12 mL, 12 mmol)
was added, followed by addition of air (6 mL) over 6 h with a syringe pump.
The solution was filtered over silica gel and the solvent was evaporated
under reduced pressure. The crude product was purified by FC (hexane/
EtOAc 7:3) to afford 37 (518 mg, 2.06 mmol, 86%, dr 84:8:5:2:1, 84% ds)
as a mixture of 5 diastereomers. The diastereomeric ratios were determined
by 1H NMR spectroscopy of the crude product before FC. The major
diastereomer was isolated by FC together with one of the minor
diastereomers. IR (CHCl3): �� � 3009, 2934, 1678, 1446, 1386, 1206, 1078,
1035, 1010, 972 cm�1; 1H NMR (360 MHz, CDCl3): �� 6.79 (d, J� 10.4 Hz,
1H, H2C�CHCOMe, minor diast.), 6.67 (dd, J� 10.0, 1.8 Hz, 1H,
H2C�CHCOMe, major diast.), 6.11 (d, J� 10.5 Hz, 1H, CH�CHC�O,
major diast.), 6.06 (d, J� 10.5 Hz, 1H, CH�CHC�O, minor diast.), 5.06 (d,
J� 4.1 Hz, 1H, OCHOMe, major diast.), 5.01 (d, J� 3.2 Hz, 1H,
OCHOMe, minor diast.), 4.01 (dd, J� 8.6, 6.4 Hz, 1H, CHHO, minor
diast.), 3.80 ± 3.87 (m, 2H, CH2O, major diast.), 3.69 (dd, J� 8.2, 4.5 Hz,
1H, minor diast.), 3.45 (s, 3H, OMe, major diast.), 3.38 (s, 3H, OMe, minor
diast.), 3.33 (s, 3H, OMe, major diast.), 3.25 (s, 3H, OMe, major diast.), 3.07
(dd, J� 16.8, 5.0 Hz, 1H, CHHC�O, major diast.), 2.70 (dd, J� 16.8,
4.6 Hz, 1H, CHHC�O, minor diast.), 2.56 ± 1.35 (m, 8H, C(O)CHH,
CHCH2CH, MeOCCH2CH); 13C NMR (100 MHz, CDCl3): 37 (major): ��
199.5 (s), 148.9 (d), 132.6 (d), 108.3 (d), 73.4 (s), 68.7 (t), 57.2 (q), 50.6 (q),
40.3 (t), 39.2 (d), 36.3 (d), 36.2 (d), 28.5 (t). 37 (minor): �� 153.4 (d), 131.8
(d), 109.8 (d), 71.4 (t), 55.9 (q), 50.8 (q), 43.2 (d), 40.4 (t), 35.0 (d), 33.6 (d),
31.0 (t), 27.2 (t); EI-MS: m/z (%): 252 (0.7) [M�], 124 (100), 220 (23), 189
(31), 150 (26), 109 (41), 91 (35), 77 (25), 69 (32), 41 (46); HRMS (EI-MS):
calcd for C14H20O4: 252.13616; found: 252.13641 [M�].


1,6-Dimethoxy-1,3,3a,4,9,9a-hexahydronaphtho[2,3-c]furan (38): The
enone 37 (538 mg, 2.13 mmol, mixture of diastereomers, 84% ds) was
dissolved in MeOH (140 mL) in the presence of trimethylorthoformate
(14.2 mL) and pTsOH (30 mg). The reaction mixture was heated at reflux
for 1 h and was allowed to cool down to rt. Sat. NaHCO3 (40 mL) was
added and the mixture was extracted with Et2O. The organic phase was
washed with brine (50 mL), dried over MgSO4, and concentrated in vacuo
to afford 38 (480 mg, 2.0 mmol, 96%, 87% ds). Diastereomers were
separated by FC (hexane/EtOAc 20:1).


(r-2,t-3,c-4)-38 (major): IR (CHCl3): �� � 3010, 2950, 2837, 1612, 1500, 1449,
1368, 1208 cm�1; 1H NMR (500 MHz, CDCl3): �� 7.04 (d, J� 7.8 Hz, 1H,
arom. H), 6.73 ± 6.69 (m, 2H, arom. H), 4.71 (s, 1H, CHOMe), 4.17 (dd, J�
8.6, 7.1 Hz, 1H, CHHO), 3.78 (s, 3H, CH3OAr), 3.65 (dd, J� 8.6, 2.8 Hz,
1H, CHHO), 3.33 (s, 3H, CHOCH3), 2.87 ± 2.81 (m, 1H, CHHCHCOMe),
2.76 (dd, J� 14.2, 6.1 Hz, 1H, CHHCHCH2O), 2.66 ± 2.59 (m, 1H,
CH2CHCH2O), 2.51 ± 2.44 (m, 3H, CHHCHCOMe, CHHCHCH2O,
CH2CHCH2OMe). NOE difference spectra (500 MHz): 4.18 ± 4.11


(CHHO)� 3.66 ± 3.64 (20.5%), 2.66 ± 2.59 (6.4%), 3.66 ± 3.64
(CHHO)� 4.18 ± 4.11 (22.8%), 2.78 ± 2.74 (1.2%), 2.51 ± 2.48 (2.5%),
2.66 ± 2.59 (CH2CHCH2O)� 4.18 ± 4.11 (5.2%), 3.66 ± 3.64 (0.6%);
13C NMR (125 MHz, CDCl3): �� 158.2 (s), 139.3 (s), 129.8 (s), 127.9 (d),
113.3 (d), 111.2 (d), 110.8 (d), 72.3 (d), 55.3 (q), 54.6 (q), 45.9 (d), 37.3 (d),
33.4 (t), 30.3 (t); EI-MS: m/z (%): 234 (31) [M�], 172 (100), 202 (82), 159
(71), 144 (28), 128 (53), 115 (56), 91 (27), 77 (21); HRMS (EI-MS): calcd for
C14H18O3: 234.12560; found: 234.12584 [M�].


(1R)- and (1S)-2-Bromo-1-[(1R,2S)-(2-phenylcyclohexyl)oxy]ethyl 2,3-
butadienyl ether (40): According to GP 1 from (1R,2S)-2-phenylcyclohexyl
vinyl ether (39)[53] (1.11 g, 5.5 mmol), 2,3-butadien-1-ol (0.42 g, 6.05 mmol)
and NBS (0.98 g, 5.5 mmol) in CH2Cl2 (10 mL). FC (hexane/Et2O 20:1)
gave a 1:1 mixture of the two diasteroisomers of 40 (1.5 g, 78%). The two
diasteroisomers were separated by FC (hexane/Et2O 60:1). (S)-40 : Rf�
0.64 (hexane/Et2O 5:1); [�]21D ��14.8� (c� 1, CH2Cl2); 1H NMR
(360 MHz, CDCl3): �� 7.31 ± 7.16 (m, 5 arom. H), 4.91 (quint, J� 6.4 Hz,
1H, CH�C�CH2), 4.73 (dt, J� 2.4, 6.7 Hz, 2H, CH2�C�CH), 4.66 (dd, J�
4.6, 6.6 Hz, 1H, OCHCH2Br), 3.61 (dt, J� 4.3, 10.1 Hz, 1H, OCHCHPh),
3.42 (tq, J� 3.4, 7.1 Hz, 1H, OCHHCH�C), 3.21 (dd, J� 6.4, 10.7 Hz, 1H,
OCHCHHBr), 3.12 (dd, J� 4.6, 10.4 Hz, 1H, OCHCHHBr), 3.03 (tq, J�
2.4, 6.7 Hz, 1H, OCHHCH�C), 2.56 (dt, J� 3.7, 10.4 Hz, 1H, OCHCHPh),
2.20 ± 2.13 (m, 1H), 1.92 ± 1.87 (m, 2H), 1.77 ± 1.74 (m, 1H), 1.61 ± 1.50 (m,
1H), 1.42 ± 1.29 (m, 3H); 13C NMR (50 MHz, CDCl3): �� 209.0 (s), 144.3
(s), 128.2 (d), 1281 (d), 126.3 (d), 99.9 (d), 87.9 (d), 79.5 (d), 75.7 (t), 61.9 (t),
50.8 (d), 33.7 (t), 33.0 (t), 32.4 (t), 25.8 (t), 24.9 (t). (R)-40 : Rf� 0.60
(hexane/Et2O 5:1); [�]21D ��1.0� (c� 1.2, CH2Cl2); 1H NMR (360 MHz,
CDCl3): �� 7.33 ± 7.20 (m, 5 arom. H), 5.22 (quint, J� 6.4 Hz, 1H,
CH�C�CH), 4.80 (dt, J� 2.4, 6.4 Hz, 2H, CH2�C�CH), 4.25 (dd, J� 3.4,
7.3 Hz, 1H, OCHCH2Br), 4.10 ± 3.97 (m, 2H, OCH2CH�C), 3.50 (dt, J�
5.8, 10.1 Hz, 1H, OCHCHPh), 2.78 (dd, J� 7.0, 10.7 Hz, 1H,
OCHCHHBr), 2.54 (dt, J� 3.9, 12.5 Hz, 1H, OCHCHPh), 2.53 (dd, J�
3.4, 10.9 Hz, 1H, OCHCHHBr), 2.20 ± 2.16 (m, 1H), 1.92 ± 1.85 (m, 2H),
1.78 ± 1.74 (m, 1H), 1.63 ± 1.29 (m, 4H); 13C NMR (50 MHz, CDCl3): ��
209.2 (s), 144.0 (s), 128.3 (d), 128.0 (d), 126.7 (d), 101.4 (d), 87.7 (d), 82.2 (d),
75.9 (t), 63.7 (t), 51.5 (d), 34.1 (t), 33.4 (t), 31.5 (t), 25.8 (t), 25.3 (t). Mixture
of diastereomers: IR (KBr): �� � 3063, 3028, 2931, 2856, 1957, 1448, 1111,
1037 cm�1; CI-MS (CH4): m/z (%): 283 (35), 281 (36), 211 (11), 159 (100),
91 (8).


(1R,2S)-2-Phenylcyclohexyl-(2R,4R)-4-vinyltetrahydro-2-furanyl ether :
According to GP 2 from (R)-40 (175 mg, 0.5 mmol), Bu3SnH (174 mg,
0.6 mmol) and 1� solution of Et3B in hexane (0.8 mL, 0.76 mmol). FC
(hexane/Et2O 20:1) gave (1R,2S)-2-phenylcyclohexyl-(2R,4R)-4-vinylte-
trahydro-2-furanyl ether (0.12 g, 88%, 90% ds). [�]21D ��14.2� (c� 1,
CH2Cl2); IR (KBr): �� � 3028, 2930, 2858, 1448, 1095, 1049, 1008 cm�1;
1H NMR (360 MHz, CDCl3): �� 7.30 ± 7.15 (m, 5 arom. H), 5.71 (ddd, J�
8.5, 10.1, 18.6 Hz, 1H, CH�CH2), 4.94 (ddd, J� 0.9, 1.8, 17.1 Hz, 1H,
CH�CHH), 4.91 (ddd, J� 0.9, 1.8, 10.1 Hz, 1H, CH�CHH), 4.43 (dd, J�
3.1 5.5 Hz, 1H, OCHCH2), 3.81 (t, J� 8.2 Hz, 1H, OCHHCHCH�CH2),
3.55 ± 3.50 (m, 1H, OCHCHPh), 3.52 (t, J� 8.5 Hz, 1H,
OCHHCHCH�CH2), 2.66 ± 2.55 (m, 1H, CHCH�CH2), 2.48 (ddd, J� 3.7,
10.1, 13.7 Hz, 1H, OCHCHPh), 2.16 ± 2.11 (m, 1H), 1.89 ± 1.71 (m, 4H),
1.61 ± 1.56 (m, 1H), 1.44 ± 1.27 (m, 4H); 13C NMR (50 MHz, CDCl3): ��
144.5 (s), 138.9 (d), 128.0 (d), 126.1 (d), 115.1 (t), 105.5 (d), 81.6 (d), 70.7 (t),
51.5 (d), 43.0 (d), 39.0 (t), 35.0 (t), 32.9 (t), 25.9 (t), 25.3 (t); CI-MS (CH4):
m/z (%): 273 (18) [M��H], 159 (12), 115 (6), 113 (5), 97 (100), 91 (9);
elemental analysis calcd (%) for C18H24O2 (272.39): C 79.37, H 8.88; found:
C 79.33, H 8.91.


(4R)-4-Vinyltetrahydro-2-furanol : A solution of (1R,2S)-2-phenylcyclo-
hexyl-(2R,4R)-4-vinyltetrahydro-2-furanyl ether (120 mg, 1.05 mmol) in
THF (3 mL) and 10% HCl (2 mL) was kept at rt for 30 min. After
extraction with Et2O, the organic phases were washed with sat. NaHCO3


and H2O, dried over MgSO4 and evaporated under reduced pressure. The
crude product was purified by FC (pentane/Et2O 4:1) to give (1R,2S)-
phenylcyclohexanol (62 mg, 84%), the (4R)-4-vinyltetrahydro-2-furanol
(29 mg, 63%) and starting material (10 mg). Mixture of diasteroisomers:
1H NMR (360 MHz, CDCl3): �� 5.85 (ddd, J� 7.9, 10.1, 18.3 Hz, 1H,
CH�CH2, 1 diast.), 5.71 (ddd, J� 8.2, 10.4, 18.3 Hz, 1H, CH�CH2, 1 diast.),
5.58 ± 5.54 (m, 1H, HOCHCH2), 5.14 (dt, J� 0.9, 5.5 Hz, 1H, CH�CHH, 1
diast.), 5.08 (dt, J� 0.9, 5.5 Hz, 1H, CH�CHH, 1 diast.), 5.05 ± 5.01 (m, 2H,
CH�CH2, 1 diast.), 4.19 (t, J� 8.2 Hz, 1H, OCHHCHCH�CH2, 1 diast),
3.98 (t, J� 7.9 Hz, 1H, OCHHCHCH�CH2, 1 diast.), 3.76 (t, J� 8.2 Hz,
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1H, OCHHCHCH�CH2, 1 diast.), 3.57 (t, J� 8.2 Hz, 1H,
OCHHCHCH�CH2, 1 diast.), 3.22 ± 3.10 (m, 1H, CHCH�CH2, 1 diast.),
2.92 ± 2.81 (m, 1H, CHCH�CH2, 1 diast.), 2.63 (broad, 1H, OH, 1 diast.),
2.55 (br s, 1H, OH, 1 diast.), 2.35 (ddd, J� 5.2, 8.9, 13.7 Hz, 1H, OCHCHH,
1 diast.), 2.09 (dd, J� 7.5, 12.1 Hz, 1H, OCHCHH, 1 diast.), 1.84 ± 1.68 (m,
2H).


(4R)-Vinyl-�-butyrolactone (41):[33, 34] A solution of the (4R)-4-vinyltetra-
hydro-2-furanol (15 mg, 0.13 mmol) in CH2Cl2 (2 mL) was added to a
mixture of PCC (100 mg, 0.5 mmol) and Al2O3 neutral (Woelm N,
activity Y, 0.19 g). The orange mixture was stirred overnight, diluted with
Et2O (3 mL) and filtered though Florisil to afford the lactone 41 (13 mg,
90%) as a colorless oil. The optical purity (�99% ee) was determined by
GC (�-cyclodextrin 65% diacetoxy, 110 �C. tR� 39.98 min for (R)-41. tR�
40.97 min for (S)-41). [�]21D ��6.4� (c� 1 in EtOH) (ref. [34]) [�]21D ��5.6�
(c� 1.6 in EtOH); 1H NMR (360 MHz, CDCl3): �� 5.78 (ddd, J� 7.3, 10.1,
17.1 Hz, 1H, CH�CH2), 5.20 (dt, J� 1.2, 14.0 Hz, 1H, CH�CHH), 5.16 (dt,
J� 1.2, 6.8 Hz, 1H, CH�CHH), 4.45 (dd, J� 7.6, 9.2 Hz, 1H,
OCHHCHCH�CH2), 4.03 (dd, J� 7.9, 9.2 Hz, 1H, OCHHCHCH�CH2),
3.30 ± 3.18 (m, 1H, CHCH�CH2), 2.68 (dd, J� 8.2, 17.4 Hz, 1H, COCHH),
2.39 (dd, J� 8.2, 17.4 Hz, 1H, COCHH); 13C NMR (50 MHz, CDCl3): ��
176.4 (s), 135.7 (d), 117.5 (t), 72.2 (t), 39.8 (d), 34.1 (t).


(1R)- and (1S)-2-Bromo-1-[(1R,2S)-(2-phenylcyclohexyl)oxy]ethyl 1-vi-
nyl-2-propenyl ether (42): According to GP 1 from 39 (0.72 g, 3.6 mmol),
1,4-pentadien-3-ol (0.45 mL, 3.9 mmol) and NBS (0.73 g, 3.6 mmol) in
CH2Cl2 (6 mL). FC (hexane/Et2O 10:1) gave a 1:1 mixture of the two
diasteroisomers of 42 (0.98 g, 75%). In preliminary experiments, the
diastereoisomers were separated by FC (hexane/Et2O 80:1) to afford (R)-
42 and (S)-42. However, on larger scale, it was convenient to continue the
synthesis with the mixture of diastereoisomers and to separate by FC after
the radical cyclization step (see below). (1S)-42 : Rf� 0.70 (hexane/Et2O
5:1); 1H NMR (360 MHz, CDCl3): �� 7.31 ± 7.20 (m, 5 arom. H), 5.86 ± 5.66
(m, 2H, CH�CH2), 5.25 ± 5.15 (m, 4H, CH2�CH), 4.38 (t, J� 6.1 Hz, 1H,
OCH(C�CH2)2), 4.25 (dd, J� 3.5, 6.7 Hz, 1H, OCHCH2Br), 3.46 (dt, J�
4.5, 10.0 Hz, 1H, OCHCHPh), 2.75 (dd, J� 6.7, 10.7 Hz, 1H,
OCHCHHBr), 2.58 ± 2.53 (m, 1H, OCHCHPh), 2.50 (dd, J� 3.5,
10.7 Hz, 1H, OCHCHH-Br), 2.19 ± 2.11 (m, 1H), 1.91 ± 1.82 (m, 2H),
1.77 ± 1.71 (m, 1H), 1.61 ± 1.27 (m, 4H); 13C NMR (50 MHz, CDCl3): ��
144.5 (s), 138.1 (d), 137.8 (d), 128.8 (d), 128.6 (d), 127.0 (d), 117.7 (t), 116.6
(t), 101.0 (d), 82.1 (d), 79.1 (d), 51.8 (d), 34.6 (t), 33.8 (t), 32.8 (t), 26.2 (t),
25.7 (t); (1R)-42 : Rf� 0.72 (hexane/Et2O 5:1); 1H NMR (360 MHz,
CDCl3): �� 7.32 ± 7.19 (m, 5 arom. H), 5.60 ± 5.44 (m, 2H, 2CH�CH2),
5.12 ± 4.91 (m, 4H, 2CH�CH2), 4.57 (dd, J� 3.7, 7.0 Hz, 1H, OCHCH2Br),
3.57 ± 3.53 (m, 1H, OCHCHPh), 3.53 ± 3.50 (m, 1H, OCH(CH�CH2), 3.21
(dd, J� 7.0, 10.4 Hz, 1H, OCHCHHBr), 3.07 (dd, J� 3.7, 10.7 Hz, 1H,
OCHCHHBr), 2.61 ± 2.54 (m, 1H, OCHCHPh), 2.13 ± 1.32 (m, 8H, CH2);
13C NMR (50 MHz, CDCl3): �� 144.8 (s), 138.1 (d), 137.6 (d), 128.7 (d),
128.6 (d), 126.9 (d), 117.6 (t), 116.3 (t), 99.1 (d), 80.2 (d), 77.7 (d), 51.2 (d),
34.3 (t), 33.9 (t), 26.2 (t), 25.4 (t). Mixture of diastereoisomers: IR (KBr):
�� � 3028, 2931, 2858, 1448, 1114, 1028 cm�1; MS (CI-CH4):m/z (%): 365 (1)
[M�], 283 (6), 225 (14), 175 (16), 159 (100), 91 (11), 67 (51); elemental
analysis calcd (%) for for C19H25O2Br (365.31): C 62.47, H 6.90; found: C
62.43, H 6.83.


(2S,4S,5R)- and (2R,4R,5S)-4-Methyl-5-vinyltetrahydro-2-furanyl (1R,2S)-
2-phenylcyclohexyl ether [(2S,4S,5R)-43 and (2R,4R,5S)-43]: According to
GP 2 from 42 (1:1 mixture of diast., 0.98 g, 2.7 mmol), Bu3SnH (0.94 g,
3.24 mmol) and 1� solution of Et3B in hexane (3.8 mL, 3.8 mmol). FC
(hexane/Et2O 30:1) gave 43 (0.66 g, 85%). The two diastereomers were
separated by FC (hexane/Et2O 30:1). (2S,4S,5R)-43 : [�]20D ��22.3� (c� 1.5,
CH2Cl2); 1H NMR (360 MHz, CDCl3): �� 7.30 ± 7.15 (m, 5 arom. H), 5.67
(ddd, J� 7.4, 10.1, 17.1 Hz, 1H, CH�CH2), 5.22 (ddd, J� 0.9, 1.5, 17.1 Hz,
1H, CH�CHH), 5.13 (ddd, J� 0.9, 1.8, 10.4 Hz, 1H, CH�CHH), 4.42 (dd,
J� 3.5, 5.5 Hz, 1H, OCHCH2), 3.85 (t, J� 8.2 Hz, 1H, OCHCH�CH2),
3.55 (dt, J� 4.6, 10.4 Hz, 1H, OCHCHPh), 2.52 ± 2.45 (m, 1H,
OCHCHPh), 2.20 ± 2.13 (m, 1H, CHCH3), 1.90 ± 1.16 (m, 10H), 0.92 (d,
J� 7.1 Hz, 3H, CH3); 13C NMR (50 MHz, CDCl3): �� 144.5 (s), 137.5 (d),
128.0 (d), 127.9 (d), 126.1 (d), 116.8 (t), 104.9 (d), 85.2 (d), 81.7 (d), 51.6 (d),
40.9 (t), 39.0 (d), 35.1 (t), 33.0 (t), 25.9 (t), 25.3 (t), 15.8 (q); (2R,4R,5S)-43 :
[�]20D ��98.4� (c� 0.5, CH2Cl2); 1H NMR (360 MHz, CDCl3): �� 7.30 ±
7.23 (m, 5 arom. H), 5.56 (ddd, J� 7.6, 10.4, 18.0 Hz, 1H, CH�CH2), 5.21
(dd, J� 1.8, 5.5 Hz, 1H, OCHCH2), 5.05 ± 4.93 (m, 2H, CH�CH2), 3.80 (td,
J� 4.0, 10.4 Hz, 1H, OCHCHPh), 2.60 (t, J� 7.2 Hz, 1H, OCHCH�),


2.54 ± 2.46 (m, 1H, OCHCHPh), 2.25 ± 2.16 (m, 1H, CHCH3), 1.91 ± 1.22
(m, 10H, CH2), 0.66 (d, J� 7.0 Hz, 3H, CH3); mixture of diastereoisomers:
IR (KBr): �� � 3030, 2930, 2856, 1448, 1084, 987 cm�1; MS (CI, CH4): m/z
(%): 287 (17) [M��H], 187 (5), 159 (67), 111 (100), 93 (30), 91 (11);
elemental analysis calcd for C19H26O2 (286.42): C 79.68, H 9.15; found: C
79.78, H 9.10.


(2R,4S,5R)-4-Methyl-5-(2-hydroxy-ethyl)tetrahydro-2-furanyl-(1R,2S)-2-
phenylcyclohexyl ether : A solution of (2S,4S,5R)-43 (540 mg, 2.0 mmol) in
THF (1 mL) was added to a solution of 9-BBN 0.5� in THF (4.1 mL,
2.1 mmol) under N2. The solution was heated at reflux for 3 h, cooled at
0 �C and a 3� NaOH solution (2.3 mL) was added dropwise followed by
30% H2O2 (2.3 mL). The reaction mixture was stirred at rt for 1 h and
extracted with Et2O. The organic phases were washed with NaCl, dried
over MgSO4 and the solvent was removed under reduced pressure.
Purification by FC (hexane/Et2O 2:1) afforded the desired alcohol
(0.57 g, 93%). [�]20D ��50.0� (c� 1, CH2Cl2); IR (KBr): �� � 3421, 2931,
2858, 1602, 1448, 1340, 1064, 993 cm�1; 1H NMR (360 MHz, CDCl3): ��
7.29 ± 7.16 (m, 5 arom. H), 4.43 (dd, J� 3.4, 5.8 Hz, 1H, OCHCH2), 3.77 ±
3.72 (m, 2H, CH2OH), 3.64 (dt, J� 3.1, 9.2 Hz, 1H, OCHCH2CH2OH),
3.48 (dt, J� 4.3, 10.1 Hz, 1H, OCHCHPh), 2.71 (t, J� 5.8 Hz, 1H, OH),
2.52 ± 2.44 (m, 1H, OCHCHPh), 2.13 ± 2.10 (m, 1H, CHCH3), 1.88 ± 1.11
(m, 12H), 0.92 (d, J� 6.7 Hz, 3H, CHCH3); 13C NMR (50 MHz, CDCl3):
�� 144.9 (s), 128.5 (d), 128.5 (d), 126.5 (d), 105.3 (d), 84.0 (d), 82.5 (d), 62.2
(t), 51.9 (d), 41.0 (t), 38.9 (d), 35.6 (t), 35.5 (t), 33.4 (t), 26.4 (t), 25.8 (t), 16.7
(q); CI-MS: m/z : 305 (5) [M��H], 257 (11), 159 (5), 129 (100), 111 (5), 85
(22); elemental analysis calcd for C19H28O3 (344.43): C 74.96, H 9.27; found:
C 74.83, H 9.17.


2-((2R,3S,5R)-3-Methyl-5-{[(1R,2S)-2-phenylcyclohexyl]oxy}tetrahydro-
2-furanyl)acetaldehyde : A solution of DMSO (0.29 mL, 4.0 mmol) in
CH2Cl2 (2 mL) was added to a solution of oxalyl chloride (0.18 mL,
2.1 mmol) in CH2Cl2 (13 mL) cooled at �78 �C. After 5 min, a solution of
the (2R,4S,5R)-4-methyl-5-(2-hydroxy-ethyl)tetrahydro-2-furanyl-(1R,2S)-
2-phenylcyclohexyl ether (0.54 g, 1.8 mmol) in CH2Cl2 (1 mL) was added
slowly. The white mixture was stirred at �78 �C for 30 min and Et3N
(1.22 mL, 8.8 mmol) was added. The mixture was stirred at rt for 2 h and
sat. NaCl (10 mL) was added. The mixture was extracted with CH2Cl2 and
the organic phase was washed with sat. NaCl, dried over MgSO4 and
evaporated under reduced pressure. Purification by FC (hexane/Et2O 1:1)
afforded the desired aldehyde (0.50 g, 95%). [�]20D ��23.3� (c� 0.3,
CH2Cl2); IR (KBr): �� � 2930, 2856, 1728, 1448, 1085, 989 cm�1; 1H NMR
(360 MHz, CDCl3): �� 9.76 (dd, J� 2.1, 3.1 Hz, 1H, CHO), 7.29 ± 7.18 (m, 5
arom. H), 4.42 (dd, J� 3.4, 5.8 Hz, 1H, OCHCH2), 3.95 (dt, J� 3.7, 8.6 Hz,
1H, OCHCH2CHO), 3.50 (dt, J� 4.3, 10.1 Hz, 1H, OCHCHPh), 2.56 (ddd,
J� 2.1, 4.0, 16.2 Hz, 1H, CHHCHO), 2.50 ± 2.47 (m, 1H, OCHCHPh), 2.41
(ddd, J� 2.7, 8.2, 15.9 Hz, 1H, CHHCHO), 2.15 ± 2.13 (m, 1H, CHCH3),
1.90 ± 1.17 (m, 10H), 0.97 (d, J� 6.4 Hz, 3H, CHCH3); 13C NMR (50 MHz,
CDCl3): �� 201.6 (d), 144.9 (s), 128.5 (d), 128.4 (d), 126.5 (d), 105.3 (d),
82.4 (d), 78.8 (d), 51.9 (d), 47.7 (t), 41.1 (t), 39.0 (d), 35.5 (t), 33.4 (t), 26.4 (t),
25.8 (t), 16.8 (q); MS-CI: m/z : 303 (2) [M��H], 285 (22), 259 (5), 159 (27),
127 (100), 101 (4), 81 (11); HRMS (ESI-MS): calcd for C19H26O3Na:
325.17741; found: 325.17710 [M��Na].
(2R,4S,5R)-4-Methyl-5-(3-methyl-2-butenyl)tetrahydro-2-furanyl-
(1R,2S)-2-phenylcyclohexyl ether (44): nBuLi (2.21� in hexane, 0.3 mL,
0.66 mmol) was added dropwise to a suspension of isopropyltriphenyl-
phosphonium iodide (0.37 g, 0.86 mmol) in THF (4 mL). The red mixture
was stirred at �30 �C for 20 min, cooled at �78 �C and a solution of the
2-((2R,3S,5R)-3-methyl-5-{[(1R,2S)-2-phenylcyclohexyl]oxy}tetrahydro-2-
furanyl)acetaldehyde (0.19 g, 0.66 mmol) in THF (2 mL) was added. The
mixture was stirred at the same temperature for 1 h, poured into water,
extracted with Et2O and the organic phases were washed with brine. After
drying and evaporation of the solvent the crude product was purified by FC
(hexane/Et2O 40:1) to give 44 (0.11 g, 51%) as a colorless oil. [�]20D �
�38.5� (c� 1, CH2Cl2); IR (KBr): �� � 3030, 2930, 2856, 1448, 1377, 1066,
991 cm�1; 1H NMR (360 MHz): �� 7.22 ± 7.15 (m, 5 arom. H), 5.16 ± 5.12
(m, 1H, CH�CMe2), 4.40 (dd, J� 3.1, 5.8 Hz, 1H, OCHCH2), 3.56 ± 3.50
(m, 2H, OCHCHPh, OCHCH2CH�CMe2), 2.51 ± 2.44 (m, 1H,
OCHCHPh), 2.24 ± 2.08 (m, 3H, CH2CH�CMe2, CHCH3), 1.68 (s, 3H,
CH3), 1.58 (s, 3H, CH3), 1.88 ± 1.12 (m, 10H), 0.92 (d, J� 6.7 Hz, 3H,
CHCH3); 13C NMR (50 MHz, CDCl3): �� 145.1 (s), 133.5 (s), 128.5 (d),
128.4 (d), 126.4 (d), 120.8 (d), 105.0 (d), 84.0 (d), 81.8 (d), 52.0 (d), 41.5 (t),
38.0 (d), 35.5 (t), 33.5 (t), 32.6 (t), 26.4 (t), 26.2 (q), 25.8 (t), 18.4 (q), 17.7 (q);
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MS (CI, CH4): m/z (%): 329 (1) [M��H], 259 (8), 159 (65), 153 (34), 117
(10), 109 (29), 91 (100), 69 (46); HRMS (CI, isobutane): calcd for C22H33O2:
329.24750; found: 329.24887 [M��H].


(4S,5R)-4-Methyl-5-(3-methyl-2-butenyl)dihydro-2(3H)-furanone [(�)-
eldanolide] (45): A solution of 44 (0.12 g, 0.36 mmol) in THF (1.3 mL)
and 10%HCl (1 mL) was kept at rt for 30 min. After extraction with Et2O,
the organic phases were washed with sat. NaHCO3 and H2O, dried over
MgSO4 and evaporated under reduced pressure. The crude product was
purified by FC (pentane/Et2O 6:1) to afford (1R,2S)-phenylcyclohexanol
(40 mg, 62%) and the lactol (42 mg, 68%) as a mixture of diastereoisomers.
Mixture of diasteroisomers. 1H NMR (360 MHz, CDCl3): �� 5.52 (dt, J�
3.8, 5.7 Hz, 1H, OCHO, 1 diast.), 5.42 (t, J� 3.6 Hz, 1H, OCHO, 1 diast.),
5.27 ± 5.18 (m, 2H, CH�CMe2), 3.78 ± 3.72 and 3.58 ± 3.52 (m, 1H,
OCHCH2CH�CMe2), 2.70 ± 2.67 and 2.52 ± 2.50 (m, 1H, OH), 2.42 ± 2.03
(m, 8H), 1.92 ± 1.78 (m,1H), 1.73 and 1.72 (2s, 3H, CH3), 1.53 ± 1.46 (m,
1H), 1.09 and 1.08 (2d, J� 7.5 Hz, 3H, CHCH3).


A solution of the lactol (0.42 g, 0.25 mmol) in CH2Cl2 (4 mL) was added to
a mixture of PCC (0.19 g, 0.9 mmol) and Al2O3 neutral (Woelm N,
activity Y, 0.35 g). The orange mixture was stirred overnight then diluted
with Et2O (6 mL) and filtered through Florisil to afford the (�)-eldanolide
45 (32 mg, 76%) as a colorless oil. The optical purity (�99% ee) was
determined by GC (�-cyclodextrin 65% diacetoxy, 140 �C, tR� 20.68 min
for (4S,5R)-45 and tR� 21.23 min for (4R,5S)-45). [�]20D ��43.4� (c� 1,
EtOH) [lit. :[39] [�]20D ��51.5�, c� 1.15, MeOH]. All spectral data were in
accordance with literature data.[39] 1H NMR (360 MHz, CDCl3): �� 5.17
(br t, 1H, CH�CMe2), 4.06 (q, J� 7.0 Hz, 1H, OCHCH2CH�CMe2), 2.67
(dd, J� 7.6, 16.5 Hz, 1H, CHHCHCH3), 2.46 ± 2.22 (m, 3H, CHCH3,
CHCH2CH�CMe2), 2.17 (dd, J� 9.2, 16.8 Hz, 1H, CHHCHCH3), 1.73 (s,
3H, CH3), 1.64 (s, 3H, CH3), 1.14 (d, J� 6.7 Hz, 3H, CHCH3); 13C NMR
(50 MHz, CDCl3): �� 176.4 (s), 135.4 (s), 118.0 (d), 87.0 (d), 37.1 (t), 35.1
(d), 32.2 (t), 25.8 (q), 17.9 (q), 17.7 (q); MS (CI, CH4): m/z (%): 169 (100)
[M��H], 151 (25), 123 (12), 109 (89), 99 (26), 84 (7), 69 (35).
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A Computational Study of Radical Haloacetal Cyclizations Controlled by the
Acetal Center


Olivier Corminboeuf,[a] Philippe Renaud,*[a] and Carl H. Schiesser*[b]


Abstract: The stereochemical outcome
of the radical haloacetal cyclization re-
action (Ueno ± Stork reaction) has been
examined by ab initio and other molec-
ular orbital techniques. It was found that
the stereochemistry of 5-exo- and 6-exo
trig cyclizations can be accurately pre-
dicted from calculations using moderate


levels of theory (UHF/6-311G** or
B3LYP/6-311G**). A simplified compu-
tational procedure, easily run on a


standard desktop computer, has been
developed that provides excellent pre-
dictive ability for the stereochemical
outcome for the reactions in question.
Interestingly, a novel twist transition
state has been identified for the first
time in 5-exo-trig radical cyclization
reactions.


Keywords: acetals ¥ asymmetric
synthesis ¥ calculations ¥ cycliza-
tions ¥ radical reactions


Introduction


Eighteen years ago, Ueno and Stork reported independently
the very efficient 5-exo cyclization of bromoacetals.[1±6] This
reaction is one of the most efficient radical reactions
described to date and has been applied to the synthesis of a
wide variety of molecules of interest.[7] It has been postulated
that the allylic chiral center controls completely the stereo-
chemical outcome of this reaction and that the second acetal
stereogenic center does not influence the diastereoselectivity
of the reaction [Eq. (1)].[1, 2, 8]


On the other hand, there are several reports suggesting that
the acetal center may well have an important influence[8±11]


and, in some instances, it can provide some degree of


stereocontrol.[12±19] In the preceding paper, we reported the
full details of a systematic investigation of cyclization
reactions where the acetal center is the unique stereogenic
element and demonstrated that these reactions offer a highly
diastereoselective route for the preparation of polysubstituted
tetrahydrofurans and �-lactones.[20] In order to provide a
further level of understanding of this chemistry, we began to
explore the mechanistic details of these radical ring closures
using computational techniques. We now report that ab initio
and other computational techniques are able to accurately
predict the outcome of the reactions in question. These
investigations have lead to the design of a simple computa-
tional procedure for predicting the stereochemical outcome of
the Ueno ± Stork reaction that can be applied readily on
standard desktop computers. In addition, the calculation
results stress the importance of the conformational anomeric
effect. The presence of an unprecedented twist transition state
has also been detected.


Results and Discussion


The results presented here (see below) as well as those from
other groups suggest that the simple and widely used Beck-
with ±Houk model[21±23] for radical cyclization of substituted
hexenyl radicals is not applicable to the cyclization of
haloacetals. It has been suggested that this failure is likely
due to the anomeric effect stabilizing conformations where
the exocyclic alkoxyl group occupies a pseudo axial position in
the transition state for ring closure.[15±17] Consequently,
methods that are based largely on steric interactions such as
the simple molecular mechanics approach adopted by Beck-
with and Schiesser[21] as well as Spellmeyer and Houk[23] are
unlikely to give satisfactory results. The advent of faster, more
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powerful computing facilities over the past decade or so has
made possible the use of ab initio and other molecular orbital
techniques to examine complex problems such as radical
cyclization reactions of the type involved in Ueno ± Stork
chemistry.


Choice of the computational method–Cyclizations leading to
2-alkoxy-4-substituted tetrahydrofurans : In the preliminary
phase of this study, a variety of computational methods
ranging from semi-empirical to ab initio and density func-
tional techniques were used to locate the cis and trans
transition states involved in the cyclization of the simple
radical 1 a leading to 2-alkoxy-4-substituted tetrahydrofurans
[Eq. (2)]. In this manner, the computational methods best able
to reproduce the experimentally observed stereoselectivities


for the reactions in question could be determined. In order to
save computational cost, the methoxy substituted radical 1 a
was used as a model for the ethoxy derivative used exper-
imentally.[16, 20]


Five possible transition states were identified: a chair-axial,
a twist-axial, a boat-axial, a chair-equatorial and a twist-
equatorial (Figure 1). Interestingly, the twist transition state
has not been reported so far. The existence of these transition
states varied depending on the computational method em-
ployed; however, at any given level of theory, all structures
located were fully characterized by harmonic frequency
analysis which revealed the existence of only one imaginary
frequency.


The boat-axial and twist-axial transition states are distinct
only when the 3-21G basis set is used. At other levels of
theory, these transition states collapse to the boat-axial
(AM1) or the twist-axial (6-311G**) structures. Based on
these results, it is clear that the boat and the twist transition
states need to be considered separately (Table 1).


Figure 1. Calculated transition states for the cyclization of radical 1a.


Inspection of the data in Table 1 also reveals that the two
equatorial transition states (chair-equatorial and twist-equa-
torial) are much less stable than the axial structures by some
3 ± 5 kcalmol�1. Given that is it highly likely that this trend will
continue in other series, transition states bearing equatorial
anomeric methoxy groups are not considered in the rapid
method (see below).


Toward a rapid computational method–Cyclizations leading
to 2-alkoxy-4-substituted tetrahydrofurans : With the aim of
developing a simple and rapid predictive tool for the
evaluation of the stereochemical outcome during Ueno ±
Stork cyclizations, we considered fixing the transition state
separations in other transition states of interest to values
obtained for radical 1 a. Accordingly, the distance between the
reacting centers in transition states involved in the ring
closures of radicals 1 b and 1 c, was fixed at the value
calculated for 1 a at the UHF/6-311G**//UHF/6-311G** and
B3LYP/6-311G**//B3LYP/6-311G** levels of theory; these
distances are listed in Table 2. The geometries of the
remainder of these transition structures were then optimized
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Table 1. Relative energies[a] of the various transition states and calculated cis/trans diastereoselectivities of the cyclized product 2a in the ring closure of
radical 1 a (experimental cis/trans ratio for the cyclization of the ethoxy analogue of 1 a : � 98:2).[20]


Calculation chair- twist- boat- chair- twist- cis/
method axial axial axial equatorial equatorial trans[c]


1 UHF/AM1//UHF/AM1 0 [b] � 0.69 [d] [d] 86:14
2 UHF/PM3//UHF/PM3 0 [b] � 0.60 [d] [d] 83:17
3 UHF/3-21G//UHF/3-21G 0 � 0.45 � 1.24 � 5.29 � 5.39 76:24
4 UHF/6-311G**//UHF/6-311G** 0 � 1.37 [b] � 3.20 � 5.04 97:3
5 MP2/3-21G//MP2/3-21G 0 � 0.05 � 1.98 [d] [d] 54:46
6 MP2/6-311G**//MP2/6-311G** 0 � 0.84 � 2.30 [d] [d] 90:10
7 B3LYP/3-21G//B3LYP/3-21G 0 � 0.39 � 1.82 [d] [d] 73:27
8 B3LYP/6-311G**//B3LYP/6-311G** 0 � 1.36 [b] [d] [d] 97:3


[a] Energies in kcalmol�1. [b] Not located at this level of theory. [c] Determined at �78�C assuming identical entropy terms. [d] Not calculated.


Table 2. Distance [ä] between the reacting centers at the transition states
for cyclization of radical 1 a.


chair-axial[a] twist-axial boat-axial


UHF/6-311G**//UHF/6-311G** 2.20 2.20 2.17
B3LYP/6-311G**//B3LYP/6-311G** 2.29 2.31 2.29


[a] These values have also been used for the boat-axial transition states as
required.
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using the 3-21G basis set. In addition, higher-level single point
calculations were performed on these optimized structures,
the results of which are listed in Table 3.


Comparison of entries 1/2, 3/4, 5/6 and 7/8 in Table 3 reveals
that minor changes in separation between reacting centers, as
is observed between UHF/6-311G** and B3LYP/6-311G**
calculations (Table 2), is not critical and that only minor
changes in relative energy are observed. The most crucial
parameter would appear to be the basis set used for the single
point energy calculation. The best results are clearly obtained
using the UHF/6-311G** and B3LYP/6-311G** methods for
single-point energies (entries 3, 4, 7 and 8). For example, using
B3LYP/6-311G**//B3LYP/3-21G[B3LYP/6-311G**],[24] an
activation energy difference of 1.66 kcalmol�1 between trans
and cis pathways during the ring closure of 1 a is predicted.
This energy different translates into a 99:1 ratio at �78 �C,
assuming identical entropy terms. When the smaller (3-21G)
basis sets was used, the energy difference between the two
most stable transition states was calculated to be substantially
lower (entries 1, 2, 5 and 6), leading to significant under-
estimation of stereoselectivity during the ring closure of 1 a.
To further test the validity of our calculations, the ring closure
reactions of radicals 1 b and 1 c were investigated using both
UHF/6-311G**//UHF/3-21G[UHF/6-311G**] and B3LYP/6-
311G**//B3LYP/3-21G[B3LYP/6-311G**] methods, the re-
sults of which are also listed in Table 3 (entries 9 ± 12). Once
again, predictions made using these methods are in excellent
agreement with available experimental data.[20]


Cyclizations leading to 2-alkoxy-3,4-disubstituted tetrahydro-
furans : The cyclization reactions of radicals 3, leading to the
2-methoxy-3,4-disubstituted tetrahydrofurans 4 [Eq. (3)] were


next examined using our previously described UHF/6-
311G**//UHF/3-21G[UHF/6-311G**][25] rapid computational
procedure.[26] These radicals strongly resemble the analogous
ethoxy-substituted systems reported in the previous paper.[20]


The relevant data are summarized in Table 4.


Consideration of the various possible conformations avail-
able to transition states involved in these ring closure
reactions reveals a possible six transition states and all six
were located in the case of 3 a (Figure 2). Inspection of Table 4
reveals that the two chair-axial transition states are by far the
most stable and possess very similar energies. Indeed, the
calculated energy difference between the trans and cis path-
ways of only 0.05 kcalmol�1 is in excellent agreement the with
1:1 mixture of (r-2,c-3,c-4)[27] and (r-2,t-3,c-4) that were
isolated in closely related experiments [Eq. (4)].[20] The


chair-axial-trans transition state involved in the ring closure of
the benzoyl radical 3 b is by far the most stable of the
transition states available to this radical, being some
2.23 kcalmol�1 lower in energy than its nearest rival (entry 2,
Table 4). This value fits well with the available experimental
data for 3 b that cyclizes with a diastereoselectivity in excess of
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Table 3. Relative energies[a] and stereoselectivity calculated for the ring closure of radicals 1a, 1b and 1c using the fixed distance approach [Eq. (1)].


Method[b] chair- twist- boat- �E�(trans)� cis/trans
axial axial axial �E�(cis) calcd[c] exptl[d]


1 1a UHF/3-21G//UHF/3-21G [UHF/6-311G**] 0 0.45 1.71 0.45 76:24 � 98:2
2 1a UHF/3-21G//UHF/3-21G [B3LYP/6-311G**] 0 0.42 1.65 0.42 75:25 � 98:2
3 1a UHF/6-311G**//UHF/3-21G[UHF/6-311G**] 0 1.55 1.93 1.55 98:2 � 98:2
4 1a UHF/6-311G**//UHF/3-21G[B3LYP/6-311G**] 0 1.63 2.12 1.63 99:1 � 98:2
5 1a B3LYP/3-21G// B3LYP/3-21G[UHF/6-311G**] 0 0.40 1.76 0.40 74:26 � 98:2
6 1a B3LYP/3-21G// B3LYP/3-21G[B3LYP/6-311G**] 0 0.32 1.80 0.32 70:30 � 98:2
7 1a B3LYP/6-311G**//B3LYP/3-21G[UHF/6-311G**] 0 1.44 2.26 1.44 98:2 � 98:2
8 1a B3LYP/6-311G**//B3LYP/3-21G[B3LYP/6-311G**] 0 1.66 2.50 1.66 99:1 � 98:2
9 1b UHF/6-311G**//UHF/3-21G[UHF/6-311G**] 0 1.40 1.90 1.40 97:3 92:8


10 1b B3LYP/6-311G**//B3LYP/3-21G[B3LYP/6-311G**] 0 1.39 2.20 1.39 97:3 92:8
11 1c UHF/6-311G**//UHF/3-21G[UHF/6-311G**] 0 1.25 0.43 0.43 77:25 78:22
12 1c B3LYP/6-311G**//B3LYP/3-21G[B3LYP/6-311G**] 0 1.06 0.54 0.54 80:20 78:22


[a] Energies in kcalmol�1. [b] Notation: B3LYP/6-311G**//B3LYP/3-21G[UHF/6-311G**] refers to a B3LYP/6-311G** single-point calculation performed
on a B3LYP/3-21G-optimized structure with reacting centers fixed at the distance determined for 1a at the UHF/6-311G** level of theory. [c] Determined at
�78� assuming identical entropy terms. [d] Value for the ethoxy analogue.[20]


Table 4. Relative energies[a] of transition states involved in the cyclization of
radicals 4 using the fixed distance approach.


Radical R chair- chair- twist- twist- boat- boat-
axial-cis axial-trans axial-cis axial-trans axial-cis axial-trans


1 3 a iPr 0 � 0.05 � 2.05 � 1.16 � 2.68 � 1.46
2 3 b COPh � 6.80 0 � 2.23 � 6.38 � 5.62 � 8.83
3 3 c CO2Me � 5.7 0 � 2.23 � 6.30 � 2.23 � 7.38
4 3 d CN � 0.99 0 � 1.73 � 1.66 � 2.82 ±


[a] Energies in kcalmol�1.
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Figure 2. Optimized transition structuresfor the cyclization of radical 3a
(axial refers to the position of the 2-methoxy group and cis/trans to the
relative position of the 3-iPr and 4-Me group in the final product).


�98% [Eq. (5)].[20] A related example with complete stereo-
control has been reported by Stoodley.[19]


The corresponding ester and cyano substituted radical 3 c
and 3 d were also investigated (Table 4, entries 3 and 4); in
both cases, complete stereoselectivity in favor of the 2,3-trans-
4,5-trans compound is predicted; this confirms the directional
importance of electron withdrawing substituents in these
reactions. No experimental data are available for comparison
with these substrates.


Cyclizations leading to 2-alkoxy-4,5-disubstituted tetrahydro-
furans : The cyclization of haloacetals derived from chiral
allylic alcohols has been investigated in the original work of
Ueno and Stork and it proved to be a very efficient method
for the preparation of chiral lactones [Eq. (1)]. Models to
rationalize the high trans stereoselectivities of these processes
have been discussed based on the classical Beckwith ±Houk
transition states in which alkoxy substituents were occupying
either axial or equatorial positions in chair and boat
conformations.[1, 2, 8]


Based on our transition state calculations (see above), we
believe that such models cannot provide an adequate
description of this chemistry. It is apparent that transition
state twist conformations have to be taken into account and
that only structures in which the anomeric alkoxy groups are
orientated in pseudo-axial positions are important. Calcula-
tions performed on the diastereomeric radicals u-5 and l-5
confirmed this hypothesis [Eqs. (6) and (7), Figure 3]. For


Figure 3. Calculated transition states for the cyclization of radicals u-5 and
l-5.


instance, in the case of radical l-5, no transition state bearing a
pseudoequatorial methoxy group could be located after
extensive searching. Indeed, starting structures bearing pseu-
doequatorial methoxy groups invariably collapsed to the twist
axial transition state during optimization. For u-5, chair, boat
and twist transition state conformations were found, with the
chair-axial transition state being of lowest energy bymore that
3 kcalmol�1. This transition state leads to the formation of the
4,5-trans disubstituted tetrahydrofuran which is predicted to
be formed with very high diastereomeric excess. For l-5, one
chair and two twist transition states were found. The chair-
axial transition state is predicted to be high in energy and the
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most stable transition state is found to be the twist-axial-trans
(Figure 3). To the best of our knowledge, this is the first time
that a twist transition state has been implicated in a 5-exo trig
homolytic cyclization process. A second twist transition state
leading to the 4,5-cis disubstituted tetrahydrofuran (twist-
axial-cis) has also been detected but is significantly less stable.
Interestingly, both diastereomeric radicals u-5 and l-5 are
predicted to provide a tetrahydrofuran with trans orientation
of substituents at positions 4 and 5. It is clear that the
preferred transition state in the cyclization of u-5 and l-5 are
quite different. It is therefore misleading to represent the
transition state in a manner that depicts the forming ring as a
simple chair with substituents in pseudo-axial or equatorial
positions (e.g. chair-axial-trans and chair-equatorial-trans)
since the only element of similarity between transition states
such as u-5 and l-5 is the pseudo-axial alignment of the
2-alkoxy group.


The cyclization of ethoxy analogue of radical 5 has been
reported by Ueno[1, 2] and Sch‰fer[8] [Eq. (1)]. The radical
cyclization has been run with a 1:1 mixture of diastereomers
and after oxidation of the acetal, the trans lactone was isolated
as major isomer (trans/cis 96:4). This results fit very well with
our calculations that predict at 50 �C a 94:6 ratio for l-5. We
next chose to examine the ring closure of 7; the analogous
ethoxy-substituted radical that has been shown to cyclize to
afford the tetrahydrofuran (r-2,c-4,t-5)-8 with 98% diastereo-
meric excess at �78�.[20] Following our established procedure,
the most stable transition state involved in this reaction was
found to be the chair-axial-trans structure (Figure 4). The
twist-axial-trans structure was calculated to be less stable by
some 1.92 kcalmol�1 followed by the boat-axial-cis
(�2.48 kcalmol�1). Based on these data, a diastereoselectivity
in excess of 99% is predicted at �78 �C, in excellent agree-
ment with the experimental data [Eq. (8)].


Cyclizations leading to 2-alkoxy-3,4,5-substituted tetrahy-
drofurans : Transition states for the reactions depicted in
Equation (9) were examined next. Experimental and calcu-
lated diastereoselectivities are reported in Table 5 and are in


good agreement, except for entry 2 where the calculated
diastereoselectivity is somewhat overestimated. However,
this reaction is the only one that has been run under iodine
atom transfer conditions. It cannot be excluded that under
these conditions, partial epimerization of the acetal center due
to traces of HI is occurring.


Cyclizations leading to tetrahydropyrans : The 6-exo-trig
cyclization of Equation (10) has also been investigated using


the model developed for 5-exo-trig cyclizations. The strong
anomeric effect observed in the five-membered rings allowed
us to perform calculations only on the transition states
possessing the axial alkoxy group. The results of the calcu-
lations for the ring closure of radicals 11 and 12 using our
previously-described model are shown in Figures 5 and 6. In
the former case, six different transition states A ±F were
located. The two most stable ones, A and D, ressemble the
chair transition states involved in the formation of the
previously discussed tetrahydrofurans. Transition state A,


that leads to trans-11, is the
most stable by 1.63 kcalmol�1.
These calculated data fit well
with the experimental results
reported by Beckwith and Page
in which the trans ring-closed
product was isolated with a
diastereoselectivity of 74% at
80 �C.[15]


In the case of the ring-closure
of radical 12, our simplified
method afforded transition
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Figure 4. The three most stable transition states involved in the cyclization of 7 (axial refers to the position of the
2-methoxy group and cis/trans to the relative position of the 4-Me and 4-vinyl group in the final product).


Table 5. Experimental and calculated diastereoselectivities for ring clo-
sures of radical 9 leading to 2-methoxy-3,4,5-substituted tetrahydrofurans
[Eq. (9)].


Radical[a] R1,R2 T [�C] Diastereoselectivity
exptl[b] [%] calcd [%]


1 9a Me,Me � 78 � 98 92
0 8 85


2 9b COOMe 10 77 98
3 9c iPr � 78 63 59


[a] Calculations performed on the methoxy-substituted analogue. [b] Val-
ues for the ethoxy analogue.[20]
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Figure 6. The two most stable transition states involved in the 6-exo-trig
cyclization of 12.


states very similar to those located for the cyclization of 11.
The two most stable transition states G and H are both chair
axial (Figure 6). Inspection of Figure 6 reveals that G
transition state is preferred over H by 1.55 kcalmol�1, in
excellent agreement with the experimentally observed exclu-
sive formation of 14 at�78� in similar Ueno ± Stork chemistry
[Equation (11) in the previous paper[20]] .


Conclusion


Cylizations of haloacetals represent a useful tool for asym-
metric synthesis. The stereochemical outcome of 5-exo- and
6-exo trig cyclizations can be accurately predicted from
calculation at moderate levels of theory (UHF/6-311G** or
B3LYP/6-311G**). More interestingly, a simplified calcula-
tion procedure, easily run on a standard desktop computer,
has been developed and gives excellent results, either for
5-exo- or for 6-exo trig cyclizations.


Based on these calculations, the high diastereoselectivity of
the Ueno ± Stork cyclization procedure is now better under-
stood. The importance of the conformational anomeric effect
is highlighted. The model used in these cyclizations differs
from the classical Beckwith ±Houk model not only by the
preferential axial position of the alkoxy groups but also by the


presence of twist transition states together
with the well known chair and boat ones.
These results support well the experimen-
tal data demonstrating that the acetal
center can efficiently control the stereo-
chemistry at C(4) of tetrahydrofurans
during Ueno-Stork haloacetal cycliza-
tions. The control of the C(3) and C(5)
centers is also possible for a certain
number of well designed substrates.


Computational methods


Calculations were generally performed either using
the AM1 or PM3 (semiempirical) methods or with
the 3-21G or 6-311G** basis sets at the unrestricted
Hartree ± Fock (UHF) or B3LYP level as imple-
mented in the Spartan program package[28] or
Gaussian 98 program package.[29] When MP2 cal-
culations were employed, the frozen core approx-
imation was used. Transition structures were char-
acterized by harmonic frequency analysis at the
level of optimization to ensure that all species had


the correct number of imaginary frequencies. Optimized geometries of all
optimized transition structures in this study are available as Supporting
Information.
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Driving Force Dependence of Intermolecular Electron-Transfer Reactions
of Fullerenes


Shunichi Fukuzumi,*[a] Kei Ohkubo,[a] Hiroshi Imahori,*[b] and Dirk M. Guldi*[c]


Abstract: Pulse-radiolytic studies were
performed to determine the rate con-
stants of intermolecular electron transfer
(ket) from fullerenes (C60, C76, and C78)
to a series of arene radical cations in
dichloromethane. The one-electron oxi-
dation potentials of the employed ar-
enes–corresponding to the one-elec-
tron reduction potentials of arene �-
radical cations–were determined in di-
chloromethane to evaluate the driving
forces of electron-transfer oxidation of
fullerenes with arene �-radical cations.
The driving force dependence of log ket
shows a pronounced decrease towards
the highly exothermic region, represent-
ing the first definitive confirmation of


the existence of the Marcus inverted
region in a truly intermolecular electron
transfer. Electron-transfer reduction of
fullerenes with anthracene radical anion
was also examined by laser flash pho-
tolysis in benzonitrile. The anthracene
radical anion was produced by photo-
induced electron transfer from 10,10�-
dimethyl-9,9�,10,10�-tetrahydro-9,9�-bi-
acridine [(AcrH)2] to the singlet excited
state of anthracene in benzonitrile. The


rate constants of electron transfer (ket)
from anthracene radical anion to C60,
C70, and a C60 derivative were deter-
mined from the decay of anthracene
radical anion in the presence of various
concentrations of the fullerene. Impor-
tantly, a significant decrease in the ket
value was observed at large driving
forces (1.50 eV) as compared to the
diffusion-limited value seen at smaller
driving forces (0.96 eV). In conclusion,
our study presents clear evidence for the
Marcus inverted region in both the
electron-transfer reduction and oxida-
tion of fullerenes.


Keywords: electron transfer ¥
fullerenes ¥ Marcus inverted region
¥ photochemistry ¥ time-resolved
spectroscopy


Introduction


The most important prediction of the Marcus theory of
electron transfer (ET) is that the ET rate is expected to
decrease as the ET driving force (��G0et� �) increases in the
strongly exergonic region.[1] The reorganization energy (�) is
the energy required to structurally reorganize the donors,
acceptors, and their solvation spheres upon ET. The strongly
exergonic regime is generally referred to as the Marcus


inverted region, which has now been well-established in a
number of donor± acceptor systems, in which covalent link-
ages ensure fixed distances.[2±6] However, for second-order
intermolecular ET processes of electron donors and acceptors
at diffusional encounters, definitive evidence for the inverted
region is almost nonexistent,[6] although the inverted effect
has been well-established for the first-order back-electron-
transfer process in the radical ion pair produced by intermo-
lecular ET reactions.[7] Normally, these intermolecular ET
reactions follow the Rehm±Weller behavior, such that the ET
rate increases with an increase in driving force, reaches a
diffusion-limit, and remains unchanged no matter how
exergonic ET might become.[8, 9] Gopidas and co-workers
have recently reported the driving force dependence of
electron transfer in a series of hydrogen-bonded donor± ac-
ceptor systems. When the donor ± acceptor ensemble is
assembled through hydrogen-bonding interactions diffusion
is prevented and intramolecular ET in the Marcus behavior is
observed.[10] In contrast, when diffusion is allowed in inter-
molecular ET, the Rehm±Weller behavior is observed.[10]


Thus, the failure to observe the Marcus inverted region in
intermolecular ET is attributed to diffusion processes, which,
in turn, prevent the observation of the inverted region. As is
well known, this is the main reason why some twenty-five
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years elapsed before the Marcus inverted region was con-
firmed for ET reactions in which the diffusion processes were
avoided.
As far as second-order intermolecular ET reactions involv-


ing diffusion processes are concerned, however, there have so
far been only a few reports on observations of the inverted
region.[11] However, the claim was questioned later.[12] The
Marcus inverted region should be discerned for those ET
reactions with small � and large driving force. These criteria
are unequivocally given for intermolecular ET reactions
involving fullerenes, which have small reorganization energies
due to their highly delocalized �-electron systems.[13, 14] In fact,
pulse-radiolytic studies, focusing on intermolecular charge-
shift dynamics between fullerenes and a series of radiolyti-
cally generated arene �-radical cations, revealed a tendency of
an decrease in the ET rate as the difference in the respective
arene and fullerene ionization potentials increases.[15] This
seems to be the most promising scenario for observing the
Marcus inverted region for intermolecular ET reactions.
However, definitive evidence for the inverted region has yet
to be reported from the ��G0et values, determined exper-
imentally from the redox potentials in solution, instead of
from the values extrapolated from the difference in their
ionization potentials. This is now reported herein, and the �
values of ETreactions between fullerenes and arene �-radical
cations are determined based on the parabolic dependence of
the ET rates on ��G0et.
The one-electron oxidation potentials of arenes, which


correspond to the one-electron reduction potentials of arene
�-radical cations in dichloromethane were determined by
using the second harmonic ac voltammetry. These values
together with the known values of fullerenes (C76 and C78)
employed in this study provide the firm experimental values
of the driving force of electron transfer between fullerenes
and arene �-radical cations. The driving-force dependence of
electron transfer between fullerenes and anthracene radical
anion is also reported, exhibiting the Marcus inverted region
for intermolecular ET reactions.


Results and Discussion


One-electron oxidation potentials of arenes : Slow scan cyclic
voltammograms of arenes exhibit an anodic wave with a
current maximum, but, most importantly, the complementary
cathodic peak, as expected for a reversible redox couple, was
not seen due to the instability of the generated radical cations.
When the scan rate is increased above 100 Vs�1 by using a
microelectrode (see Experimental Section), a reversible
redox couple is observed as shown in Figure 1a, in which a
fast scan voltammogram of 9,10-dibromoanthrane in CH2Cl2
is given as an example. The second-harmonic alternating
current voltammograms (SHACV) of various arenes were
also measured in CH2Cl2 at 298 K. The SHACV method
provides a superior approach to directly establishing the one-
electron redox potentials in the presence of a follow-up
chemical reaction, relative to the better-known dc and
fundamental harmonic ac methods (see Experimental Sec-


Figure 1. a) Cyclic voltammogram of 9,10-dibromoanthracene (1.0�
10�2�) in deaerated CH2Cl2 containing nBu4NClO4 (0.10�) with a gold
microelectrode (i.d. 100 �m) at 298 K; sweep rate 100 Vs�1; b) Second
harmonic ac voltammogram of 9,10-dibromoanthracene (5.0� 10�3�) in
deaerated CH2Cl2 containing nBu4NClO4 (0.10�) with a gold electrode at
298 K; sweep rate 4.0 mV s�1.


tion). A typical example of the signals of arenes are shown in
Figure 1b.
Importantly, symmetrical traces at phase angles differing by


90� are obtained around the intersection with the dc potential
axis. The one-electron oxidation potential E0ox (vs Ag/0.01�
AgNO3) are readily given as the intersection value, which
agrees with the value obtained by the fast scan cyclic
voltammogram. The E0ox values were converted to those in
reference to the ferrocene/ferrocenium couple (Fc/Fc�) by
using ferrocene as an internal standard. The E0ox values of
arenes studied in the present work were determined by the
SHACV method and they are listed in Table 1, together with
their ionization potentials (IP).
A linear correlation is obtained between E0ox of arenes in


CH2Cl2 and IP with a correlation coefficient (�) of 0.914
[Eq. (1)], as shown in Figure 2:


E0ox (arenes in CH2Cl2)��2.03� 0.46IP �� 0.914 (1)


The significantly smaller slope (0.46) than unity may result
from the decrease in the solvation energies of the radical
cations with decreasing IP as the electron becomes more
delocalized. Thus, even the relative IP values cannot be used
as the measure of the electron donor ability of arenes in
solution. Now that the E0ox values of arenes in CH2Cl2 have
been determined, the driving force of electron transfer from
fullerenes (C60, C76, and C78) to arene radical cations (��G0et�
can be obtained from the known E0ox values of fullerenes in
CH2Cl2,[16, 17] by using [Eq. (2)]:


��G0et� e[E0ox(arenes)�E0ox(fullerenes)] (2)


in which e is the elementary charge and E0ox of arenes
correspond to the one-electron reduction potential (E0red� of
arene radical cations.
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Figure 2. Plot of one-electron oxidation potentials of arenes in CH2Cl2
(E0ox vs Fc/Fc�) versus the corresponding ionization potentials.


Electron-transfer oxidation of fullerenes : Pulse radiolysis of
chlorinated hydrocarbons such as CH2Cl2, in the presence of
arenes and fullerenes, was performed to study electron-
transfer oxidation of fullerenes with arene radical cations,
which can be generated by the oxidation of arenes with
CH2Cl2


.� . The primary ionization of CH2Cl2 results in
formation of solvated electrons and CH2Cl2


.� [Eq. (3)].[18]


The solvated electrons are scavenged efficiently by CH2Cl2
and, therefore, do not interfere with the oxidation process. In
contrast, CH2Cl2


.� is reduced by the arene, present in 10�2�
concentrations, to produce accordingly the arene radical
cation [Eq. (4)].[18] The addition of C60 in variable concen-
trations to the arene/CH2Cl2 system results in an electron
transfer from C60 to the arene radical cation to produce C60


.�


[Eq. (5)].[19] This species is readily detected by its diagnostic
near IR band at 980 nm.[20±22]


CH2Cl2 � CH2Cl2 .�� e�s (3)


arene�CH2Cl2 .� � arene .��CH2Cl2 (4)


fullerene� arene .� ��ket fullerene .�� arene (5)


The arene radical cation decays
obeying first-order kinetics, and
the first-order decay rate constant
increases with increasing C60 con-
centration. The rate constants of
electron transfer (ket) from C60 to
radical cations of naphthalene, m-
terphenyl, and biphenyl were de-
termined from the slope of the
linear plots of the first-order de-
cay rate constants versus C60 con-
centration, as 2.5� 109, 3.8� 109,
and 7.9� 109��1 s�1, respective-
ly.[19] The driving forces of
these electron-transfer reactions
(��G0et� are obtained from Equa-
tion (2) and are 0.02, �0.13, and
�0.07 eV, respectively. Thus, the
electron-transfer oxidation of full-
erene with these arene radical
cations is slightly endergonic or
exergonic.


The substantially lower one-electron oxidation potentials of
D2-C76 (E0ox� 0.84 V vs Fc/Fc�)[16] and D3-C78 (E0ox� 0.74 V vs
Fc/Fc�)[16] relative to that of C60 (E0ox� 1.32 V vs Fc/Fc�)[17]
enable us to study highly exergonic electron-transfer oxida-
tion of fullerenes. As in the case of C60, the addition of C76 or
C78 to the arene/CH2Cl2 system results in electron transfer
from arene radical cation to C76 or C78 to produce the fullerene
radical cations, C76


.� and C78
.� [Eq. (5)]. Differential absorp-


tion spectra recorded upon pulse radiolysis for the C76-
containing solutions exhibit the formation of a transient with a
distinct maximum at 960 nm, accompanied by additional
absorptions at 550 and 770 nm and shoulder at 1050 nm as
shown in Figure 3a. These absorption bands agree with those
reported for the isolated radical cation hexabromocarborane
salt [C76]


.�[CB11H6Br6]� .[23] Similar near IR bands are ob-
served for the electron-transfer oxidation of C78 with arene
radical cations, showing a distinct band around 980 nm,
although the overall intensity is weaker than that of C76


.� .
In each case, the decay of the arene radical cation, monitored
at the absorption bands of arene radical cations in the visible
region (330 ± 480 nm depending on the type of arene radical
cations), obeys first-order kinetics, and the first-order decay
rate constant increases linearly with increasing fullerene
concentration. Importantly, we were able to confirm that the
decay of the arene radical cation is an excellent match to the
growth of the fullerene radical cation absorption as shown in
Figure 3b. Thus, the intermolecular electron transfer rate
constant (ket) was obtained from the slope of linear plot of the
first-order decay rate constant versus fullerene concentration.
The results are summarized in Table 1.
The driving-force dependence of ket for electron-transfer


oxidation of C60, C76, and C78 with a series of arene radical
cations is shown in Figure 4, which reveals a striking parabolic
dependence including the Marcus inverted region, that is, a
decrease of the rate constants with increasing the driving
force. The log ket value increases with increasing the driving
force to reach a diffusion-limited value and then decreases


Table 1. Ionization potentials (IP), one-electron oxidation potentials (E0ox� and rate constants (ket) for electron
transfer from C76 (D2), C78 (D3) and C60 to various arene


.� in CH2Cl2 at 298 K.


Entry Compound ket [��1 s�1]
IP [eV] E0ox [V][a] C76 C78 C60


1 p-xylene 8.80 1.47 7.1� 109
2 mesitylene 8.87 1.47 3.4� 109 2.3� 109
3 1,2,4-trimethylbenzene 8.69 1.49 7.9� 109 8.6� 109
4 durene 8.20 1.35 6.6� 109 6.9� 109
5 naphthalene 8.15 1.26 8.9� 109 9.3� 109 2.5� 109[b]
6 m-terphenyl 8.01 1.39 1.1� 1010 1.5� 1010 3.8� 109[b]
7 biphenyl 7.89 1.33 2.0� 1010 2.5� 1010 7.9� 109[b]
8 hexamethylbenzene 7.90 1.20 2.1� 1010 2.5� 1010
9 triphenylene 7.86 1.26 2.9� 1010 2.3� 1010
10 phenanthrene 7.85 1.22 3.0� 1010 2.5� 1010
11 fluorene 7.78 1.13 3.2� 1010 2.9� 1010
12 9-anthraldehyde 7.69 1.18 2.9� 1010 3.0� 1010
13 chrysene 7.59 1.13 4.5� 1010 4.2� 1010
14 9,10-dibromoanthracene 7.58 1.09 2.8� 1010 2.7� 1010
15 anthracene 7.45 0.94 1.5� 1010 1.7� 1010
16 pyrene 7.41 0.85 1.0� 1010 1.1� 1010
17 coronene 7.29 0.82 3.6� 109
18 9-anthracenemethanol 7.21 0.75 7.8� 108 2.0� 109


[a] Versus Fc/Fc�. [b] Taken from reference [19].
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Figure 3. a) Transient absorption spectrum for C76
.� observed upon


intermolecular electron transfer from C76 (7.0� 10�5�) to chrysene radical
cation formed in the radiolysis of chrysene (1.0� 10�2�) in CH2Cl2;
b) Decay of crysene radical cation, accompanied by appearance of C76


.� .


Figure 4. Plot of log ket versus ��G0et for electron transfer from C60 (�),
C76 (�), and C78 (�) to arene radical cations in CH2Cl2. The solid line is
drawn based on the Marcus theory of electron transfer [Eq. (6)].


with further increase in the driving force. The ket value (2.3�
109��1 s�1) for a highly exergonic electron transfer from C78 to
mesitylene radical cation (��G0et� 0.73 eV) is about 20 times
smaller than the value (4.5� 1010��1 s�1) for a much less
exergonic electron transfer from C76 to, for example, chrysene
radical cation (��G0et� 0.32 eV). Such a pronounced de-
crease towards the highly exothermic region represents the
first definitive confirmation of the existence of the Marcus
inverted region in a truly bimolecular electron transfer.
The plateau in Figure 4 corresponds to the diffusion-limited


region in which the rate of electron transfer is faster than the
rate of diffusion. According to the Marcus theory of electron


transfer, the observed rate constant of an intermolecular
electron transfer is given as Equation (6):


1


ket
� 1


kdiff
� 1


Z exp�����4��1 � �G0et���2�kBT	
(6)


in which kdiff is the diffusion rate constant, Z is the collision
frequency, which is taken as 1� 1011��1 s�1, � is the reorgan-
ization energy of electron transfer, and kB is the Boltzmann
constant.[1] By fitting the data in Figure 4 with the Marcus
equation for bimolecular ET reactions [Eq. (6)], an exper-
imental value of 0.36 eV is deduced for the reorganization
energy for electron-transfer oxidation of fullerenes (C60, C76,
and C78) in CH2Cl2.[24] The virtually same � value is obtained
from the ket value at �G0et� 0. Judging from the experimental
error in determining ket value (at most 
50%), the exper-
imental error in � is estimated as 
0.04 eV. The � value
(0.36
 0.04 eV) thus determined in this study is comparable
to the � value for electron self-exchange between 9-phenyl-10-
methylacridinyl radical and the corresponding cation in
CH2Cl2 (0.28 eV), which is the smallest value for bimolecular
electron-transfer reactions ever reported.[9f, 25]


The reason why we obtained such a small � value is twofold
(vide infra). Firstly, the electron-transfer reactions that we
have examined are those of a charge-shift type in CH2Cl2.
CH2Cl2 is, however, less polar than typical polar solvents such
as benzonitrile and acetonitrile. Electron-transfer reactions
are normally performed in such polar solvents, in which the
product ions of the electron transfer are subject to stabiliza-
tion through strong solvation.[26] When cationic electron
acceptors, such as arene radical cations, are employed
together with a neutral electron donor (i.e., fullerene), the
solvation before and after the electron transfer may be largely
canceled out. Especially, when the free-energy change of
electron transfer is expected to be independent of the solvent
polarity. In addition, the solvent reorganization energy for the
charge-shift-type electron-transfer reaction is known to
decrease with decreasing solvent polarity.[9f, 27] Thus, the
solvent reorganization energy for charge-shift-type electron
transfer in a less polar solvent should be much smaller than
that for charge-separation-type electron transfer in a more
polar solvent.[9f] Secondly, the choice of the fullerenes as
electron donors is important. The cationic charge of the
radical cations is highly delocalized in the large, three-
dimensional � system. Such delocalizations of positive
charges result in minimal reorganization of, for instance,
bonds and solvation upon electron transfer.[28] Arene radical
cations, employed as electron acceptors, may also have small
reorganization energies upon electron transfer due to the
delocalized charge. It is important to note that the deduced
reorganization energy from the driving force dependence of
ket is that of the average of the reorganization energy between
arene radical cations and fullerenes. Strictly speaking the
reorganization energy reveals some variation, depending on
the type of arene and/or fullerene. Somewhat scattered points
in Figure 4 may in fact evolve from a slight variation of the
reorganization energies, especially those for arenes.
Nonetheless, uniformly small reorganization energies for


electron-transfer reactions from fullerenes to arene radical







Electron-Transfer Reactions of Fullerenes 1585±1593


Chem. Eur. J. 2003, 9, No. 7 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0907-1589 $ 20.00+.50/0 1589


cations, regardless of the large variation of the redox
potentials, has made it possible for the first time to observe
the Marcus inverted region clearly for intermolecular elec-
tron-transfer reactions, which are normally masked by the
diffusion process.


Electron-transfer reduction of fullerenes : Electron-transfer
reduction of C60 with metalloporphyrin �-radical anions has
previously been studied by radiolysis in a solvent mixture that
contained 65 vol% 2-propanol, 25 vol% toluene and 10 vol%
acetone.[19] This solvent mixture was chosen to achieve
optimal solubility for both the porphyrins and C60, and this
solvent mixture has been demonstrated to be very suitable for
the radiolytic reduction of both C60 and the porphyrin.[29] The
rate constants for electron transfer from various metallopor-
phyrin �-radical anions to C60 are found to be diffusion-
limited in the range of 2 ± 3� 109��1 s�1, despite the fact that
the electron transfer is highly exergonic. The largest driving
force is 0.96 eV for electron transfer from [Zn(TPP)] .�


(TPP2�� tetraphenylporphyrin dianion) to C60. However,
there was no indication of slowing down of the electron
transfer rate with the larger driving force. In this case, the
reorganization energy of electron transfer in this polar solvent
mixture is still too large to observe theMarcus inverted region
at the driving force of 0.96 eV. Thus, we examined electron-
transfer reduction of C60 with the anthracene radical anion,
which is a much stronger reductant than metalloporphyrin �-
radical anions (vide infra).
The anthracene radical anion is produced by a photo-


induced electron transfer evolving from 10,10�-dimethyl-
9,9�,10,10�-tetrahydro-9,9�-biacridine [(AcrH)2] to the singlet
excited state of anthracene (1An*; * denotes the excited state)
in benzonitrile (PhCN) as summarized in Scheme 1. The


Scheme 1.


singlet excited state of anthracene (1An*) is known to be
efficiently converted to the triplet excited state by a fast
intersystem crossing.[29] Upon laser excitation at 355 nm of a
solution of An (1.0� 10�4�) in PhCN, a transient triplet ±
triplet (T±T) absorption spectrum is observed with �max�
430 nm. The T±T absorbance decays obeying second-order
kinetics due to T±T annihilation with a diffusion-limited
rate.[30] Importantly, the addition of (AcrH)2 (1.0� 10�4�) to a


solution of An in PhCN results in electron transfer from
(AcrH)2 to 1An* to produce (AcrH)2


.� and An .� (Scheme 1).
Comparing the one-electron oxidation potential of (AcrH)2
(E0ox vs SCE� 0.59 V)[31] with the one-electron reduction
potential of 1An* (E0red vs SCE� 1.38 V) and 3An* (E0red vs
SCE� -0.08 V),[32] electron transfer from (AcrH)2 to 1An* is
highly exergonic, whereas electron transfer from (AcrH)2 to
3An* is highly endergonic. In fact, the fluorescence of An was
efficiently quenched by (AcrH)2 with a diffusion-limited rate
constant (3.0� 109��1 s�1) in PhCN (see Experimental Sec-
tion). Since there is no absorption due to (AcrH)2 at 355 nm,
no contribution of any electron transfer from 1(AcrH)2* to An
should be present in the formation of An .� . The C�C bond of
(AcrH)2


.� is known to be cleaved rapidly to produce 10-
methylacridinyl radical (AcrH .) and 10-methylacridinium ion
(AcrH�).[33] Finally, the formation of AcrH . and An .� in a
photoinduced electron transfer from (AcrH)2 to 1An* is
confirmed by the transient absorption spectroscopy, as shown
in Figure 5. The absorption bands at 360 and 470 nm are


Figure 5. Transient absorption spectrum observed in photoinduced elec-
tron transfer from (AcrH)2 (1.0� 10�4�) to anthracene (1.0� 10�4�) at
20 �s after laser excitation at 355 nm in deaerated PhCN at 298 K.


assigned to An .� , matching those of reported values.[34] The
T±T absorption of 3An* is also seen at 430 nm, since only a
small portion of 1An* is quenched by electron transfer from
(AcrH)2 under the present experimental conditions
([(AcrH)2]� 1.0� 10�4�) in competition with the facile
intersystem crossing to 3An* (Scheme 1). The absorption
band at 530 nm in Figure 5 is attributed to AcrH . , which is
known to have the absorption maximum at 530 nm.[9f, 35]


The absorption band at 360 nm due to An .� decays obeying
second-order kinetics (Figure 6). The second-order plot of
[An .�] obtained from the absorbance at 360 nm by using the �
value in the literature[34] gives a linear line (see inset of
Figure 6). The second-order decay rate constant is determined
from the slope as 3.0� 109��1 s�1, which is nearly the same as
the diffusion-limited value in PhCN.[36, 37] Judging from the
one-electron oxidation potential of An .� , which is equivalent
to the one-electron reduction potential of An (E0red vs SCE�
�1.93 V) and the one-electron reduction potential of AcrH�


(E0red vs SCE��0.46 V),[38] the back electron transfer from
An .� to AcrH� is highly exergonic (��G0et� 1.47 eV) and the
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Figure 6. Kinetic trace for decay of anthracene radical anion (�� 360 nm)
in photoinduced electron transfer from anthracene radical anion to C60
(4.0� 10�5 M) in deaerated PhCN at 298 K. Inset: The second-order plot of
[An .�] (see text).


intermolecular reaction should occur at the diffusion-limited
rate (Scheme 1).[39, 40]


The addition of C60 (4.0� 10�5�) to the (AcrH)2 ±An
system, results in a significant acceleration of the An .�


decay.[41] Moreover, the decay kinetics change from a pure
second-order to a pseudo-first-order process. The pseudo-
first-order decay rate constant increases linearly with increas-
ing C60 concentration as shown in Figure 7 (open circle). This


Figure 7. Plot of the pseudo-first-order rate constant (ket) versus [C60] (�),
[C70] (�), and [1,4-tBu(PhCH2)C60] (�), for the decay of anthracene radical
anion in the presence of C60.


indicates that electron transfer from An .� to C60, which is
present in large excess, occurs in competition with the
intermolecular back electron transfer from An .� to AcrH�,
the initial concentration of which is the same as An .�


(Scheme 1). The second-order rate constant of electron
transfer (ket) from An


.� to C60 is determined from the slope
of the linear plot in Figure 7 (open circle) as 3.2� 107��1 s�1.
Similarly, the ket values, as listed in Table 2, were determined
for electron transfer from An .� to C70 (closed circle)
and 1-tert-butyl-4-benzyl-1,4-dihydro[60]fullerene [1,4-tBu-
(PhCH2)C60] (open triangle). On the other hand, we deter-
mined the driving force of electron transfer from An .� to the
fullerenes from the E0red value of An and the fullerene in
PhCN (see Table 2). Notably, the ket values for the highly


exergonic electron transfer are much smaller than the
diffusion-limited value. It should be noted that this relation-
ship is in a sharp contrast with the case of electron transfer
from the metalloporphyrin �-radical anions to C60 in a polar
solvent mixture (Table 2), in which the electron transfer is
essentially diffusion-limited with driving forces up to
�0.92 eV (vide supra).[18, 42] Virtually the same diffusion-
limited values [(2.1 ± 3.4)� 109��1 s�1] have previously been
reported for bimolecular rate constants involving electron
transfer from NADH analogues to the triplet excited state of
C60 in PhCN. Here the driving forces were in the range of
0.43 ± 0.88 eV (Table 2).[36, 43] Also a similar value (2.5�
109��1 s�1) has been reported for electron transfer from a
C60 radical anion to p-chloranil in PhCN, for which a driving
force of 0.40 eV was given (Table 2).[44]


In conclusion, the significant deviation in ket values, at large
driving forces (1.50 eV), from the diffusion-limited value,
which was seen at much smaller driving forces (0.40 eV), is
clear manifestation of the Marcus inverted region. When the
driving force is further reduced to zero, that is, the electron
self-exchange reaction of C60, the rate constant (1.9�
108��1 s�1) also becomes significantly smaller than the diffu-
sion-limited value (Table 2).[14] Such driving-force depen-
dence of the rate constants (logket) for electron-transfer
reactions of fullerenes in PhCN is shown in Figure 8,
combined with the reported data of electron-transfer reac-
tions from the different �-radical anions (i.e., metallopor-
phyrins and anthracene) to C60, since the diffusion-limited
value in all these solvents is nearly the same.
By fitting the data in Figure 8 with the Marcus equation for


intermolecular ET reactions [Eq. (6)], the average � value for
electron-transfer reduction of fullerenes is determined as
0.72 eV.[45] Interestingly, this � value agrees well with the
reported � value (0.73 eV) for electron transfer from C60


.� to
various electron acceptors in PhCN.[14] It is also interesting to
note that the � value for intermolecular electron-transfer
reduction of C60 (Figure 8) is comparable to the � value


Table 2. Free-energy change (��G0et� and rate constants (ket) for intermolecular
electron-transfer reaction in PhCN.


Entry Donor Acceptor ��G0et [eV][a] ket [��1 s�1] Ref.


1 anthracene .� C60 1.50 3.2� 107 this study
2 anthracene .� C70 1.50 4.3� 107 this study
3 anthracene .� 1,4-tBu(PhCH2)C60 1.38 1.6� 108 this study
4 ZnTPP.� C60 0.96 2.6� 109 [b]


5 (BNA)2� 3C60* 0.88 3.4� 109 [c]


6 (BNA)2� 3C70* 0.85 3.3� 109 [d]


7 GaTPP.� C60 0.69 2.2� 109 [b]


8 InTPP.� C60 0.61 2.6� 109 [b]


9 BNAH 3C60 0.57 2.9� 109 [c]


10 GeTPP.� C60 0.56 2.2� 109 [b]


11 BNAH 3C70* 0.54 3.0� 109 [d]


12 tBuBNAH 3C60* 0.43 2.1� 109 [c]


13 tBuBNAH 3C70* 0.40 2.3� 109 [d]


14 C60
.� p-chloranil 0.40 2.5� 109 [e]


15 tPrBNAH 3C70* 0.39 2.5� 109 [d]


14 tBuC60
.� tBuC60


.� 0.00 1.9� 108 [f]


[a] The driving force of electron transfer is obtained for theE0ox value of the donors
and the E0red value of acceptors; ��G0et� e (E0ox�E0red�. [b] Taken from refer-
ence [19]. [c] Taken from reference [36]. [d] Taken from reference [43]. [e] Taken
from reference [44]. [f] Taken from reference [14].
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Figure 8. Plot of log ket versus ��G0et for electron transfer from
anthracene radical anion to C60, C70, and 1,4-tBu(PhCH2)C60 in PhCN
(�), electron transfer from C60


.� to p-chloranil in PhCN (�),[37] electron
transfer from NADH analogs to 3C60* and 3C70* in PhCN (�),[36,43] electron
self-exchange between tBuC60


. and tBuC60� in PhCN/toluene (�),[14] and
electron transfer from metalloporphyrin �-radical anions to C60 (�) in
propanol/toluene/acetone.[16] The solid line is drawn based on the Marcus
theory of electron transfer [Eq. (6)].


(0.66 eV) determined previously for intramolecular electron
transfer from the C60 radical anion to the zinc ± porphyrin �-
radical cation moiety in covalently linked zinc ± porphyrin/C60
dyads in PhCN.[5a] The larger � value for electron-transfer
reduction of C60 in PhCN than the � value for electron-
transfer oxidation of fullerenes in CH2Cl2 (0.36 eV) may result
from the larger solvent reorganization in the more polar
solvent. Such a difference in the � value based on solvent
dependence may largely come from the change in the � value
of the arene part rather than the fullerene part, since the
reorganization energy of the fullerne part is rather insensitive
to the solvent.[4a, 46] In fact, the � value of photoinduced
electron transfer from a series of aromatic compounds to
acridinium ion has been reported to vary depending on the
polarity of solvent from 0.88 eV (MeCN) to 0.53 eV (ben-
zene).[47] In any case, the small reorganization energies for
electron-transfer reactions of fullerenes relative to those of
other smaller � systems have made it possible to observe
unequivocally the Marcus inverted region for bimolecular
electron-transfer reactions.


Experimental Section


Materials : Fullerene C60 was purchased from Kaesdorf (Ger‰te f¸r
Forschung und Industrie, M¸nchen, Germany), fullerenes C70, C76, and
C78 were purchased from Techno Carbo (France) and Science Laboratories
Co. (Japan), and used as received. Separation of the C78 isomers was
accomplished by HPLC on a buckyclutcher column leading to an overall
purity of 99% relative to the other isomers. 1-tert-Butyl-4-benzyl-1,4-
dihydro[60]fullerene [1,4-tBu(PhCH2)C60] was prepared from C602�, gen-
erated by electrochemical reduction with tBuI in deaerated benzonitrile at
room temperature.[48] The solution was stirred for 1 h to give tBuC60�, after
PhCH2Br was added to the reaction to give a major product along with
unreacted C60 after evaporation of PhCN under evacuation. The reaction
mixture was washed with MeCN, after which the brown solid was collected
by centrifuguation, purified by HPLC on a buckyclutcher column.[48]


Arenes were obtained commercially and purified by the standard method.
10,10�-Dimethyl-9,9�,10,10�-tetrahydro-9,9�-biacridine ((AcrH)2) was pre-
pared from the reduction 10-methylacridinium perchlorate (AcrH�ClO4�)


with Me3SnSnMe3 in acetonitrile at 333 K, and purified by recrystallization
from the mixture of acetonitrile and chloroform.[49] The alkyl halides were
passed over alumina in order to separate them from the free halide ions.
Dichloromethane (CH2Cl2) and benzonitrile (PhCN) were purchased
from Wako Pure Chemical Industries (Japan) and distilled over P2O5 prior
to use.


Pulse radiolysis : The pulse radiolysis experiments were performed by
utilizing either 500 ns pulses of 1.55 MeVelectrons or about 100 ns pulses of
3.8 eV electrons from two different Van de Graff accelerator facilities.
Details of the equipment and the analysis of data have been described
elsewhere.[50] Stock solutions of fullerene ((0.5 ± 5.0)� 10�4�) and arene
(1.0� 10�2�) were freshly prepared for each set of experiments. First the
intrinsic decay of the respective arene radical cation was monitored in the
absence of any fullerene; then at least four different fullerene concen-
trations were added to the reaction mixture, with [fullerene]� [arene].
This not only ensures that primary oxidation occurs with the arene, but it
also allowed us to probe the intermolecular charge-shift between the one-
electron oxidized arene and the fullerene. Therefore, all samples were
irradiated after purging with N2 or N2O for ca. 30 min, which lead solely to
the solvent radical cation induced oxidation of the arenes. The dose per
pulse, determined by KSCN dosimetry, corresponded to a 4 ± 24�� radical
concentration. All experiments were carried out at ambient temperature.


Electrochemical measurements : Electrochemical measurements were
performed on a BAS 100B electrochemical analyzer in deaerated CH2Cl2
containing 0.10� nBu4N�ClO4� (TBAP) as a supporting electrolyte at
298 K. The gold working electrode was polished with a BAS polishing
alumina suspension and rinsed with acetone before use. The counter
electrode was a platinum wire. Themeasured potentials were recorded with
respect to an Ag/AgNO3 (0.01�) reference electrode. The second-
harmonic alternating current voltammetry (SHACV)[51] measurements of
arenes were carried out with a BAS 100 W electrochemical analyzer in
deaerated CH2Cl2 containing 0.10� TBAP as a supporting electrolyte at
298 K. TheE0red values (vs Ag/AgNO3) were converted into those vs SCE by
addition of 0.29 V.[52]


Laser flash photolysis : Nanosecond transient absorption measurements
were carried out with an Nd:YAG laser (Continuum, SLII-10, 4 ± 6 ns
fwhm) at 355 nm with the power of 10 mJ as an excitation source.
Photoinduced events were estimated by using a continuous Xe-lamp
(150 W) and an InGaAs-PIN photodiode (Hamamatsu 2949) as a probe
light and detector, respectively. The output from the photodiodes and a
photomultiplier tube was recorded with a digitizing oscilloscope (Tektro-
nix, TDS3032, 300 MHz). The transient spectra were recorded with fresh
solutions in each laser excitation. All experiments were performed at
298 K.


Fluorescence quenching : Quenching experiments of the fluorescence of
anthracene were carried out on a Shimadzu spectrofluorophotometer (RF-
5000). The excitation wavelength of anthracene was 422 nm in PhCN. The
monitoring wavelength was corresponding to the maximum of the emission
band at �max� 435 nm. Typically, a PhCN solution (3.0 cm3) was deaerated
by argon purging for 8 min prior to the measurements. Relative fluores-
cence intensities were measured for solutions of anthracene (1.0� 10�5 M)
in PhCN and (AcrH)2 used as an electron donor quencher. There was no
change in the shape, but there was a change in the intensity of the
fluorescence peak by the addition of a quencher. The Stern ±Volmer
relationship, I0/I�KSV[D], was obtained for the ratio of the emission
intensities (I0 and I and the intensities in the absence and presence of a
quencher, respectively) and the quencher concentration [D]. The quench-
ing rate constant of electron transfer was obtained from the Stern ±Volmer
constants KSV and the fluorescence lifetime � (5.3 ns).[32]
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Abstract: A new approach for the mor-
phological control of bridged silses-
quioxanes has been achieved by the
hydrolysis of silylated organic molecules
bearing urea groups. The urea groups
are responsible for the auto-association
of the molecules through intermolecular
hydrogen-bonding interactions. The
self-assembly leads to supramolecular
architectures that have the ability to
direct the organization of hybrid silicas
under controlled hydrolysis. The hydrol-
ysis of the chiral diureido derivatives of
trans-(1,2)-diaminocyclohexane 1 under
basic conditions has been examined. The


solid-state NMR spectra (29Si and 13C)
showed the hybrid nature of these
materials with wholly preserved Si�C
covalent bonds throughout the silicate
network. Hybrid silicas with hollow
tubular morphologies were obtained by
the hydrolysis of the enantiomerically
pure compounds, (R,R)-1 or (S,S)-1,
whereas the corresponding racemic mix-
ture, rac-1, led to a hybrid with ball-like


structures. The tubular shape is likely to
result from a combination of two phe-
nomena: the auto-association abilities
and a self-templating structuration of
the hybrid materials by the organic
crystalline precursor. Electronic micros-
copy techniques (SEM and TEM) gave
evidence for the self-templating path-
way. The formation of the ball-like
structures occurs through a usual nucle-
ation growth phenomenon owing to a
higher solubility of the corresponding
crystals in the same medium.


Keywords: bridged silsesquioxanes
¥ hybrid silica ¥ nanostructures ¥
self-assembly ¥ sol-gel


Introduction


The increasing demand for new techniques to afford mini-
aturized devices has stimulated materials chemists to direct
their research interest towards the design of nanostructured
materials with tailored chemical and physical properties.
Hybrid organic ± inorganic materials produced by the sol-gel
process[1±3] are developing into a considerable field of interest
for the materials community and offer the opportunity to
achieve such nanostructured materials. Bridged silsesquiox-
anes were introduced more than a decade ago[4, 5] and
represent attractive hybrid materials with a wide variety of
tunable properties, because of the organic fragment cova-
lently linked to the silicate framework.[4±11] The solid-state
properties and morphology depend not only on the organic
component, but also on the synthetic conditions of the
hydrolysis ± condensation process (solvent, temperature, cat-
alyst, etc.). Growing attention is being paid to shape-


controlled materials with the aim of creating new composites
with structuration at different scales.


Organogels consist of a self-assembly of organic mole-
cules[12] and have been used as templating agents to transcribe
their supramolecular architectures to produce inorganic
silicas.[13±16] Helical fibers were successfully obtained by the
hydrolysis of tetraethoxysilane (TEOS) in the presence of
such templates.[13a±d, 14] Interestingly, a chirality transcription
from a chiral supramolecular template to silicas was achieved
leading to right- and left-handed tubular helices. Hollow
tubular[13e,f] and vesicular silicates[17] have also been produced
by the sol-gel hydrolysis of TEOS with organogels. This
method has been applied to other inorganic materials. The
synthesis of a helical morphology with cadmium sulfide
(CdS)[15] and also with several transiton metal oxides (Ti, Ta,
V)[16 ] have recently been reported. In all these cases, the
materials are purely inorganic.


The development of surfactant-templated inorganic meso-
structured materials[18±20] has led to considerable focus on the
formation of highly organized, mesoporous hybrid silicas.[21±25]


A bioinspired organic ± inorganic hybrid silsesquioxane de-
veloped as bilayers of vesicular nanoparticles, with the use of
monosilylated lipid vesicles, by means of this approach.[25]


In the recent years, periodic, mesoporous, bridged silses-
quioxanes have been obtained by a similar templated
route.[26±32] Interestingly highly ordered, hybrid mesoporous
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silicates with well-defined external morphologies have been
achieved by this method.[33]


Recently, we developed a new approach based on hydrogen
bonding of bis-urea groups to morphologically-controlled
bridged silsesquioxanes.[34±35] The use of appropriate silylated
organic molecules capable of forming supramolecular archi-
tectures led, after hydrolytic condensation, to lamellar solids
with architectures at different scales.[34] Interestingly, a chiral
silylated diureidocyclohexyl derivative (Scheme 1) led to
helical hybrids with controlled handedness according to the
configuration of the organic substructure.[35] Whereas in acidic


aqueous medium right- or left-handed helical fibers formed
from the hydrolysis of the pure enantiomers (R,R)-1 or (S,S)-
1, respectively, the hydrolysis of the racemic mixture of
precursors rac-1 in the same medium led to a featureless
granular solid. This chirality transcription from the enantio-
pure precursors to the hybrid material was found to be
dependent on the hydrolysis ± condensation conditions. The
morphologies of these hybrids do not only arise from the
intrinsic properties of the organic fragment, but also depend
on the reaction medium and the temperature at which the
reaction is performed. These results prompted us to explore
the role of the reaction conditions for the hydrolysis of these
hybrid precursors. We examined the hydrolysis of these
compounds in the presence of a base (NaOH) in a solvent
mixture (ethanol and water). From these studies, we report, in
this paper, the synthesis of tubular and spherical hybrid silicas
by the hydrolysis of 1 (Scheme 1) according to a new
mechanism involving both templating and self-association
properties.


Results and Discussion


Synthesis of the molecular precursors : The molecular pre-
cursors 1 were synthesized in CH2Cl2 by the reaction of 3-
isocyanatopropyltriethoxysilane with the pure enantiomers,
trans-(1R,2R)- and trans-(1S,2S)-diaminocyclohexane, and
also with the corresponding racemic compound leading


respectively to (R,R)-1, (S,S)-1 and rac-1 (Scheme 1) in high
yield (84 ± 93%).


Compounds (R,R)-1 and (S,S)-1 gelate common organic
solvents (cyclohexane, toluene, and THF) at very low
concentration (1 ± 5 mgmL�1), whereas a greater amount is
needed for rac-1 (�40 mgmL�1) to form the organogel.[34, 36]


This phenomenon typically occurs because of the auto-
association of the molecules through hydrogen bonding of
the urea groups in these solvents. Higher intermolecular
associations in the case of (R,R)-1 and (S,S)-1 relative to rac-1
are evidenced by the FTIR spectra of the compounds in


chloroform. Characteristic vi-
brations are observed at 1574
(�NH), 1631 (�CO) 3313 cm�1


(�NH) for (R,R)-1, whereas the
corresponding absorptions are
at 1570 (�NH), 1638 (�CO) and
3348 cm�1 (�NH) for rac-1. The
frequency difference between
the amide I (�CO) and amide II
(�NH) bands of (R,R)-1 (���
57 cm�1) is smaller than that of
rac-1 (��� 68 cm�1). More-
over, the NH stretch band
(�NH) is located at a lower
frequency value for (R,R)-1
than that of rac-1. These obser-
vations are in accord for a
better aggregation of (R,R)-1
through hydrogen bonding than


rac-1.[37, 38a] The easier gel formation in the case of the pure
enantiomers is attributable to the presence of much favored
intermolecular hydrogen bonding, as already observed in
similar derivatives between the urea groups.[38] The resulting
supramolecular architectures usually develop as fibers or
ribbons and have the ability to form an entangled network in
solvents to end up with an organogel.


Synthesis of the tubular hybrid silica : The hydrolysis of (R,R)-
1 or (S,S)-1 was performed in a 2:5 volume ratio of ethanolic/
aqueous medium to give the corresponding hybrid silicas
(R,R)-1HS and (S,S)-1HS, respectively (Scheme 1). The
precursor was first completely dissolved in dry ethanol, and
when water was added a white precipitate appeared. An
aqueous solution of NaOH (3�) was then immediately added
to attain pH 12, and the mixture was heated at 80 �C for
6 days. It should be noted that the precipitate was not
completely soluble in the reaction mixture, but after 1 hour
the formation of a significant volume fraction of solid was
observed. After filtration, the white solid was washed
successively with water, ethanol, and acetone, and then dried
at 110 �C for 6 h.


Hybrid silicas (R,R)-1HS and (S,S)-1HS display identical
characteristics. The elementary analyses confirm the presence
of the organic moieties in the silica network (N/Si� 2).


Solid-state NMR spectra show that these materials consist
of an organic ± inorganic network and are represented for
(R,R)-1HS in Figure 1. The 29Si NMR spectrum (Figure 1a)
exhibits a low intensity signal at �56.8 ppm and a predom-
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Scheme 1. Synthesis of the molecular precursors and hybrid silicas.
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Figure 1. Solid-state NMR of (R,R)-1HS : a) 29Si and b) 13C.


inant one at �67.6 ppm, assigned to SiC(OH)(OSi)2 (T2) and
SiC(OSi)3 (T3) units, respectively; no SiO4 unit (Q type) is
observed. The 13C CP-MAS spectrum (Figure 1b) exhibits a
peak at 161 ppm (C�O) and several sp3 carbon atoms (55.2,
42.8, 34.1, 25.3 and 10.3 ppm) characteristic of the organic
fragment.


The existence of hydrogen bonding between the urea
groups in these materials is evidenced by FTIR studies with
vibrations at �NH� 3341, �CO� 1634, and �NH� 1574 cm�1.
These values are similar to those of the helical silsesquiox-
anes.[35] Powder X-ray diffraction measurements showed these
hybrids to be completely amorphous.


Scanning electronic microscopy (SEM) images of (R,R)-
1HS or (S,S)-1HS reveal similar tubular structures (Fig-
ure 2a). Under higher magnification these tubes appear
hollow and rectangular channels are often observed (Fig-
ure 2b and c). The sizes range from 0.5 ± 2 �m for the external
width and the length is up to 15 �m. The diameter of the
channel is 0.3 ± 1.6 �m and the shells are 0.1 ± 0.6 �m thick.
Interestingly, the inner part of the tubes consists of a lining up


Figure 2. SEM images of tubular hybrid silicas (R,R)-1HS or (S,S)-1HS :
a) magnification �3000; b) and c) magnification �50000.


of fiberlike structures with a rough outer surface. No chiral
morphology could be perceived from these analyses.


The transmission electronic microscopy (TEM) images of
(R,R)-1HS are shown in Figure 3 and confirms the hollow
tubular structures. Here again, long fiberlike structures 15 ±
25 nm wide can be distinguished. It seems likely that these
solids consist of a longitudinal juxtaposition of these fibers.


Figure 3. TEM images of tubular hybrid silicas (R,R)-1HS or (S,S)-1HS.


For a better understanding of the formation of the tubes, we
analyzed the precipitate that formed at the initial stage in the
EtOH/H2O mixture before the addition of NaOH. It was
recovered by filtration and was identified as microcrystals of
the nonhydrolyzed precursor by NMR spectroscopy. At this
stage no hydrolysis had occurred. SEM images of this
precipitate show rectangular rodlike crystals (Figure 4) that
are 2 ± 12 �m long and 0.3 ± 1.5 �m wide; they show an
interesting size and shape similarities with the observed
hollow structures in the final hybrid solid after hydrolysis.


Figure 4. SEM images of microcrystals of (R,R)-1.


It is conceivable that the incipient crystallization is respon-
sible for the hollow tubular morphologies of (R,R)-1HS or
(S,S)-1HS. A possible mechanism might involve, at the early
stages, the hydrolysis ± condensation at the surface of the
crystalline precursor (R,R)-1 as soon as NaOH is added.
Ethanol, which is a better solvent than water for (R,R)-1, is
gradually released and facilitates the in-situ solubilization of
the crystals in solution. The dissolved compound, which forms
self-assembled fibrous structures,[35, 36] tends to condense at
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the external surface, causing a thickening of the walls of the
materials. On this basis we presume that the hollow tubular
structure results from a self-templating process of the hybrid
materials by the organic crystalline precursor itself. Recently,
organic crystals were used as external templates for the
formation of hollow tubular silica. It formed by sol ± gel
deposition of silica on the outer surface of organic crystals
that were subsequently removed.[39±40]


To further corroborate our assumption for the existence of
the self-templating mechanism, we again performed the
hydrolysis reaction and stopped it simply by filtration after
one hour. The resulting sample was washed with water and
dried. By carefully examining the resulting solid through
TEM techniques, we were able to obtain pictures in which
clear partial hydrolysis of the enantiopure compound has
occurred (Figure 5).


Figure 5. TEM image of tubular sample after 1 h hydrolysis of (R,R)-1.


A rigid rodlike stucture can be seen that is not completely
transparent contrarily to the fully hydrolyzed relating hybrid
solid (Figure 3). In this picture, it looks likely that the
solubilization of the precursor occurs at both ends after an
initial hydrolysis at the external surface of the crystal. The
transparent parts of the solid correspond to areas in which the
organic crystalline template has completely dissolved. The
inner dark part could represent nondissolved (R,R)-1 and the
outer one can be assigned to the condensed hybrid silica.
These results give additional support for the crystal self-
templating process for the formation of the hollow tubes in
the case of the pure enantiomers.


Synthesis of the spherical hybrid silica : For comparison we
also performed the hydrolysis of the racemic mixture of
precursors rac-1 in exactly the same reaction conditions
leading to rac-1HS.


The compound rac-1 formed crystals that look similar in
shape to those obtained from (R,R)-1 or (S,S)-1, as observed
by SEM images (not shown here) after the addition of water
to the ethanolic solution in which rac-1 was completely
dissolved. After the addition of the aqueous solution of
NaOH, the mixture was heated to 80 �C. In contrast to the
pure enantiomers, a complete dissolution of the microcrystals
occurred followed by the formation of a colloidal solution
after 5 min; this then turned into a white precipitate with time.
This observation suggests that the initial hydrolysis ± con-
densation in the case of rac-1 proceeds through a conventional
liquid-state reaction and, hence, precludes any possibility for
organic crystalline self-templating of the precursor to occur as
for the pure enantiomers. The particulates only formed and
grew according to the usual nucleation growth pathway.


The solid-state NMR spectra of the corresponding material,
rac-1HS, were identical to those of the enantiopure materials
with similar elementary analysis results (N/Si� 2). The hybrid
obtained from rac-1 exhibits weaker hydrogen-bonding
interactions than the related hybrids arising from the pure
enantiomers as observed by FTIR for the vibrations of the
urea groups (3352, 1640, and 1573 cm�1). This is shown by a
greater �� value between the �CO and the �NH and also by the
higher �NH value[37, 38a] relative to the values observed for the
tubular materials.


An SEM image exclusively shows spheres with a 0.3 ± 2 �m
diameter (Figure 6). These spheres are completely dense:
only dark balls are observed from TEM analysis.


Figure 6. SEM image of spherical hybrid silica rac-1HS.


The different shapes are probably related to the aggrega-
tion mode during the hydrolysis ± condensation steps of the
precursors. While (R,R)-1 and (S,S)-1, which exhibit strong
self-assembly properties,[35] tend to form fiberlike aggregates
during acid-mediated hydrolysis, rac-1, with much weaker
auto-association, grows up into a featureless solid.[36] Fur-
thermore, the complete solubility of rac-1 at the initial stage of
the reaction is in full agreement with a nontemplating
pathway for the formation of the spherical solids.


Conclusion


The tubular structures represent the first shape-controlled
hybrid silicas obtained by a self-templating method. Only
inorganic hollow tubes were previously obtained by the sol ±
gel hydrolysis of metallic alkoxides and by using an external
cristalline molecule as template. Our approach combines the
crystal nature and the auto-association abilities of the
precursor to generate interesting structured materials. The
auto-association properties of the main organic group play an
important role for the shape of the final solid: the strongly
associated enantiopure precursors afforded hollow tubes,
whereas, under the same reaction conditions, only spheres
formed from the racemic mixture with weaker hydrogen-
bonding interactions. The complete solubilization of rac-1 at
the beginning of the reaction accounts for the nontemplating
effect during the hydrolysis ± condensation step. The hollow
tubes represent a new class of hybrid materials with well-
defined organic substructures regularly spread on the molec-
ular scale over the whole silica network. The incorporation of
chiral units in the walls of the tubular hybrid silica may lead to
materials with interesting properties and which may find
applications in various domains such as molecular recogni-
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tion, chromatographic separation, or enantioselective cata-
lysts.[6a,b,d] The development of this method for the preparation
of other hybrid silicas with targeted functionalities should
bring to the development of new hybrid materials with
sought-after properties.


Experimental Section


General information and techniques : The syntheses of the molecular
precursors were carried out under nitrogen atmosphere by using a vacuum
line and schlenk techniques. trans-(1R,2R)- and trans-(1S,2S)-diaminocy-
clohexanes were resolved according to literature[41] from a commercial cis/
trans mixture of (1,2)-diaminocyclohexane, which was purchased from
Aldrich, as was 3-isocyanotopropyltriethoxysilane. Dichloromethane was
distilled from P2O5 and ethanol from magnesium turnings. Melting points
were determined on an electrothermal apparatus (IA9000 series) and are
uncorrected. Optical rotations were measured using a Perkin ±Elmer
(Norwalk, CT) 214 polarimeter with solutions in a 1 dm cell in CHCl3. IR
data were obtained on a Perkin ±Elmer 1000 FT-IR spectrophotometer.
Elemental analyses were carried out by the ™Service Central d�Analyse du
CNRS∫ in Vernaison (France).
1H, 13C, and 29Si NMR spectra in solution were recorded on Bruker AC-200
and AC-250 spectrometers at room temperature with deuterated chloro-
form as solvent and TMS as internal reference. 1H, 13C, and 29Si solid-state
NMR spectra were obtained from Bruker FT-AM 200 or FT-AM 400
spectrometers by using cross-polarization and magic-angle spinning
techniques (CP-MAS) and TMS as reference for the chemical shifts. Mass
spectra were measured on a JEOL MS-DX 300 mass spectrometer.


X-ray diffraction spectra were carried out on a Philips PW goniometer
(anticathode Cu) and registered from �� 1 to 20�.


The TEM images were obtained with JEOL 200 CX and JEOL JEM 2010
microscopes. SEM images were realized on a JEOL 6300F apparatus.


General method for the preparation of (R,R)-1, (S,S)-1, and rac-1: These
molecular precursors were prepared in a similar manner. In a typical
synthesis trans-(1R,2R)-diaminocyclohexane (114 mg, 1 mmol) was dis-
solved in CH2Cl2 (30 mL) under a nitrogen atmosphere in a dried schlenk
tube. 3-Isocyanotopropyltriethoxysilane (519 mg, 2.1 mmol) was slowly
added by means of a syringe at room temperature, and the reacting mixture
was stirred for 2 h. The solvent was evaporated and the white precipitate
(R,R)-1 was washed with pentane. The solution was filtered to remove the
solvent and the excess of 3-isocyanatopropyltriethoxysilane. The remaining
white solid was then dried in vacuo.


(R,R)-1: Yield: 548 mg, 91%; m.p. 210 �C; [�]D��4.3 (c� 0.03 in chloro-
form); IR (KBr pellet): �� � 1597 (�NH), 1635 (�CO), and 3336 cm�1 (�NH);
1H NMR (200 MHz, CDCl3): �� 0.6 (t, 4H; SiCH2), 1.2 (t, 18H; CH3), 1.5 ±
2 (m, 12H; CH2), 3 ± 3.5 (m, 6H; NCH, NCH2), 3.8 (t, 12H; OCH2), 4.9 and
5.3 ppm (2m, 4H; 2NH); 13C NMR (200 MHz, CDCl3): �� 7.6 (CH2Si),
18.2 (CH3), 23.6, 25 and 33.3 (3CH2), 43 (CH2N), 54.6 (CHN), 58.3 (CH2O),
159.2 ppm (CO); 29Si NMR (250 MHz, CDCl3): ���46 ppm; MS (FAB):
m/z (%): 609 (100) [M��H]; elemental analysis calcd (%) for C26H56O8N4-


Si2: C 51.28, H 9.27, N 9.20; found: C 51.01, H 9.13, N 9.33.


(S,S)-1: Yield: 560 mg, 93%; m.p. 210 �C; [�]D��4.3 (c� 0.03 in chloro-
form); IR and NMR spectra, and MS same as above.


rac-1: Yield: 511 mg, 84%; m.p. 155 �C; IR (KBr pellet): ��1572 (�NH), 1635
(�CO), 3342 cm�1 (�NH); NMR spectra and MS same as above.


General method for the preparation of the hybrid silicas (R,R)-1HS or
(S,S)-1HS : In a typical synthesis, (R,R)-1 or (S,S)-1 (608 mg, 1 mmol) was
completely dissolved in freshly distilled ethanol (3 mL) in a 25 mL round-
bottomed flask. As soon as water (7.5 mL) was added a white precipitate
appeared. The solution was then adjusted to pH� 12 by the addition of an
aqueous solution of NaOH, and the flask containing the mixture was
equipped with a reflux condenser and was dipped in an oil bath (80 �C). The
mixture was left standing for 6 d at that temperature under static
conditions. The molar ratio of the mixture was the following: (R,R)-1 or
(S,S)-1/H2O/EtOH/NaOH� 1:423:52:0.1. No visible dissolution occurred
during the whole reaction. The resulting white solid was filtered and
washed successively with water, ethanol, and acetone. Careful drying at


110 �C of the gel for 6 h led to a white powder. (R,R)-1HS : IR (KBr): �� �
1574 (�NH), 1634 (�CO), 3341 cm�1 (�NH); 13C CPMAS NMR: �� 10.3, 25.3,
34.1, 42.8, 55.2, 161.0 ppm; 29Si CPMAS NMR: ���56.8, �67.6 ppm (T2


and T3 units) ; elemental analysis (%) calcd for completely condensed
silsesquioxane C14H26N4O5Si2: C 43.50, H 6.78, N 14.49, Si 14.53; found: C
41.58, H 6.83, N 13.48, Si 13.50.


Hybrid silica from rac-1: The same procedure as above was applied. In this
case, the white precipitate formed after addition of water to the
corresponding ethanolic solution rapidly dissolved into the solution when
the mixture was dipped into the oil bath. A white precipitate reappeared
after 15 min. The mixture was left standing at the same temperature under
static conditions. The same workup was applied. IR (KBr pellet): �� � 1574
(�NH), 1640 (�CO), 3352.2 cm�1 (�NH); 13C CPMASNMR: �� 10.8, 25.2, 34.7,
42.8, 54.2, 159.6 ppm; 29Si CPMAS NMR: ���58.2,�66.9 ppm (T2 and T3


units); elemental analysis (%) calcd for completely condensed silsesquiox-
ane C14H26N4O5Si2: C 43.50, H 6.78, N 14.49, Si 14.53; found: C 42.12, H
6.77, N 13.60, Si 14.15.
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Synthesis, Structure, and Properties of Novel Open-Cage Fullerenes Having
Heteroatom(s) on the Rim of the Orifice
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Abstract: A thermal liquid-phase reac-
tion of fullerene C60 with 3-(2-pyridyl)-
5,6-diphenyl-1,2,4-triazine afforded aza-
open-cage fullerene derivative 5 having
an eight-membered-ring orifice on the
fullerene cage. Compound 5 was found
to undergo oxidative ring-enlargement
reactions with singlet oxygen under
photo-irradiation to give azadioxo-
open-cage fullerene derivatives 9 and
10, which have a 12-membered-ring
orifice, in addition to a small amount
of azadioxa-open-cage fullerene deriva-
tive 11, which has a 10-membered-ring
orifice. A thermal reaction of 9 with


elemental sulfur in the presence of
tetrakis(dimethylamino)ethylene result-
ed in further ring-enlargement to give
azadioxothia-open-cage fullerene deriv-
ative 15, which has a 13-membered-ring
orifice. The structures of 5 and 15 were
determined by X-ray crystallography,
while those of 9, 10, and 11 were
confirmed by the agreement of observed


13C NMR spectra with those obtained by
DFT-GIAO calculations. These reac-
tions were rationalized based on the
results of molecular orbital calculations.
Following electrochemical measure-
ments, compounds 9 and 10, which have
two carbonyl groups on the rim of the
orifice, were found to be more readily
reduced than C60 itself (the first reduc-
tion potential was found to be 0.2 V
lower than that of C60), while the first
reduction potentials of other open-cage
fullerene derivatives, 5, 11, and 15, were
nearly the same as that of C60.


Keywords: density functional
calculations ¥ electrochemistry ¥
fullerenes ¥ insertion ¥ sulfur ¥
X-ray diffraction


Introduction


Compared to the abundant studies of chemical modification
of the exterior of fullerene cages utilizing the reactivity of the
� bond,[1] those concerning transformation of the � framework
of fullerene cage leading to the formation of open-cage
fullerenes are quite limited. Thus, in his pioneering work,
Wudl and co-workers utilized the reaction of C60 with organic
azide to create an azafulleroid derivative for the synthesis of
the first open-cage fullerene 1,[2] which has an 11-membered-
ring orifice with a ketolactam functionality. The compound 1


was subsequently employed as a precursor to novel azafuller-
enes,[3] (C59N)2[4] and C59NH.[5]


On the other hand, Rubin and co-workers have discovered
a versatile method leading to a bisfulleroid 2, which is looked
upon as an open-cage fullerene with an eight-membered-ring
orifice. They demonstrated that when a 1,3-cyclohexadiene
moiety is fused to C60, a photochemical intramolecular [4�4]
cycloaddition followed by a retro [2�2�2] reaction can cause
the formation of an eight-membered-ring orifice on the C60


cage.[6] According to essentially the same reaction pathway,
several derivatives of open-cage fullerene 2 have been
prepared by the use of the reactions of C60 with nickela-
cyclopentadiene derivatives,[7] palladacyclopentadiene deriv-
atives,[8] and phthalazine.[9] Subsequently, the eight-mem-
bered-ring orifice on the C60 cage in these derivatives was
found to be enlarged into the 12-membered-ring by oxidative
cleavage of the double bond with photochemically generated
singlet oxygen.[10]


These transformations of the � framework of fullerene
cages are of great importance because of the possibility in
organic synthesis of endohedral fullerene complexes encap-
sulating materials such as rare gases, molecular hydrogen, and
particularly metals. It has been proposed by Rubin and co-
workers that organic syntheses of these endohedral fullerene
complexes could be realized if we can establish the method-
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ologies for ™cracking open fullerenes∫ and ™zipping up
fullerene precursors∫.[11] In connection with the latter ™zip-
ping up∫ process, the formation of C60 has been detected by
mass spectrometry of various precursors,[12] and, most impor-
tantly, the actual organic synthesis of C60 has recently been
achieved by Scott and co-workers using flash vacuum
pyrolysis as the final step of the synthesis.[13] Although this
strategy appears quite promising for providing access to
various kinds of known or as yet unknown fullerenes, it has
not been applied to the synthesis of endohedral fullerene
complexes. Some limited success has, however, been attained
in the ™cracking open∫ strategy for the endohedral complexes.
As the simplest example, rare gases such as helium, neon,
argon, krypton, and xenon have been incorporated into
pristine C60 under forced conditions (such as 600 �C, 3000 atm)
to afford C60 containing these gases, albeit in yields typically as
low as 0.1%,[14] that is only one molecule of C60 out of
approximately 1000 molecules contains the gas atom. It is
supposed that in the transition state, a bond on the C60 cage is
cleaved to form a window that can incorporate these gas
atoms under such conditions.[15] In a recent study, Rubin and
co-workers synthesized a bislactam derivative of C60 having a
14-membered-ring orifice 3,[16] and succeeded in the encap-
sulation of a helium atom (1.5%) or molecular hydrogen
(5%) under the conditions of 300 �C and 475 atm or 400 �C
and 100 atm, respectively.[17]


In our previous work, we demonstrated that the course of
the reaction of C60 with nitrogen-containing aromatic com-
pounds, such as phthalazine,[9] 3,6-di(2-pyridyl)-1,2,4,5-tetra-
zine,[18] and 4,6-dimethyl-1,2,3-triazine,[10c] shows a large
dependence on the reaction phase (solid state or liquid phase)
and the liquid-phase thermal reactions particularly with
phthalazine[9] and with 4,6-dimethyl-1,2,3-triazine[10c] afford
new derivatives of open-cage fullerenes. Interestingly, the
above-mentioned intramolecular [4�4] and retro [2�2�2]
reactions can also take place under the thermal conditions
employed in our work, probably by a radical mechanism.


With the continuation of this study, we became interested in
a thermal reaction of C60 with a 1,2,4-triazine derivative. This
reaction is expected to give a novel aza-open-cage fullerene,
that is, the one containing an eight-membered-ring orifice
incorporating an unsaturated nitrogen atom on the rim of the
orifice. It appeared interesting to clarify the electronic effects
of the presence of this nitrogen atom on the properties and
reactivity of the fullerenyl � system of this new derivative of
an open-cage fullerene. In the present study we succeeded in
obtaining a series of new open-cage fullerene derivatives with
10-, 12-, and 13-membered-ring orifice containing hetero-
atom(s) on the rim from the first-formed aza-open-cage
fullerene derivatives. Here we report on the synthesis,
structure, and properties of a series of these newly formed
derivatives of open-cage fullerenes.


Results and Discussion


Open-cage fullerene derivatives having an eight-membered-
ring orifice : To avoid the problem of obtaining a product with
low solubility, we chose a 1,2,4-triazine derivative 4


(Scheme 1) having a 2-pyridyl group at the 3-position and
two phenyl groups at the 5- and 6-positions. We conducted a
thermal reaction with one equivalent of C60 in o-dichloro-
benzene (ODCB) at 180 �C for 17 h. The reaction was found


Scheme 1. Synthesis of open-cage fullerene derivative 5.


to proceed smoothly, giving almost a single product, which
exhibits a purple color in solution, together with unreacted C60


in 41% recovery. The product, which was highly soluble in
common organic solvents such as CHCl3, toluene, CS2, and
ODCB, was determined as an aza-open-cage fullerene
derivative 5 (Scheme 1a) based on the characterization
described below. Its yield was 50%, or 85% based on
consumed C60, and no bisfunctionalized product was isolated.


The structure determination of open-cage fullerene 5 was
first attempted by spectroscopy. The FAB mass spectrum
showed the molecular ion peak at m/z 1003 ([M�1])
corresponding to M�C80H14N2, which clearly indicates that
5 is formed by addition of triazine 4 to C60 followed by
extrusion of N2. While the 1H NMR spectrum displayed the
signals for aromatic protons only, the 13C NMR spectrum
showed 65 signals in the sp2-carbon region between �� 167.96
and 122.47 ppm, in which nine signals are apparently over-
lapped, in addition to two signals at �� 73.02 and 56.35 ppm
for the sp3-carbon atoms, suggesting that 5 has C1 symmetry.
The purple color observed for the solution of 5 in CHCl3 and
its maximum absorption at 533 nm in the electronic spectrum
(closely resembling the spectrum of C60), indicate that the 60
original fullerene carbon atoms retain their sp2 hybridization
in a �-conjugated system.[6±9]


The structure of 5 was unambiguously determined by X-ray
crystallography of a single crystal obtained from a solution in
benzene. As shown in Figure 1, an eight-membered-ring
orifice composed of C1 ±C7 and N1 is present on the fullerene
cage of 5. In the eight-membered ring, the C2�C3
(1.406(4) ä), C4�C5 (1.403(4) ä), and C7�N1 (1.270(4) ä)
bonds have double bond character, whereas the others are
single bonds. The eight-membered ring is a tub-form with the
C1-C2-C3-C4 and C3-C4-C5-C6 dihedral angles being
�39.0(4) and 38.8(4)�, respectively, deviating significantly
from 0�. The butadiene system, C2-C3-C4-C5, is almost planar
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Figure 1. The X-ray structure of open-cage fullerene derivative 5 with
displacement ellipsoids drawn at the 50% probability level. Selected
distances [ä], bond angles [�], and dihedral angles [�]: C1�C2 1.521(4),
C2�C3 1.406(4), C3�C4 1.511(4), C4�C5 1.403(4), C5�C6 1.517(4), C6�C7
1.540(4), C7�N1 1.270(4), N1�C1 1.457(3), C2�C13 2.274(4), C5�C14
2.279(4); C1-C2-C3 124.0(3), C2-C3-C4 129.8(2), C3-C4-C5 128.7(2), C4-
C5-C6 124.6(2); C1-C2-C3-C4 �39.0(4) C3-C4-C5-C6 38.8(4), C2-C3-C4-
C5 0.4(5).


with the dihedral angle between the two double bonds being
only 0.4(5)�.


A probable reaction mechanism for the formation of 5 is
shown in Scheme 1b. A [4�2] cycloaddition of triazine 4 to
C60 affords 6, and the following extrusion of nitrogen gives
2-aza-1,3-cyclohexadiene-fused C60 derivative 7, which would
undergo a formal intramolecular [4�4] cycloaddition to give
8, and then a retro [2�2�2] reaction affords 5.


Enlargement of the orifice in open-cage fullerene 5 : It has
been reported both by us and another group that one of the
double bonds in the eight-membered-ring orifice in an open-
cage fullerene can undergo oxidative cleavage by the action of
photochemically generated singlet oxygen.[10]


To clarify the reactivity of 5, DFT calculations were
conducted. The geometry of 5 was fully optimized at the
B3LYP/6 ± 311G** level of theory[19] to give a structure with
the HOMO shape shown in Figure 2. The HOMO was found
to be localized primarily at the two double bonds, C2�C3 and
C4�C5, in the same manner as reported for the carbon
analogues,[10] whereas the LUMOwas found to be spread over
almost all the sp2-carbon atoms on the fullerene cage. The
absolute values of the coefficients of HOMO were 0.33 for
C2, 0.22 for C3, 0.21 for C4, and 0.32 for C5. Thus, the
electrophilic addition of the singlet oxygen was expected to
take place on these double bonds.


In fact, when the photochemical reaction of 5 with oxygen
was conducted in a CCl4 solution under irradiation with a
high-pressure mercury lamp for 6 h, the HPLC separation of
the reaction mixture afforded three oxidation products 9, 10,
and 11, all having the molecular formula corresponding to 5


Figure 2. The optimized structure of open-cage fullerene derivative 5 with
the contour of the HOMO, calculated at the B3LYP/6 ± 311G** level of
theory.


with the addition of O2 as shown by FAB MS, in 60%, 31%,
and 2% yields, respectively. The IR spectra of 9 and 10
exhibited strong carbonyl stretching bands at 1747 and
1748 cm�1, respectively, whereas no carbonyl band was
observed for 11.


Because comparison of the experimental and calculated
13C NMR spectra seemed to be crucial for the structural
determination of 9, 10, and 11, we first examined the validity
of such a comparison using the spectrum of compound 5, for
which the structure was confirmed by X-ray crystallography.
To determine which level of theory is the most accurate for
reproducing the experimental 13C NMR spectrum of 5, the
gauge-independant atomic orbital (GIAO)[20,21] calculations
on 5 were conducted using Hartree ±Fock (HF) and density
functional theory (B3LYP[22] and B3PW91[23]) methods with
both the 6 ± 311G** and TZV[24] basis sets, based on the
structure optimized at the B3LYP/6 ± 311G** level of theo-
ry.[25] All chemical shifts are given as the values relative to that
of tetramethylsilane, also calculated using the same method at
the same level of theory as those used for the corresponding
GIAO calculations.


As shown in Figure 3a , the experimentally observed
spectrum of 5 is characterized by two sp2-carbon signals at
�� 167.96 and 164.81 ppm, which are notably downfield
shifted, the rest of the sp2-carbon signals appearing in the
range �� 149.10 ± 122.47 ppm (63 signals observed out of 76
expected signals for fullerenyl and aryl carbon atoms), and
two sp3 carbon signals at �� 73.02 and 56.35 ppm. As shown
in Figures 3b ± g, all six GIAO calculations, conducted with
B3PW91/6 ± 311G**, B3LYP/6 ± 311G**, B3PW91/TZV,
B3LYP/TZV, HF/6 ± 311G**, and HF/TZV, reproduced the
general characteristics of the experimental 13C NMR spec-
trum fairly well. Of the six calculations, DFT methods were
shown to be generally superior to HF methods in reproducing
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Figure 3. The experimental and calculated 13C NMR spectra of 5. The
GIAO calculations were conducted at different levels of theory and basis
sets using the optimized structure at the B3LYP/6 ± 311G** level of theory:
a) experimental spectrum, b) GIAO-B3PW91/6 ± 311G**, c) GIAO-
B3LYP/6 ± 311G**, d) GIAO-B3PW91/TZV, e) GIAO-B3LYP/TZV,
f) GIAO-HF/6 ± 311G**, and g) GIAO-HF/TZV.


the experimental spectrum, regardless of the basis sets. The
contribution of electron correlations[26] seems to play an
important role in the properties of compound 5. A similar
trend has also been observed in the calculated 13C NMR
chemical shifts on a naphthalene derivative.[27] As shown by
the comparison of Figure 3a with Figure 3b, the GIAO-
B3PW91/6 ± 311G** calculation was found to be the best
method for reproducing the experimental 13C NMR spectrum
for compound 5.


Based on the results of the FAB MS and IR spectroscopy
described above, possible structures of the two major photo-
oxidation products of 5 are supposed to be diketo-compounds
9 and 10, which could be formed by oxidative cleavage of the
C2�C3 bond and C4�C5 bond, respectively. The GIAO-
B3PW91/6 ± 311G** calculations conducted for 9 and 10 are


shown in Figure 4 together with the experimentally observed
spectra. From the fairly good agreement of the observed
spectra with the calculated ones, the structural assignment of 9
and 10 is considered to be correct.[28]


Figure 4. The experimental and calculated 13C NMR spectra of 9 and 10.
The GIAO calculations were conducted at the B3PW91/6 ± 311G** level of
theory: a) observed for 9, b) calculated for 9, c) observed for 10, and
d) calculated for 10.


For the minor product 11, obtained in 2% yield from the
photochemical oxidation of 5, the experimental 13C NMR
spectrum shown in Figure 5a displayed no peak correspond-
ing to a carbonyl carbon, while the FAB MS data indicated
that two oxygen atoms were incorporated in 5. In comparison
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with the 13C NMR spectrum of starting material 5, a notable
downfield shift was observed for one of the sp3-carbon signals
(a signal at �� 73.02 ppm for 5 was shifted to �� 96.47 ppm
for 11), whereas another sp3-carbon signal remained relatively
unchanged (�� 56.35 ppm for 5 and �� 53.26 ppm for 11).
Because the signals at �� 73.02 and 56.35 ppm for 5 are
assigned to the C1 and C6 carbon atoms, respectively, by the
GIAO calculations described above, it is implied that the
reaction with oxygen has taken place near the C1 carbon atom
of 5 without any formation of additional sp3-carbon atom(s).
Thus the most probable structure for this minor product is
considered to be 11, shown below, with a 10-membered-ring
orifice on the fullerene cage, resulting from insertion of each
of the two oxygen atoms into C1�C2 and C3�C4 single bonds
of 5. This assignment was verified by comparison of the
13C NMR spectra calculated by the GIAO±B3PW91/6 ±
311G** method for 11 and its positional isomer 12 with the
experimental 13C NMR spectrum. Clearly, a better agreement
was observed for compound 11, as shown in Figure 5.


The formation of three oxidation products 9, 10, and 11 by
the reaction of 5 with photochemically generated singlet
oxygen is explained as follows. As shown in Scheme 2, singlet
oxygen is considered to add electrophilically to the C2�C3
and C4�C5 double bonds having relatively high coefficients of
the HOMO to form intermediate dioxetanes 13 and 14,
respectively. The optimized structures and relative energies of
dioxetanes 13 and 14 as well as diethers 11 and 12 were also
calculated at the same level of theory (B3LYP/6 ± 311G**).
Although the addition of singlet oxygen to the C2�C3 bond
would be slightly unfavorable as judged from the relative
energy of dioxetanes 13 and 14 calculated at the B3LYP/6 ±
311G** level of theory, it would be kinetically favorable
compared with the addition to the C4�C5 bond when the
presence of two bulky phenyl groups in close proximity is
considered. Diketone 9 is formed from dioxetane 13 by the
cleavage of the C2�C3 single bond and the O�O bond,
whereas diether 11 is produced by means of the insertion of


Figure 5. The experimental 13C NMR spectrum of the minor product and
calculated 13C NMR spectra of 11 and 12. The GIAO calculations were
conducted at the B3PW91/6 ± 311G** level of theory: a) observed for the
minor product, b) calculated for 11, and c) calculated for 12.


each oxygen atom into the C1�C2 bond and the C3�C4 bond
with the concomitant cleavage of the O�O bond. A similar
reaction pathway can be supposed for the formation of
diketone 10 from dioxetane 14, but the formation of diether
12, which is calculated to be 1.8 kcalmol�1 less stable than 11,
was not observed under the present reaction conditions.


An open-cage fullerene derivative having a 13-membered-
ring orifice : To further enlarge the 12-membered-ring orifice
of 9, a reaction to cause insertion of a heteroatom at the rim of
the orifice appeared quite appealing. It has been shown that a
sulfur atom can be inserted into an activated C�C single
bond.[29] We therefore attempted a thermal reaction of 9 with
elemental sulfur in ODCB and found that the desired reaction


Scheme 2. Formation of open-cage fullerene derivatives 9, 10, and 11. The relative energies calculated at the B3LYP/6 ± 311G** level of theory with
reference to 11 are shown in parentheses.
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actually takes place in the presence of tetrakis(dimethylami-
no)ethylene (TDAE). Heating a mixture of 9, elemental
sulfur (8 equiv), and TDAE (1 equiv) in refluxing ODCB for
30 min successfully afforded a single product with a FAB MS
data exhibiting a molecular ion peak at m/z 1067 correspond-
ing to 9�S�H, in 77% yield.


In this reaction, TDAE, a typical �-electron donor,[30] is
supposed to activate 9 either by one-electron transfer or by
complexation so that the electrophilic addition of elemental
sulfur to 9 can readily take place. The theoretical calculations
for 9 at the B3LYP/6 ± 311G** level of theory demonstrated
that the LUMO of 9 is relatively localized at the conjugated
butadiene part, C9�C10�C11�C12, on the rim of the orifice
(Figure 6); the numbering is shown in Scheme 3. The absolute


Figure 6. The optimized structure of open-cage fullerene derivative 9 with
the contour of the LUMO, calculated at the B3LYP/6 ± 311G** level of
theory.


Scheme 3. Synthesis of open-cage fullerene derivative 15.


values of the coefficients of the LUMO at C9, C10, C11, and
C12 of 9 are 0.29, 0.35, 0.32, and 0.25, respectively. Thus, it is
assumed that the sulfur atom has been inserted into the
C10�C11 bond to give the novel open-cage fullerene deriv-
ative 15 having a 13-membered-ring orifice (Scheme 3). The
13C NMR spectrum of this product exhibited two signals for
the carbonyl carbon atoms at �� 193.06 and 185.02 ppm, 52
signals (out of possible 76 signals) corresponding to the


fullerenyl and aryl sp2-carbon atoms in the range �� 166.40 to
122.68 ppm, and two signals corresponding to the sp3-carbons
at �� 74.42 and 52.33 ppm (Figure 7a). This spectrum showed
good agreement with the spectrum calculated for the structure


Figure 7. The experimental and calculated 13C NMR spectra of 15. The
GIAO calculations were conducted at the B3PW91/6 ± 311G** level of
theory: a) observed for 15 and b) calculated for 15.


15 by the GIAO±B3PW91/6 ± 311G** method using the
optimized structure at the B3LYP/6 ± 311G** level of theory
(Figure 7b).[28] Finally, the validity of the assignment of the
structure 15 to this product was proved by the X-ray
crystallography for the single crystal grown from a solution
in toluene (Figure 8).


As shown by the X-ray crystal structure given in Figure 8a,
compound 15 has a 13-membered-ring orifice on the fullerene
cage (shown in red) containing sulfur and nitrogen atoms. The
bond lengths of C9�C10, C10�S1, S1�C11, and C11�C12 are
1.398(4), 1.780(3), 1.754(3), and 1.367(4) ä, respectively. Thus
a divinyl sulfide moiety was formed in the 13-membered ring
as a result of the sulfur-atom insertion into the C10�C11 bond
of 9. Determination of this X-ray structure also confirmed the
validity of the structural assignment of the starting material 9,
which was made based on the comparison with the DFT±
GIAO calculated spectrum, as described above.


From the top view of the X-ray structure shown in
Figure 8b, it can be seen that the 13-membered-ring orifice
in 15 has a somewhat more circular shape as compared to the
rather elliptic shape observed for the 14-membered-ring
orifice (counting the fused benzene-ring carbon atoms) in
the bislactam derivative of an open-cage fullerene 3 reported
by Rubin and co-workers.[16, 17] This is the largest hole
constructed thus far on the surface of C60. Thus, the insertion
of a small molecule or atom is expected to be possible through
the 13-membered-ring orifice in 15.


Properties of open-cage fullerene derivatives : The UV/Vis
spectra of the obtained open-cage fullerene derivatives, 5, 9,
10, 11, and 15, taken in CHCl3 are shown in Figure 9. As
mentioned previously, compound 5, having an eight-mem-
bered-ring orifice, displayed a similar absorption pattern to
that of C60 itself, reflecting the fact that 5 retains the
conjugated system composed of 60 sp2-carbon atoms.[6±9]
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Figure 8. The X-ray structure of open-cage fullerene derivative 15 with the
displacement ellipsoids model drawn at the 50% probability level: a) side
view and b) top view. Selected distances [ä]: N1�C1 1.445(3), C1�C2
1.584(4), C2�O1 1.209(3), C2�C9 1.492(4), C9�C10 1.398(4), C10�S1
1.780(3), S1�C11 1.754(3), C10�C11 2.546(4), C11�C12 1.367(4), C12�C3
1.518(4), C3�O2 1.202(3), C3�C4 1.553(4), C4�C5 1.380(4), C5�C6
1.552(3), C6�C7 1.545(4), C7�N1 1.281(3).


Compounds 9 and 10, which are isomeric, showed quite
similar absorptions, that is, strong maximum absorptions in
the UV region (257 and 325 nm for 9 ; 259 and 324 nm for 10),
which are commonly observed in C60 derivatives, and a small
absorption in the visible region (424 nm for 9 ; 423 nm for 10)
as well as the long-wavelength visible absorption extending to
approximately 700 nm. These absorptions are different from
those of an enol-ketone derivative 16, which has a similar 12-
membered-ring orifice. This showed maximum absorptions at
453 and 751 nm.[10a] Compound 11 showed maximum absorp-


Figure 9. UV/Vis spectra of open-cage fullerene derivatives: blue line (5),
black (9), green (10), red (11), and brown (15).


tions at 253, 317, and 442 nm. Compound 15, which has the
largest orifice among the compounds examined in this study,
showed maximum absorptions at 257 and 319 nm as well as a
broad absorption at 430 nm. With the increase in the size of
the orifice in the order 5, 9 and 10, and 15, the absorption at
the visible region lost their structure. The colors of the
solutions of 5, 9, 10, 11, and 15 in CHCl3 were purple, brown,
brown, red-brown, and bright red, respectively.


To examine the electronic properties of the open-cage
fullerene derivatives 5, 9, 10, 11, and 15, their redox behaviors
were studied by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) in ODCB using Bu4NBF4 as a
supporting electrolyte. Despite the significant change in the �-
electronic system resulting from the transformation in the
fullerene skeleton made for these derivatives, all compounds
showed four quasi-reversible redox waves in the negative
scans upon CV. These were quite similar to those observed for
C60 itself. The corresponding four one-electron reduction
peaks were observed upon DPV measurements. As an
example, the CV and DPV results for compound 10 are
shown in Figure 10, together with those for C60.


The reduction potentials determined by DPV are summar-
ized in Table 1, together with the LUMO energy levels
calculated by the B3LYP/6 ± 31G* level of theory. As shown
by the values in Table 1, the reduction potentials of com-
pounds 5 and 11 were found to be rather similar to those of
C60, indicating that the fully conjugated �-electron systems
made of 60 sp2 carbons in 5 and 11 retain the high electron
affinities characteristic of C60. Most noteworthy is the
observation that compounds 9 and 10 exhibited first reduction
waves at potentials as low as �0.97 and �0.98 V versus the
ferrocene/ferrocenium couple, respectively, which are ap-
proximately 0.2 V lower than that of C60 measured under the
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Figure 10. CV and DPV of C60 and 10 : 1m� in ODCB, 0.05M TBABF4,
scan 0.02 Vs�1; a) CVof C60, b) DPVof C60, c) CVof 10, and d) DPVof 10.


same conditions. The second to fourth reduction potentials
were also lower than those of C60. This enhanced reducibility
could be ascribed to the presence of two carbonyl groups
directly connected to the partially broken fullerenyl � system.
Actually, the reduction potentials observed for 9 and 10 are
lower than those of the monocarbonyl analogue of the similar
open-cage fullerene 16[10a] by about 0.1 V. Thus, one carbonyl
group connected to the fullerenyl � system is considered to
decrease the reduction potential by approximately 0.1 V. This
effect is nearly comparable to that of the two cyano groups
connected by sp3-carbon atoms to the C58 fullerenyl � system
in C60(CN)2.[31] In contrast, the sulfur-containing derivative 15
displayed its first reduction at�1.15 V, which is more negative
than that of 9 and 10 and close to that of C60 despite the
presence of two carbonyl groups. This is considered to reflect
the strong electron-donating effect of a sulfur atom directly
bonded to the � system. As shown in Table 1, the lowered
reduction potentials observed for 9 and 10 are in agreement


with the low levels of LUMO predicted for these compounds
by theoretical calculations at the B3LYP/6 ± 31G* level of
theory.[32]


Conclusion


In summary, an open-cage fullerene derivative having a
nitrogen-containing, eight-membered-ring orifice (5) was
synthesized in high yield (85% based on consumed C60 at
59% conversion) by a liquid-phase thermal reaction of C60


with 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine (4) in one pot.
The eight-membered-ring orifice was further enlarged to a 10-
membered ring containing ether linkages (11) and a 12-
membered ring containing two carbonyl carbon atoms (9 and
10) by photochemical oxidation with singlet oxygen. The
structures of these compounds were characterized by spec-
troscopy and DFT calculations, as well as by the X-ray
crystallography for 5. In particular, the GIAO calculation was
found to be a powerful method for structural determination of
derivatives such as 9, 10, and 11 by comparison of the
calculated with the observed 13C NMR spectra.


A novel sulfur-atom insertion into the central C�C bond in
the butadiene unit of the rim of the 12-membered-ring orifice
was found. It gave a novel fullerene derivative 15 with a 13-
membered-ring orifice containing both nitrogen and sulfur
atoms on the rim. The X-ray crystallography on this com-
pound indicated that the shape of the orifice is closer to a
circle than to an ellipse compared with compound 3, which has
the largest orifice reported thus far.[17] The energy barrier for
insertion of a helium atom through the orifice was calculated
to be approximately 5.5 kcalmol�1 lower for compound 15
than for 3.[33] This finding is a good indicator that the
preparation of endohedral fullerene complexes by means of
organic synthesis, which was initiated by Rubin and co-
workers,[17] is indeed possible. Work in this field is now under
way using compound 15.


Experimental Section


General : The 1H and 13C NMR measurements were carried out on Varian
Mercury 300 and JEOL AL-400 instruments and referenced to TMS or to
the solvent signals: �H� 2.05 ppm for [D6]acetone and �C� 132.35 ppm for
[D4]o-dichlorobenzene ([D4]ODCB). UV/Vis spectra were recorded on a
Shimadzu UV-2100PC spectrometer. IR spectra were recorded with a
Shimadzu FTIR-8600 spectrometer. MS spectra were recorded on a JEOL
MStation JMS-700. Cyclic voltammetry and differential pulse voltammetry
were conducted on a BAS Electrochemical Analyzer CV-100 W using a
three-electrode cell with a glassy carbon working electrode, a platinum wire
counter electrode, and a Ag/0.01� AgNO3 reference electrode. The
potentials were corrected against ferrocene used as an internal standard
which was added after each measurement. Fullerene C60 was purchased
from Matsubo Co. 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine and tetrakis(-
dimethylamino)ethylene were purchased from Aldrich Co. and used as
received, while elemental sulfur was purchased from Nacalai Tesque and
used as received. o-Dichlorobenzene (ODCB) was distilled over CaH2 and
stored over 4ä molecular sieves.


Computations : All calculations were conducted by using the Gaussian98
series of electronic structure programs.[19] The geometries were fully
optimized with the restricted Becke hybrid (B3LYP) method[22] for all
compounds. The GIAO calculations were performed at HF/6 ± 311G**,


Table 1. Reduction potentials[a] and calculated LUMO levels.[b]


Compound Ered
1[a] Ered


2[a] Ered
3[a] Ered


4[a] LUMO [eV][b]


C60 � 1.17 � 1.59 � 2.06 � 2.56 � 3.23
5 � 1.21 � 1.62 � 2.11 � 2.62 � 3.03
9 � 0.97 � 1.40 � 2.01 � 2.43 � 3.32
10 � 0.98 � 1.39 � 2.00 � 2.44 � 3.34
11 � 1.18 � 1.58 � 2.20 � 2.70 � 3.13
15 � 1.15 � 1.56 � 2.05 � 2.52 � 3.16
16[10a] � 1.07 � 1.43 � 1.99 � 2.29 � 3.26


[a] V versus ferrocene/ferrocenium: All reduction potentials were meas-
ured by DPV (1 mM sample, 0.05 � Bu4NBF4 in ODCB, scan rate
0.02 Vs�1). [b] Calculated at the B3LYP/6 ± 31G* level of theory.
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B3LYP/6 ± 311G**, B3PW91/6 ± 31G**, HF/TZV, B3LYP/TZV, and
B3PW91/TZV level of theory using the optimized structure at the
B3LYP/6 ± 311G** level of theory.


Open-cage fullerene derivative 5 : A mixture of fullerene C60 (50 mg,
0.069 mmol) and 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine (4) (21 mg,
0.068 mmol) in o-dichlorobenzene (ODCB, 4 mL) was refluxed at 180 �C
for 17 h under an argon atmosphere. The resulting dark purple solution was
directly subjected to flash column chromatography over silica gel. Elution
with CS2 gave unreacted C60 (20 mg, 41%) while the following elution with
CS2-ethyl acetate (20:1) gave open-cage fullerene derivative 2 (35 mg,
0.035 mmol, 50%) as a brown powder. M.p. �300 �C; IR (KBr): �� �
1749 cm�1 (C�N); UV/Vis (CHCl3): �max (log �)� 262 nm (5.05), 329
(4.62), 431 (3.29), 533 (3.07); 1H NMR (300 MHz, CS2:[D6]acetone (7:1)):
�� 8.68 (m, 1H), 8.00 ± 7.90 (m, 2H), 7.76 ± 7.69 (m, 2H), 7.44 ± 7.37 (m,
2H), 7.22 ± 7.10 ppm (m, 7H); 13C NMR (100 MHz, CS2:CDCl3 (1:2)): ��
167.96, 164.81, 149.10, 148.10, 147.96, 145.40, 145.21, 145.14, 145.12, 145.06,
144.85, 144.37, 144.34, 144.20, 144.15, 144.02, 143.96, 143.94, 143.80, 143.77,
143.71, 143.65, 143.59, 143.54, 143.50, 143.40, 143.35, 143.31, 143.21, 143.19,
143.16, 143.13, 143.02, 142.86, 141.29, 140.53, 140.49, 140.32, 140.23, 140.20,
139.96, 139.18, 138.77, 138.09, 137.92, 136.73, 136.69, 136.57, 136.48, 136.35,
135.18, 135.02, 134.88, 134.60, 134.48, 130.78, 130.65, 128.36, 128.21, 128.00,
127.18, 127.04, 125.17, 125.08, 122.47, 73.02, 56.35 ppm; HRMS (�FAB):
calcd for C80H15N2 ([M�1]): 1003.1235, found 1003.1238.


Open-cage fullerene derivatives 9, 10, and 11: A purple solution of
compound 5 (66 mg, 0.066 mmol) in CCl4 (65 mL) in a Pyrex flask was
irradiated by a high-pressure mercury lamp (500 W) from a distance of
20 cm for 6 h under air. The resulting brown solution was evaporated and
the residual black solid was dissolved in ODCB (3 mL). This was subjected
to preparative HPLC using a Cosmosil 5PBB column (10� 250 mm) eluted
with ODCB (flow rate, 2 mLmin�1) to afford open-cage fullerene
derivatives 9 (40 mg, 0.038 mmol, 60%, retention time: 8.7 min), 10
(21 mg, 0.020 mmol, 31%, retention time: 9.2 min), and 11 (1 mg,
0.001 mmol, 2%, retention time: 9.1 min), after nine recycles, all as brown
powders.


When the photoirradiation of 5 (41 mg, 0.041 mmol) was conducted in CS2


(50 mL) in the presence of trifluoroacetic acid (30 �L, 0.39 mmol) under
the same conditions as described above and the reaction mixture was
neutralized by addition of triethylamine (55 �L, 0.40 mmol) before
evaporation of the mixture, the separation by preparative HPLC gave 9
(22 mg, 0.021 mmol, 53%), 10 (4 mg, 0.004 mmol, 10%), and 11 (3 mg,
0.002 mmol, 6%).


9 : M.p. �300 �C; IR (KBr): �� � 1747, 1700 cm�1 (C�O); UV/Vis (CHCl3):
�max (log �)� 257 (5.11), 325 (4.69), 424 nm (3.70); 1H NMR (300 MHz,
CS2:[D6]acetone (7:1)): �� 8.52 (m, 1H), 8.37 (m, 1H), 8.07 ± 7.98 (m, 3H),
7.82 (m, 1H), 7.37 ± 7.03 ppm (m, 8H); 13C NMR (100 MHz, CS2:CDCl3
(1:2)): �� 196.04, 188.96, 167.84, 161.38, 149.53, 148.22, 148.18, 148.04,
147.43, 147.32, 147.29, 147.15, 146.92, 146.37, 145.99, 145.85, 145.67, 145.53,
145.44, 145.38, 145.32, 145.25, 145.20, 145.19, 144.96, 144.85, 144.67, 144.35,
144.20, 143.79, 143.71, 143.51, 142.87, 142.38, 142.17, 141.95, 141.57, 141.46,
141.11, 140.77, 140.56, 140.24, 140.13, 139.89, 139.73, 139.58, 139.27, 139.13,
138.96, 138.35, 137.30, 137.21, 137.16, 135.97, 135.92, 135.35, 132.90, 132.54,
131.08, 130.48, 129.96, 129.85, 129.78, 129.51, 128.88, 128.69, 128.37, 127.27,
127.17, 126.76, 123.13, 122.60, 74.97, 52.63 ppm; HRMS (�FAB): calcd for
C80H15N2O2 ([M�1]): 1035.1134, found 1035.1132.


10 : M.p. �300 �C; IR (KBr): �� � 1748 cm�1 (C�O); UV/Vis (CHCl3): �max


(log �)� 259 (5.10), 324 (4.70), 423 nm (3.72); 1H NMR (300 MHz,
CS2:[D6]acetone (7:1)): �� 8.58 (m, 1H), 8.20 ± 8.17 (m, 2H), 8.02 (m,
1H), 7.93 (m, 1H), 7.37 ± 7.21 ppm (m, 9H); 13C NMR (100 MHz,
CS2:CDCl3 (1:2)): �� 195.31, 190.36, 165.18, 163.66, 151.71, 149.50,
148.38, 148.20, 147.48, 147.40, 147.34, 147.00, 146.37, 145.99, 145.96, 145.61,
145.55, 145.29, 145.22, 145.20, 145.12, 145.10, 144.98, 144.52, 144.39, 144.25,
144.11, 143.89, 143.78, 143.51, 143.05, 142.80, 142.43, 142.06, 141.80, 141.56,
141.49, 140.79, 140.69, 140.62, 140.07, 139.92, 139.63, 139.58, 139.49, 139.27,
138.96, 138.40, 138.00, 137.48, 137.23, 136.58, 136.55, 136.18, 135.51, 135.44,
134.73, 134.23, 133.33, 132.01, 131.91, 131.68, 129.35, 129.32, 128.95, 127.21,
126.87, 124.44, 122.15, 72.42, 61.58 ppm; HRMS (�FAB): calcd for
C80H15N2O2 ([M�1]): 1035.1134, found 1035.1151.


11: M.p.�300 �C; UV/Vis (CHCl3): �max (log �)� 317 (4.64), 442 nm (3.52);
1H NMR (300 MHz, CS2:[D6]acetone (7:1)): �� 8.64 (m, 1H), 8.48 (m,
1H), 8.03 ± 7.89 (m, 4H), 7.66 (m, 1H), 7.39 ± 7.21 ppm (m, 7H); 13C NMR


(100 MHz, [D4]ODCB): �� 167.97, 162.52, 162.16, 156.68, 151.84, 149.55,
147.73, 147.37, 147.09, 146.84, 146.82, 146.56, 145.89, 145.75, 145.67, 145.54,
145.45, 145.34, 145.30, 145.18, 145.03, 144.99, 144.67, 144.65, 144.60, 144.41,
144.23, 144.00, 143.81, 143.54, 143.27, 142.68, 142.50, 142.40, 142.00, 140.61,
139.99, 139.91, 139.77, 139.69, 139.54, 139.30, 138.62, 138.52, 138.47, 138.31,
138.18, 137.67, 137.48, 137.15, 137.04, 136.99, 136.91, 136.31, 134.37, 134.30,
132.94, 126.58, 126.15, 123.01, 120.04, 96.47, 53.26 ppm (some signals in the
region �� 132.7 ± 126.9 ppm overlap with the [D4]ODCB peaks); HRMS
(�FAB): calcd for C80H15N2O2 (M�1): 1035.1134, found 1035.1121.


Open-cage fullerene derivative 15 : To a heated and stirred solution of
compound 9 (32 mg, 0.031 mmol) and elemental sulfur (8 mg, 0.031 mmol
as S8) in ODCB (15 mL) was added tetrakis(dimethylamino)ethylene
(7.1 �L, 0.031 mmol) at 180 �C. The solution was refluxed at 180 �C for
30 min then the resulting dark red-brown solution was concentrated by
evaporation to about 3 mL. This was added to pentane (30 mL) with
vigorous stirring to give brown precipitates. The precipitates, collected by
centrifuge, were dissolved in ODCB (2 mL). The resulting solution was
subjected to flash chromatography on silica gel eluted with toluene/ethyl
acetate (30:1) to give open-cage fullerene derivative 15 (25 mg,
0.023 mmol, 77%) as a brown powder. M.p. �300 �C; IR (KBr): �� �
1748 cm�1 (C�O); UV/Vis (CHCl3): �max (log �)� 257 (5.14), 319 (4.69),
430 nm (3.78); 1H NMR (300 MHz, CS2:[D6]acetone (7:1)): �� 8.60 (m,
1H), 8.23 (m, 1H), 8.18 ± 8.15 (m, 2H), 8.02 (m, 1H), 7.53 (m, 1H), 7.36 (m,
1H), 7.30 ± 7.25 (m, 3H), 7.04 ± 6.88 ppm (m, 4H); 13C NMR (75 MHz,
[D4]ODCB): �� 193.06, 185.02, 166.40, 164.00, 150.18, 149.19, 149.06,
148.64, 148.57, 148.53, 148.43, 148.23, 148.03, 147.71, 147.59, 147.56, 147.49,
147.40, 147.35, 147.33, 147.20, 146.82, 146.75, 146.56, 145.81, 145.60, 145.28,
144.67, 144.14, 143.73, 142.12, 141.65, 141.32, 141.09, 140.73, 140.30, 140.15,
139.93, 139.13, 138.91, 138.58, 138.54, 138.50, 138.32, 137.97, 137.88, 137.54,
137.39, 137.31, 135.44, 135.19, 135.10, 132.91, 122.68, 74.42, 52.33 ppm
(signals in the range �� 132.4 ± 126.9 ppm overlap with the signals of
[D4]ODCB); HRMS (�FAB): calcd for C80H15N2O2S ([M�1]): 1067.0854,
found 1067.0814.


Table 2. Crystallographic data for open-cage fullerene derivatives.


5 ¥ 3(C6H6) 15 ¥ 0.5(C7H8)


empirical formula C98H32N2 C83.5H18N2O2S
formula weight 1237.26 1113.06
crystal system triclinic triclinic
space group P1≈ P1≈


a [ä] 13.750(2) 10.0158(8)
b [ä] 15.237(2) 13.1987(10)
c [ä] 15.498(2) 17.5019(14)
� [�] 63.891(3) 98.638(2)
� [�] 71.078(4) 91.309(2)
	 [�] 85.258(3) 98.317(2)
V [ä3] 2751.4(7) 2261.0(3)
Z 2 2
T [K] 100(2) 100(2)
� [ä] 0.71073 0.71073
� [mm�1] 0.086 0.142

 range [�] 1.55 ± 25.50 1.82 ± 25.60
limiting indices � 14� h� 16 � 11� h� 12


� 18� k� 18 � 15� k� 16
� 18� l� 18 � 21� l� 13


�calc [g cm3] 1.493 1.635
data/restraints/parameters 10201/0/957 8357/34/829
unique reflections 10201 8357
completeness [%] 99.4 98.2
absp correction SADABS SADABS
Rint 0.0357 0.0188
R1 [I� 2�(I)][a] 0.0613 0.0559
wR2 [I� 2�(I)][b] 0.1318 0.1348
R1 (all data)[a] 0.1093 0.0792
wR2 (all data)[b] 0.1499 0.1439
GOF on F 2 0.931 0.969


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


c �2]/�[w(F 2
o �2]}1/2.
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X-ray structural analysis of 5 and 15 : Single crystals of compounds 5 and 15
suitable for X-ray crystallography were obtained by slow evaporation of the
solutions in benzene and in toluene, respectively, over three days at room
temperature. Single-crystal X-ray data were collected on a Bruker SMART
diffractometer equipped with a CCD area detector using MoK� radiation.
Single-crystal diffraction data were collected at 100 K. All structure
solutions were obtained by direct methods and refined using full-matrix
least-squares with a Bruker SHELXTL (Version 5.1) Software Package.
The crystal parameters are summarized in Table 2. CCDC-197761 (5) and
CCDC-197762 (15) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge at 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 deposit@ccdc.cam.uk).
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AQuantum Chemical Study of Racemization Pathways in Substituted
Chrysene Derivatives


Carsten Kind, Andreas W. Gˆtz, and Bernd A. Hess*[a]


Abstract: The potential-energy surfaces of 5,11-disubstituted 6,12-dimethoxychry-
sene and chrysene-6,12-dione derivatives were investigated by means of density
functional calculations. We report relative energies of all conformers and an
identification of the racemisation pathways of the chiral equilibrium structures. By
analysis of homodesmotic reactions we were able to obtain an estimate for the strain
energy of the substituted compounds. This strain energy can be used as a means of
measuring the steric effects exerted by the substituents.


Keywords: chirality ¥ chrysene ¥
density functional calculations ¥
racemization ¥ transition states


Introduction


During studies of the chromium-mediated benzannulation
reaction Dˆtz et al. discovered 6,12-dimethoxy-5,11-diphe-
nylchrysene (5) as one of the products.[1] Subsequently, the
synthesis of 6,12-dimethoxy-5,11-dipropylchrysene (4) and
5,11-diphenylchrysene-6,12-dione (10) was accomplished by
the same group.[2] For convenience, the usual atom numbering
of chrysene is depicted here.


In this work we consider several derivatives of 6,12-
dimethoxychrysene and chrysene-6,12-dione that are sym-
metrically substituted in positions 5 and 11. A characteristic
property of these two novel compound classes (1 ± 5 and 6 ±
10) is their axial chirality. It has its origin in the steric
buttressing effect between the substituents and the adjacent
hydrogen atoms, which causes the chrysene core to be twisted.
The racemisation rate of a chiral compound is a most


important criterion in the design of a stereoselective synthetic


route. It is determined by the largest energy barrier encoun-
tered in the racemisation reaction. Therefore conformational
stability and strain energy of chiral compounds have been a
long-term issue in the literature.
Structures which have been investigated in this context are,


for instance, [n]helicenes[3] and ortho,ortho�-substituted phe-
nanthrene derivatives.[4±8] A similar twist of the aromatic core,
leading to axial chirality, is observed in these compounds. The
chrysene core can be regarded as two nested phenanthrene
substructures. Whereas, in the case of ortho,ortho�-substituted
phenanthrene derivatives, there is only one group of sub-
stituents keeping the core twisted, there are two such groups
situated on opposite sides of the core in the compounds
considered in this work. The term ™twisting motion∫ can be
assigned to the movement that converts the scaffold of a
distorted phenanthrene or chrysene derivative into its enan-
tiomer and leads to the following question: Does the twisting
motion of the chrysene derivatives take place in one step,
without intermediates, or in two steps involving an inter-
mediate? In the first case both phenanthrene substructures
would have to perform the twisting motion symmetrically at
the same time, with the substituents on both sides of the
chrysene core passing the adjacent hydrogen atoms simulta-
neously. In the second case, the phenanthrene substructures
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would have to perform the twisting motion successively, that is
with one substituent passing the adjacent hydrogen atom after
the other substituent has done so.
A major difference between the two investigated classes of


compounds lies in their core. Whereas in one class (1 to 5) the
aromatic system of the unsubstituted chrysene core is
preserved, the core of the other class (6 to 10) can be
regarded as a quinoid substructure augmented by two isolated
benzene rings. Fritsch et al. touch on this aspect in a work
about phenanthrenequinone derivatives.[9] At this point the
question arises as to how the strain energy and the energy
barrier of the twisting motion are affected by these two
different electronic structures.
To contribute to the solution of the aforementioned


problems, we set out to explore the conformational manifold
of these compounds, to determine the most stable structures
and to calculate the energy barriers in the reaction path from
one enantiomer to its mirror image. We accomplished these
tasks by calculating the equilibrium structures of all stable
conformers, by means of density functional theory, and
analysing the structural parameters of the lowest energy
structure for all considered compounds. The characterisation
of the lowest energy structures is completed by an evaluation
of the effects of the electronic structure of the core on the
structural parameters. This is achieved by analysis of the strain
energy, which is defined through homodesmotic reactions. For
identification of the racemisation pathways and determina-
tion of the associated energy barriers, a topological map
containing all conformers and interconnecting transition
states can be drawn for each compound. We present only
those topological maps that could be reduced to a two-
dimensional picture. The topology of the potential surface of
the higher alkyl analogues can be derived from the lower ones,
since the additional degrees of freedom, that is, rotations
around C�C bonds of the alkyl groups, are not strongly
coupled to the twisting motion. For one exemplary case we
performed single-point second-order M˘ller ± Plesset calcu-
lations to check for the reliability of the energy barriers
obtained by the density functional calculations.


Computational Methods


For all calculations we used the density functional and second-order
M˘ller ± Plesset (MP2) program packages provided by the TURBO-
MOLE 5.1 suite of programs.[10] The employed density functionals are
the Becke ± Perdew BP86[11, 12] and the hybrid functional B3LYP[13] , as
implemented in TURBOMOLE. The resolution of identity (RI) technique
was employed to accelerate the BP86[14, 15] and MP2 calculations.[16, 17] We
used exclusively the TZVP basis set–triple zeta basis plus polarisation
functions on all atoms[18]–which, in a previous work, was shown to be a
minimum requirement for performing a reliable force constants analysis.[19]


Accurately converged SCF (self consistent field) results (a termination
threshold of at least 10�8 a.u. for the total energy) were used to guarantee
satisfactory accuracy of the force constants. The force constants were
obtained as numerical first derivatives of energy gradients (provided by the
TURBOMOLE programs grad and rdgrad), as implemented in a parallel
PVM code developed by S. Grimme and M. Gastreich[20] and extended by
B. A. He˚, C. Kind, M. Reiher and J. Neugebauer.[21]


A modified version of MOPAC-6.0, with the ability to use TURBOMOLE
programs for energy and gradient calculations, was used for transition state
searches. In the case of failure of available methods such as eigenvector


following, we scanned along promising dihedral angles to lead to the
transition state of interest, while relaxing all other coordinates. For this
purpose we developed the program ROTCURVE,[22] which uses the
modified MOPAC (which, in turn, uses TURBOMOLE) for constrained
geometry optimisations. This program was also used to provide data for the
two-dimensional potential-energy-surface cuts presented below in the
section dealing with analysis of strain energy. All structures were verified to
be minima or transitions states on the potential-energy surface by means of
force constants analysis. Cartesian coordinates of all minima and transition-
state structures obtained with both functionals are given as Supporting
Information.


The visualisation of the molecular structures given in Figures 1, 2, 4 and 7
was accomplished by means of the MOLDEN program.[23]


Results


Equilibrium structures : The most stable conformer of each
investigated derivative of 6,12-dimethoxychrysene and chrys-
ene-6,12-dione is shown in Figure 1. For every structure, the
lowest energy conformation found in the scanned conforma-
tional space turns out to have C2 symmetry. The reason
becomes evident when considering a fictitious conformer with
C2h symmetry that has to be planar. Bending the substituents
(or twisting the core) symmetrically out of plane to minimise
the steric hindrance of the substituents leads to structures with
C2 or Ci symmetry. Bending both substituents towards the
same side of the plane leads to a reduction toC2 symmetry and
the resulting structures have a strongly twisted chrysene core
(cf. Figure 1). Rotation of substituents leads to conformations
with further reduced symmetry. Bending them to opposite
sides leads to Ci-symmetrical structures with an essentially
planar core. These can be regarded as intermediates of a
twisting motion that is carried out in two steps starting from a
strongly twisted, low-energy conformer. In other words, they
result from a twisting motion of one of the phenanthrene
substructures starting from the most stable conformers.
Structures with such planar cores will be denoted ™semi-
twisted∫ in the following. One example of a semitwisted
equilibrium structure for each compound class is shown in
Figure 2, demonstrating the difference of the twist of the
chrysene core in comparison to the C2-symmetrical lowest-
energy conformers. In some cases, semitwisted structures
turned out to be transition states (verified by frequency
analysis). Consequently, they can be regarded as the transition
states of a twisting motion that is carried out in one step, that
is, they result from a simultaneous twisting motion of both
phenanthrene substructures.


Analysis of the structural parameters of the most stable
conformers : For the discussion of the twist of the molecular
framework we are going to employ the dihedral angles given
in Table 1. The angles C5-C4b-C10b-C11 and C4a-C4b-C10b-
C10a adopt values of 140 ± 160� and 150 ± 160�, respectively,
for the lowest energy conformers, and are exactly 180� for the
Ci-symmetrical structures. The dihedral angle C4-C4a-C4b-C5
is a direct measurement of the distortion caused by the steric
hindrance of the substituent R and the adjacent hydrogen
atom. In addition, it can be used for comparison with results
obtained by Grimme[4] on the equivalent angle in phenan-
threne derivatives.
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Figure 2. Ci-symmetrical conformers of 6,12-dimethoxy-5,11-dimethyl-
chrysene (2d, left) and 5,11-dimethylchrysene-6,12-dione (7b, right).


We find that the dependence of the bond lengths and angles
on the applied density functional is small. However, it should
be noted that we observed a larger variety of stable con-
formers and more strongly twisted structures in preliminary
empirical forcefield and semiempirical studies. These simple
models are not appropriate for investigation of these classes
of compounds. Thus we also find it instructive to present the
structural parameters both for the BP86 as well as the B3LYP
functional. A closer look at the values shows that the
structural parameters of the chrysene-6,12-dione derivatives
depend more sensitively on the applied functional. The


B3LYP functional tends to pre-
dict structures that are slightly
more distorted from planarity
than does the BP86 functional.
The only compound found to


be completely planar, and thus
showing C2h symmetry, is 6,12-
dimethoxychrysene. We attrib-
ute this to the aromaticity of the
chrysene core, since the unsub-
stituted chrysene-6,12-dione
shows a slightly twisted C2-sym-
metrical structure, even though
the oxo group is sterically less
demanding than the methoxy
group. In general, the aromatic
system tends to maintain a
planar structure. In the absence
of the aromatic system, that is,
in the quinoid structures of the
chrysene-6,12-dione deriva-
tives, this tendency is not so
pronounced. This is evidently
the reason for the stronger twist
of the chrysene-6,12-dione de-
rivatives relative to the corre-
sponding 6,12-dimethoxychry-
sene derivatives. The twist of
the chrysene core of the di-
methyl derivatives is very sim-
ilar to that of the higher homo-
logues. As expected, the differ-
ence between diethyl and
dipropyl derivatives is negligi-
ble and similar structural pa-
rameters can thus be expected
for higher homologues. The
calculated values compare well
with experimental results,[2]


which for convenience are also listed in Table 1. For 10a the
agreement is very good (within 1 ± 2� for the dihedral angles);
we attribute the slightly worse (2 ± 4�) agreement in the case
of 4a to interactions of the bulky substituents in the lattice,
which are not considered in the calculation.


Analysis of the strain energy : The strain energy that is
introduced into compounds 1 and 6 by replacement of the
hydrogen atoms at the 5- and 11-positions by a substituent can
be expressed using homodesmotic reactions.[24] We define the
strain energy as the energy that is necessary to exchange two
substituents from an unstrained reference system with the
hydrogen atoms at the 5- and 11-positions of 6,12-dimethoxy-
chrysene and chrysene-6,12-dione, respectively (Scheme 1).
1,5-Disubstituted naphthalene derivatives would seem to be
an obvious choice to use as reference compounds for the
chrysene derivatives 2 to 5, especially because naphthalene
should represent the electronic structure of the chrysene core
quite well. On the other hand, a steric interaction of the
substituents at the 1- and 5-positions with the hydrogen atoms


Figure 1. Equilibrium structures of the most stable conformers (indicated by a) of the 6,12-dimethoxychrysene
(left) and the analogous chrysene-6,12-dione derivatives (right).
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at 8- and 4-positions, respectively, in the naphthalene deriv-
atives cannot be excluded. To investigate this more closely
and as a test of the consistency of the results, monosubstituted
benzene derivatives were used as a second type of reference
system. The reference of choice for the chrysenedione
derivatives 7 to 10 are 1,5-disubstituted 2,6-naphthalenedione
derivatives, as they should also faithfully represent the
electronic structure of the chrysenedione core. Again, how-
ever, we face the problem that steric interaction of the
substituents at the 1- and 5-positions with the hydrogen atoms
at the 8- and 4-positions in the 2,6-naphthalenedione deriv-


atives cannot be excluded. Thus
2,5-disubstituted (Z,Z)-2,4-
hexadienedial derivatives were
employed as a second reference
system to assert the consistency
of the results. The energetics for
the homodesmotic reactions (1)
to (4) depicted in Scheme 1 are
summarised in Table 2.
As expected there are no


significant differences between
the energies obtained with the
BP86 and B3LYP functionals.
The energy difference between
reactions (1) and (2) lies in the
range of 5 ± 20 kJmol�1 and is of
the order of 10 kJmol�1 for
reactions (3) and (4). This find-
ing confirms the proposition
that the reference systems of
reactions (1) and (3) are not
completely strain free. Never-
theless, both reactions (3) and
(4) and also, apart from struc-
ture 5a, reactions (1) and (2)
show the same trend for the
strain energy of the investigat-
ed compounds. There does not
seem to be a large dependence
of the strain energy on the
substituent. The most striking
observation to be made is that
the chrysene-6,12-dione deriva-
tives have two to three times
lower strain energies than the
corresponding 6,12-dimethoxy-
chrysene derivatives. The aro-
matic system of the core of the
latter compounds can account
for this. The balance between
lower steric hindrance and loss
of aromatic stabilisation by an
increasing twist of the chrysene
core is the reason for the ob-
served high strain energy. In
order to support this statement
we analysed two-dimensional
cuts of the potential-energy sur-


face of chrysene-6,12-diol and chrysene-6,12-dione along
angle � and the corresponding dihedral angle �� defined by
carbon atoms 10, 10a, 10b and 11. These two compounds
represent the electronic structure of the investigated systems
lacking any strain. The results of these constrained optimisa-
tions are shown as contour plots in Figure 3.
The most notable observation is the large depth of the


potential well of chrysene-6,12-diol. This corroborates the
conclusion that the high energetic strain of the 6,12-di-
methoxychrysene derivatives, as observed in Table 2, has its
origin in the highly stable planar, aromatic chrysene core. The


Table 1. Selected dihedral angles for the lowest-energy conformers of the chrysene-6,12-dione and 6,12-
dimethoxychrysene derivatives optimised with the BP86/RI and the B3LYP method. Experimental values are
taken from literature.[2]


C5-C4b-C10b-C11 C4a-C4b-C10b-C10a C4-C4a-C4b-C5 C4a-C4b-C10b-C11


6,12-dimethoxychrysene derivatives
1 BP86 180.0 180.0 0.0 0.0


B3LYP 180.0 180.0 0.0 0.0
2a BP86 154.9 159.6 25.0 22.7


B3LYP 155.2 159.2 24.7 22.8
3a BP86 153.4 160.5 27.4 23.1


B3LYP 153.3 160.1 27.4 23.2
4a BP86 153.3 160.5 26.9 23.0


B3LYP 153.6 160.3 27.2 23.0
exptl. 157.8 162.5 ± 19.0/19.9


5a BP86 159.4 158.1 19.3 21.3
B3LYP 159.0 158.1 19.8 21.5


chrysene-6,12-dione derivatives
6 BP86 167.9 173.6 11.3 9.3


B3LYP 167.4 173.3 11.9 9.7
7a BP86 145.3 157.4 33.8 28.7


B3LYP 144.2 156.3 34.8 29.7
8a BP86 144.0 157.4 36.0 29.3


B3LYP 142.7 156.2 37.3 30.5
9a BP86 144.1 157.7 35.8 29.1


B3LYP 143.0 156.4 37.0 30.3
10a BP86 146.5 154.4 31.0 29.6


B3LYP 145.2 154.2 33.0 30.3
exptl. 147.3 152.2 ± 29.8/30.7


Scheme 1. Homodesmotic reactions used to estimate the strain energy in the 5,11-disubstituted 6,12-
dimethoxychrysene [reactions (1) and (2)] and chrysene-6,12-dione [reactions (3) and (4)] derivatives. Results
are reported in Table 2.
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Figure 3. Two-dimensional cut along dihedral angles � and �� of the
potential-energy surface of chrysene-6,12-diol (top) and chrysene-6,12-
dione (bottom). Along the straight lines the indicated symmetry,C2 or Ci, is
preserved. The isoenergetic lines are separated by 2 kJmol�1. The lowest-
energy structure for chrysene-6,12-diol is at �� ��� 0�.


second observation is that the distortion of the planar
structures preserving C2 symmetry follows a projected min-
imal gradient path for both compounds. This explains why the
most stable structures of all investigated compounds exhibit
C2 rather than Ci symmetry. The comparatively flat potential
curve of chrysene-6,12-dione, which preserves C2 symmetry, is
the reason for the stronger twist of the chrysene-6,12-dione
derivatives relative to the 6,12-dimethoxychrysene deriva-
tives.


Conformational manifold : In the preceding section we noted
that bending the substituents to the same or to opposite sides
of the core can lead to minima with considerably different
twisted cores for both of the two compound classes. It is clear
that further conformational degrees of freedom are intro-
duced by all substituents other than methyl. It is the subject of


this section to completely characterise the potential-energy
surface, by also taking rotations around bonds of the
substituents into account.
The carbon atoms of the alkyl substituent connected to


atom C5 of the 6,12-dimethoxychrysene or chrysene-6,12-
dione core are denoted by C�, C�, etc., and the ones of the
alkyl substituent connected to atom C11 are denoted by C��,
C��, etc. We note that the alkyl groups can occupy only two
principal conformations relative to the core with respect to a
rotation around the C5�C� or C11�C�� bonds: axial and
equatorial. Looking at the twisted structures along the line
connecting atoms C5 and C11, the equatorial conformation is
characterised by carbon atoms C� and C�� pointing towards
the concave side of the twisted core (cf. Figure 4). As a result


Figure 4. Minimum structures of 3 with the ethyl group in equatorial (left)
and axial position (right). The hydrogen atoms of the chrysene core as well
as the substituent and the methoxy group on the back side have been
omitted for clarity.


the C��C� (or C���C��) bond is close to coplanar with the
plane defined by the core, hence the designation equatorial.
As can be seen from Figure 1, this conformation is adopted by
all lowest energy structures and thus seems to be favourable.
The axial conformation, on the other hand, is characterised by
carbon atoms C� and C�� both pointing towards the convex
side of the twisted core (cf. Figure 4). In this case the C��C�
and C���C�� bond is nearly perpendicular to the plane
defined by the core, hence it is denoted axial. In the case of the
6,12-dimethoxychrysene derivatives we have to distinguish
two close-lying axial conformations of the substituents in
which the C��C� bond exhibits different dihedral angles with
the C5�C6 bond. Furthermore the two methoxy groups of the
6,12-dimethoxychrysene derivatives can point not only to the
same but also to opposite sides of the core, relative to the alkyl
group attached to the neighbouring atom C5 or C11. Similar
considerations hold both for the strongly twisted as well as the
nearly planar conformers.
In the following a systematic approach is presented which


allows the establishment of an exhaustive scan of the
conformational manifold under consideration (cf. Table 3).
Due to symmetry considerations it is sufficient, in the
subsequent instructions, to take into account only the
substituent and methoxy group of one of the inner rings and
the corresponding phenanthrene substructure. We proceeded
in our investigations taking the following steps:
1) Determination of the total number of conformational


degrees of freedom (Table 3, column 2, designated as p).
One degree of freedom is always given as the twisting
motion of one of the phenanthrene substructures.


2) Estimation of the number of different minima each of the
determined degrees of freedom can give rise to (column 3,
designated as mp). Test calculations can, of course, be
necessary to confirm this estimate.


Table 2. Strain energy of the 6,12-dimethoxychrysene and chrysene-6,12-
dione derivatives calculated according to the homodesmotic reactions
defined in Scheme 1. All energies are given in kJmol�1.


structure BP86 B3LYP BP86 B3LYP


reaction (1) (2)
2a 94.0 95.8 99.0 101.9
3a 95.2 101.0 110.9 115.2
4a 98.4 101.0 111.0 115.6
5a 92.6 93.4 111.3 114.0
reaction (3) (4)
7a 32.4 32.8 41.3 44.5
8a 37.6 38.7 45.8 48.9
9a 38.6 39.6 46.0 49.2
10a 56.6 62.7 66.6 74.9
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3) Deduction of the number of possible combinations of the
different individual conformations determined in step 2
(column 4, designated as tm). It is obtained as tm��pmp.
The total number of combinations in the molecule is
obtained as the square of this number (column 5, desig-
nated as tc).


4) All possible conformers of the molecule can be described
systematically by a square matrix, the row index of which
represents all tm possible combinations deduced above
and the column index of which represents the combina-
tions of the substituent and methoxy group not considered
in the steps above. In this representation all structures that
exhibit C2 symmetry are listed on the main diagonal,
whereas all structures that exhibit Ci symmetry have
entries on the diagonal from the lower left to the upper
right corner of the matrix. All remaining elements
represent structures with C1 symmetry. The diagonal
representing the structures with C2 symmetry separates
structures with symmetry-redundant conformations,
whereas the diagonal representing the structures with Ci


symmetry separates the enantiomers. Consequently only
one of the four triangles defined by the diagonals of the
matrix contains nonredundant conformers that have to be
considered for electronic structure calculations. The max-
imal number of these conformers (column 6, designated as
nrc) is given as nrc� tm/2[(tm/2)� 1] for even tm values.
Figure 5 gives the matrix of compound 2 as an example. It
has the same form as the matrix for compounds 5 and 8.
Table 3 contains the maximal number of conformers


determined by this procedure for all compounds considered
in this manuscript. It can, of course, turn out that some of
these conformers do not exist in reality, simply because they
exhibit a combination of conformations that is not stable. Test
calculations are necessary to confirm or disprove the exis-
tence of each theoretically conceivable conformer.
As a result of the lack of the methoxy groups, all 5,11-


disubstituted chrysene-6,12-dione derivatives have a signifi-
cantly smaller amount of theoretically conceivable confor-
mers. The carbonyl group is part of the core and does not have
any influence on the conformational manifold. Apart from
changing the electronic structure significantly it merely
induces a small steric perturbation.


Figure 5. Scheme for finding all theoretically conceivable conformers of
compound 2. The rows represent all possible combinations of conforma-
tions of the methyl substituent and methoxy group of one of the inner rings.
The same information is given in the columns for the other methyl
substituent and methoxy group. Labels a and b indicate that the methyl (or
methoxy) group is located above or below the plane defined by the
chrysene core. Changing the conformation of the methyl group from a to b
is connected with a twisting motion of the corresponding phenanthrene
substructure. The elements of the matrix denote the symmetry of the
structure corresponding to the combination of conformations indicated by
the row and column index. Enantiomers are labelled by asterisks, non-
redundant conformers are highlighted by shaded matrix elements.


Racemisation pathways : Due to its large number of con-
formers we excluded 6,12-dimethoxy-5,11-dipropylchrysene
(4) from further investigations. The excessive number of
conformers originates from the possible combinations of
rotations of the two propyl groups and is thus not of much
interest. The only optimised propyl derivative is the most
stable conformer 4a, which was constructed in analogy to the
most stable conformer of the ethyl derivative 3a. Moreover,
we did not investigate the transition state structures of 5,11-
diethyl-6,12-dimethoxychrysene (3) and any structures, bar
the most stable, of 5,11-dipropylchrysene-6,12-dione (9). It
can be expected that these alkyl derivatives behave similarly
to their smaller homologues. This is already indicated by the
similarity of their equilibrium structures (cf. Figure 1 and
Table 1).


6,12-Dimethoxy-5,11-dimethylchrysene : The topological map
of the 6,12-dimethoxy-5,11-dimethylchrysene (2) conforma-
tional space is presented in Figure 6. Starting from 2a, the


Figure 6. Topological map of the 6,12-dimethoxy-5,11-dimethylchrysene
(2) conformational space. Dashed boxes indicate structures that have not
been explicitly calculated; ellipses and the prefix TS indicate transition
states; enantiomers are marked by asterisks. Structures contained in boxes
and ellipses connected by vertical lines are converted into each other by
rotations of a methoxy group, whereas those connected by horizontal lines
are converted into each other via the more complex twisting motion of the
chrysene core. The highlighted line from 2a to 2a* denotes the preferred
racemisation pathway.


Table 3. Table for the determination of the maximal number of all
theoretically conceivable conformers. p : total number of conformational
degrees of freedom; mp : number of different minima for each p ; tm :
number of possible combinations of mp ; tc : total number of conformers;
nrc : number of nonredundant conformers.


structure p mp tm tc nrc


6,12-dimethoxychrysene derivatives
2 2 2/2 4 16 6
3 3 2/2/3 12 144 42
4 4 2/2/3/3 36 1296 342
5 2 2/2 4 16 6


chrysene-6,12-dione derivatives
7 1 2 2 4 2
8 2 2/2 4 16 6
9 3 2/2/3 12 144 42
10 1 2 2 4 2
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most stable conformer at the
B3LYP level, both conformers
resulting from the rotation of
the methoxy groups (2b and
2c) and the corresponding tran-
sition state structures (TS(2a-
b) and TS(2b-c)) could be lo-
calised. It should be mentioned
that the methoxy group is ori-
ented towards the methyl sub-
stituent and not towards the
outer benzene ring in these
lower-lying transition states.
Furthermore, two Ci-symmetri-
cal conformers (2e and 2d),
resulting from a twisting mo-
tion of one of the phenanthrene
substructures of the C2-sym-
metrical conformer 2a and the
C1-symmetrical conformer 2b, respectively, turned out to be
stable minimum structures. Due to the C1 symmetry of
conformer 2b, it makes a difference which one of the two
inequivalent phenanthrene substructures is involved in the
twisting motion. As a consequence, another structure with Ci


symmetry (TS (2b-b*)) is obtained by the corresponding
twisting motion; this turned out to be a transition state. This
way only five of the six theoretically conceivable conformers
proved to be minima on the potential-energy surface.
The energetics of the structures are listed in Table 4.


According to the density functional calculations, the preferred
racemisation pathway between the most stable conformer 2a
and its enantiomer 2a* involves the conformers 2b, 2d and
2b*. Thus the racemisation proceeds through a rotation of a
methoxy group followed by a twisting motion of the
phenanthrene substructure that has the rotated methoxy
group attached. The rest of the racemisation pathway is
enantiomeric to this first part. It turns out that the energy
barrier of the twisting motion involved in the favoured
racemisation pathway is only about one third of the energy
barrier of the rotation of the methoxy group. The energy


diagram along the reaction path and corresponding structures
is shown in Figure 7.
To check for the reliability of the results obtained by the


density functional calculations, we performed single-point
MP2 calculations on the B3LYP structures involved in the
most probable racemisation pathway. The results are listed in
Table 4. Whereas the relative energies of the local minima are
in nearly perfect agreement in all methods employed, the
density functionals underestimate the energy barriers by an
amount of about 5 kJmol�1, especially in the case of the
twisting motion. This is in line with the well-known observa-
tion that B3LYP slightly underestimates barrier heights.[25±27]


Nevertheless, the relative height of the energy barrier of the
rotation of the methoxy group and of the twisting motion is
reproduced by the DFT calculations to a satisfactory extent.
Thus we can conclude that density functional calculations are
well suited to the estimation of the racemisation barriers of
these compounds.


6,12-Dimethoxy-5,11-diphenylchrysene : The topological map
of the 6,12-dimethoxy-5,11-diphenylchrysene (5) conforma-
tional space is presented in Figure 8. Starting from the most
stable conformer 5a, both conformers resulting from the


Figure 8. Topological map of the 6,12-dimethoxy-5,11-diphenylchrysene
(5) conformational space. For an explanation see the caption of Figure 6.


Table 4. Relative energies of all equilibrium and interconnecting transition
state structures of 6,12-dimethoxy-5,11-dimethylchrysene (2). The total
energy of 2a, the most stable conformer at the B3LYP level, serves as
reference. All energies are given in kJmol�1.


Structure Symmetry BP86 B3LYP MP2


minima
2a C2 0.0 0.0 0.0
2b C1 0.7 0.2 � 0.7
2c C2 1.3 0.4 � 1.6
2d Ci 7.6 7.8 7.7
2e C1 12.9 13.9 16.9


transition states
TS(2a-b) C1 25.4 29.0 34.4
TS(2b-c) C1 27.5 29.9 34.2
TS(2d-e) C1 36.8 40.2 44.1
TS(2b-d) C1 10.8 10.7 15.6
TS(2a-e) C1 13.3 14.1 15.7
TS(2c-e) C1 16.0 16.8 20.4
TS(2b-b*) Ci 19.5 21.5 20.9


Figure 7. Energy diagram of the preferred racemisation pathway of 6,12-dimethoxy-5,11-dimethylchrysene (2)
according to the B3LYP density functional results. Only the nonredundant part is shown. The hydrogen atoms of
the chrysene core have been omitted for clarity. All energies are given in kJmol�1.
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rotation of the methoxy groups (5b and 5d) and the
corresponding transition state structures (TS (5a-b) and
TS (5b-d)) could be localised, similar to the case of 6,12-
dimethoxy-5,11-dimethylchrysene (2). Again, the methoxy
group is oriented towards the substituent in these transition
states, but only 5c was found as a nearly planar semitwisted
stable minimum structure resulting from a twisting motion of
one of the phenanthrene substructures of 5b. In conformer 5c
the neighbouring phenyl and methoxy groups are located on
opposite sides of the plane defined by the chrysene core so
that the strain energy is minimised. The Ci-symmetrical
structure TS (5b-b*) resulting from the twisting motion of
the other phenanthrene substructure of 5b is a relatively high-
lying transition state. It could only be obtained by symmetry-
restricted optimisation. Thus only four of the six theoretically
conceivable conformers turned out to be minima on the
potential-energy surface.
The energetics of all structures are listed in Table 5. The


most probable racemisation pathway shows similarities to that
of 6,12-dimethoxy-5,11-dimethylchrysene (2). We find that
the energy barrier of the twisting motion involved in the
favoured racemisation pathway is only about half of the
energy barrier of the rotation of the methoxy group.


5,11-Diethyl-6,12-dimethoxychrysene : Taking the two addi-
tional degrees of freedom resulting from rotations around the
C5�C� and C11�C�� bonds into account, the manifold of
conformers of this compound cannot be visualised in a simple
two-dimensional scheme, as is the case for compounds 2 and 5.
We give, however, the energetics of the strongly twisted
conformers in Table 6. The relative energies of these struc-
tures are in the range of 6 ± 25 kJmol�1 and, therefore, are
comparable to the systems discussed before. It should be
noted that no twisted conformer exists in which an ethyl
substituent in an axial position is located close to a methoxy
group that is pointing to the same side of the plane defined by
the chrysene core. It was possible to put the conformers into
correspondence with those conformers of 2, which, without
taking the additional rotational degrees of freedom of 3 into
account, have identical conformations. Further investigation
of the flat semitwisted structures was not carried out, since it
seems evident that the results would agree with those
obtained for 2. It is very likely that the preferred racemisation


pathway of 3 will involve a rotation of the methoxy and
neighbouring ethyl group followed by a twisting motion of the
phenanthrene substructure that has those groups on an outer
ring, leading to a semitwisted Ci-symmetrical structure, as is
the case for 2.


5,11-Dimethylchrysene-6,12-dione : The topological map of
the 5,11-dimethylchrysene-6,12-dione (7) conformational
space is shown in Figure 9, with the energetics of all structures


Figure 9. Topological map of the 5,11-dimethylchrysene-6,12-dione (7)
conformational space. For an explanation see the caption of Figure 6.


listed in Table 7. Both of the two theoretically conceivable
conformers could be found. One is the twisted equilibrium
structure 7a with C2 symmetry. The other one (7b), being Ci-
symmetrical, has a nearly planar chrysene core, with the
methyl groups pointing to opposite sides of the plane defined
by the core. Both the structure and the energy of the transition
state TS (7a-b) are very similar to conformer 7b. This means
that the molecule will flip very rapidly between the enan-
tiomers 7a and 7a*.


Table 5. Relative energies of all equilibrium and interconnecting transition
state structures of 6,12-dimethoxy-5,11-diphenylchrysene (5). The total
energy of the most stable conformer 5a serves as reference. All energies are
given in kJmol�1.


Structure Symmetry BP86 B3LYP


minima
5a C2 0.0 0.0
5b C1 13.0 13.5
5c Ci 12.8 14.9
5d C2 25.4 26.3


transition states
TS(5a-b) C1 22.5 26.7
TS(5b-d) C1 35.8 40.6
TS(5b-c) C1 16.2 17.6
TS(5b-b*) Ci 27.4 29.3


Table 6. Relative energies of all twisted conformers of 6,12-dimethoxy-
5,11-diethylchrysene (3) and their correspondence with the equilibrium
structures of 6,12-dimethoxy-5,11-dimethylchrysene (2). The total energy
of the most stable conformer 3a serves as reference. All energies are given
in kJmol�1.


Structure Symmetry 2[a] BP86 B3LYP


3a C2 2a 0.0 0.0
3b C1 2a 6.5 6.4
3c C1 2b 7.3 7.3
3d C1 2b 8.0 8.0
3e C1 2b 12.2 12.2
3f C2 2a 12.4 12.3
3g C1 2b 13.5 13.5
3h C1 2c 19.3 19.3
3 i C1 2c 15.7 15.6
3j C2 2c 15.7 15.6
3k C1 2b 20.8 20.8
3 l C2 2c 16.7 16.6
3m C1 2c 20.9 20.9
3n C2 2c 24.7 24.7


[a] Corresponding derivatives of 2.


Table 7. Relative energies of all equilibrium and interconnecting transition
state structures of 5,11-dimethylchrysene-6,12-dione (7). The total energy
of the most stable conformer 7a serves as reference. All energies are given
in kJmol�1.


Structure Symmetry BP86 B3LYP


minima
7a C2 0.0 0.0
7b Ci 24.2 27.8


transition state
TS(7a-b) C1 24.5 28.1
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5,11-Diphenylchrysene-6,12-dione : The topological map of
the 5,11-diphenylchrysene-6,12-dione (10) conformational
space is shown in Figure 10, along with the energetics of all
structures in Table 8. Similarly to compound 7, two con-
formers exist. Of course, the symmetries of these conformers
coincide with those of 7 as well. As in the case of compound 7,
the energy of the transition state TS (10a-b) is very similar to
the energy of conformer 10b.


Figure 10. Topological map of the 5,11-diphenylchrysene-6,12-dione (10)
conformational space. For an explanation see the caption of Figure 6.


The rotational degree of freedom around the C5�C� or
C11�C�� bond is strongly coupled to the twisting motion of
the scaffold. The position of the phenyl group is determined
by the twist of the chrysene core. Another point of view would
be that a rotation of the phenyl group around the C5�C� or
C11�C�� bond induces a twisting motion of the associated
phenanthrene substructure of the chrysene core.


5,11-Diethylchrysene-6,12-dione : The topological map of the
5,11-diethylchrysene-6,12-dione (8) conformational space is
shown in Figure 11. This compound has the same pattern of
conformational degrees of freedom as 6,12-dimethoxy-5,11-
diphenylchrysene (5), so for both sides of the chrysene core
there are two degrees of freedom, each allowing two possible
positions, and a similar topology occurs. Starting from the


Figure 11. Topological map of the 5,11-diethylchrysene-6,12-dione (8)
conformational space. For an explanation see the caption of Figure 6.


most stable conformer 8a, both conformers resulting from the
rotation of the ethyl groups (8b and 8c) and the correspond-
ing transition state structures (TS (8a-b) and TS (8b-c)) could
be localised. It should be mentioned that the ethyl substituent
is oriented towards the oxo group and not towards the outer
benzene ring in these lower-lying transition states. Two Ci-
symmetrical structures are also obtained. While 8d turned out
to be a stable conformer, TS (8b-b*) is a transition state.
The energetics of all conformers are listed in Table 9.


According to Table 9, the preferred racemisation pathway
between the most stable conformer 8a and its enantiomer 8a*
involves only the conformer 8b. We could not localise any


transition state of a twisting motion that converts 8b into 8d.
Rotation of the second ethyl group leading to 8c, followed by
a twisting motion that is coupled to a rotation of the ethyl
group connected to the outer benzene ring of the associated
phenanthrene substructure, seems to be the only way which
leads to 8d. In any case it is more favourable to involve both
phenanthrene substructures in the twisting motion and thus
directly arrive at conformer 8b* by passing the transition state
TS (8b-b*). The energy barrier of the twisting motion
involved in the favoured racemisation pathway is as big as
the energy barrier of the rotation of the ethyl substituent.


Conclusion


Our calculations show that the strain energy and the energy
barriers of the rotations and the twisting motion are of the
same order of magnitude. Thus, rotation of substituents and
the twisting motion of the chrysene scaffold are equally
important in the racemisation process. Due to the aromaticity
of the core of the 6,12-dimethoxychrysene derivatives, their
most stable equilibrium structures are distorted to a lesser
degree than those of the corresponding chrysene-6,12-dione
derivatives. From another point of view, the sterically
demanding substituents of the chrysene-6,12-dione deriva-
tives can avoid repulsive interaction by twisting the core more
easily. Consequently, the strain energy of the 6,12-dimethoxy-
chrysene derivatives is at least a factor of two larger, with the
aromaticity being responsible again. The different electronic
structures of the two investigated compound classes do not


Table 8. Relative energies of all equilibrium and interconnecting transition
state structures of 5,11-diphenylchrysene-6,12-dione (10). The total energy
of the most stable conformer 10a serves as reference. All energies are given
in kJmol�1.


Structure Symmetry BP86 B3LYP


minima
10a C2 0.0 0.0
10b Ci 15.7 21.7


transition state
TS(10a-b) C1 17.7 21.9


Table 9. Relative energies of all equilibrium and interconnecting transition
state structures of 5,11-diethyl-6,12-dimethoxychrysene (8). The total
energy of the most stable conformer 8a serves as reference. All energies
are given in kJmol�1.


Structure Symmetry BP86 B3LYP


minima
8a C2 0.0 0.0
8b C1 5.9 6.1
8c C2 12.1 12.6
8d Ci 35.8 40.6


transition states
TS(8a-b) C1 35.1 35.1
TS(8b-c) C1 40.9 40.9
TS(8b-b*) Ci 34.5 40.2
TS(8c-d) C1 46.2 49.4
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have a major influence on the racemisation barriers. For each
compound we could localise at least one of the nearly planar
semitwisted conformers, and the favoured racemisation path-
way involves one of these structures in all cases except for
5,11-diethylchrysene-6,12-dione (8). Thus, the twisting motion
takes place in two steps in all but one of the investigated cases.
However, it must be taken into account that, particularly in
the case of the chrysene-6,12-dione derivatives, the potential-
energy surface in the region of these semitwisted structures
proved very flat. Thus any possibility of finding a way to
isolate or intercept the semitwisted structures seems unlikely.
It is clear that compounds with larger alkyl substituents
require further rotations to reach their corresponding enan-
tiomer. The activation barriers of these rotations are of the
magnitude of the rotation barriers in alkanes and therefore
are not expected to be of importance.
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Sequence-Selective Metalation of Double-Helical Oligodeoxyribonucleotides
with PtII, MnII, and ZnII Ions


J. Vinje,[a] J. A. Parkinson,[b] P. J. Sadler,[c] T. Brown,[d] and E. Sletten*[a]


Abstract: Reactions of [PtCl(dien)]�


(dien� diethylenetriamine), Mn2� and
Zn2� ions with three different double-
helical oligodeoxyribonucleotides,
which contain the central sequence
GGXY (XY�AT, TA or CC) have
been monitored by NMR spectroscopy.
2D [1H, 15N] HSQC/HMQC NMR spec-
troscopy using 15N-labeled Pt(dien)
shows that the rate of formation of 3�-
G-N7 and 5�-G-N7 platinated adducts is
highly sequence dependent. The relative
rates of platination of 5�-G versus 3�-G
are largest for the sequence -GGCC-,
for which only a small fraction of the
3�-G adduct is formed; for -GGTA-, the
rate of 5�-G platination is about eight
times that of 3�-G, and for -GGAT- the


ratio is 1.2. These values are in qualita-
tive agreement with those obtained for
G-N7/Mn2� selectivity as determined by
paramagnetic line broadening of the
adjacent G-H8, and also G-N7/Zn2�


selectivity as determined by G-H8
chemical shift changes. Fluctuation in
the nucleophilicity of G-N7 may be
explained by variation of the �-stacking
interaction between base residues along
the double helix. The reaction mixtures
containing platinated 3�-G and 5�-G
fractions were separated by HPLC.


Since the duplexes are self-complemen-
tary, the platinated single strands were
readily annealed to duplexes with two-
fold symmetry and analyzed by 2D [1H,
1H] NOESY NMR spectroscopy. Unex-
pectedly, the 5�-G-H8 resonance signals
of both 5�-G and 3�-G platinated duplex-
es showed large downfield shifts in the
range �� 0.3 ± 0.6 ppm, while the 3�-G-
H8 resonance signals in both cases
exhibited no, or only slight, upfield
shifts. Resonance signals for several
other protons in the central region
undergo large chemical shift variations
induced by platination, indicating that
monofunctional binding to DNA leads
to appreciable conformational changes.


Keywords: antitumor agents ¥ DNA
recognition ¥ NMR spectroscopy ¥
oligonucleotides ¥ platinum


Introduction


Large variations in the efficacy of anticancer platinum drugs
are exhibited depending on the type of malignancy. This may
be related to differences in the genetic expression, and it is
tempting to speculate that the drugs may bind to DNA in a


sequence-selective manner. A long-term goal is to design
metal complexes that can bind selectively to chosen sequences
of DNA. Previously, a general selectivity pattern for 3d
transition-metal binding to the guanine residues in double-
helical oligonucleotides was proposed based on proton NMR
line-broadening studies.[1, 2] The affinity of transition-metal
ions for the nitrogen N7 of the G residue on the 5�-side in a
double-helical DNA sequence was shown to follow the order:
5�-GG � GA � GT �GC. Surprisingly, the adjacent residue
(X) on the 5�-side (5�-XGG) was found to exert a negligible
influence on the selectivity. This sequence selectivity is not
observed for single-stranded oligonucleotides (unpublished
results). Photoinduced DNA cleavage experiments by Saito
et al.[3] have shown that the sites in B-form DNA most
susceptible toward one-electron oxidation are 5�-residues in
5�-GG-3� steps. This finding supports our proposed selectivity
rule, which is based on NMR experiments. It is apparent that
adjacent residues exert a minor influence.


Attempts to explain sequence-selectivity by variation in
molecular electrostatic potentials (MEPs) along the duplex
using the method of Pullman et al.[4] were unsuccessful. A
simple electrostatic interaction between a positive metal ion
and the most negative base residue does not fully explain the
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experimental results obtained by photochemical cleavage
studies, paramagnetic and chemical shift measurements, and
reaction kinetics. On the other hand, ab initio calculations of
the highest occupied molecular orbitals (HOMOs) of stacked
GG doublets in 5-mer duplexes partly support the selectivity
rule based on NMR data.[5] In these calculations, the sugar
backbones of the B-form duplex were removed from the
coordinate file and replaced by methyl groups, keeping the
positions of all other atoms fixed. Also, DNA cleavage by
cobalt-mediated guanine oxidation correlated well with
calculated HOMOs, and this implies that the CoII ion
coordinates more strongly to the G residue that has a large
HOMO.[5] Consequently, the sequence selectivity of G-N7
metal ion binding, which is obtained from 1H NMR studies,
would directly reflect the HOMOdistribution in G-containing
sequences. Feigon et al.[6] have recently reported that AT-rich
sequences can also localize monovalent and divalent cations
in a sequence-specific manner. They conclude that the wide
and very electronegative minor groove, as found in T4A4,
provides an excellent site for divalent cation localization,
while the narrow minor groove of A4T4 is not nearly as
favorable.


Numerous publications have dealt with the binding pattern
of cis-platinum anticancer drugs and the possibility of
sequence-selective binding to DNA (see a recent review[7]).
One of the first studies on this topic involved enzymatic
digestion of DNA platinated by using the well known
anticancer drug cisplatin (cis-[PtCl2(NH3)2]).[8] HPLC analysis
of the cleavage products showed that cisplatin forms chelates
spanning G and/or A residues with the following populations:
Pt-GG (65%), Pt-AG (25%) , Pt-GA (0%). Apparently, the
rule of sequence selectivity, which was proposed for labile
metal ion complexes and which is based on 1H NMR and
photochemical cleavage studies, does not apply to nonlabile
platinum complexes. However, the mechanism of chelate
formation does not necessarily follow the sequence selectivity
of the initial formation of monofunctional adducts. The fact
that the 5�-monoadducts are formed more rapidly and chelate
more slowly than the 3�-monoadducts may reflect the
inherently greater reactivity of the 5�-G compared to the 3�-G.
The common view is that the monoaqua species of cisplatin
makes the initial attack onDNA bases, although recent results
have led Chottard and co-workers to suggest that cisplatin
may undergo double hydrolysis before reacting with DNA.[9]


In most reported studies on the kinetics of monofunctional
platination reactions of single- and double-stranded oligonu-
cleotides, both NMR spectroscopic and chromatographic
methods have been used to determine kinetic parameters.[10]


Reactions that involve bifunctional platinum complexes have
usually been carried out with single-stranded oligonucleoti-
des. In these reactions, an initial monofunctional adduct is
formed that subsequently ring-closes to form a bifunctional
chelate. The proposed selectivity rule is expected to be valid
only for adduct formation involving duplexes. In a reaction
between 15 N-labeled [PtCl(dien)]� and a single-stranded 14-
mer d(A-T-A-C-A-T-G-G-T-A-C-A-T-A), little kinetic pref-
erence for platination of either 5�-G or 3�-G sites was
observed, while the single-stranded 8-mer d(A-T-A-C-A-T-
G-G) showed a distinct preference for 5�-G platination.[10b]


Chottard and co-workers, who used hairpin-forming oligo-
mers as duplex models, concluded that the selectivity for
monofunctional attack by PtII on 5�- and 3�-G residues is
dependent on the ligand in the trans position (e.g., Cl�, H2O,
OH�, NH3).[9a] Quite recently, the same group proposed an
interesting new model for sequence-selective binding of
cisplatin to DNA duplexes, involving a combination of
molecular electrostatic potentials and N7 accessibility.[9b] In
a study on selectivity of adduct formation between 15N-
cisplatin and 14-mer duplexes containing central -AGT- and
-GAT- residues, respectively, Hambley and co-workers con-
cluded that ™the purine base on the 3�-side of the pair exerts
substantially greater influence on the rate of binding at the 5�-
base than does the 5�-base on the rate of binding at the 3�-
base∫.[10d] However, monofunctional binding of cisplatin to
the -TGAT- sequence was found to be approximately an order
of magnitude slower than binding to -TAGT- sequences, a
result which does not agree with the proposed selectivity rule
for labile metal ion complexes. Recently, Hambley has
summarized the present status on platinum binding to
DNA.[11]


Herein we present the results of sequence-selective, mono-
functional binding of both labile (Mn(aq)2� and Zn(aq)2�) and
nonlabile ([PtCl(dien)]�) ions to double-helical DNA oligo-
nucleotides. The studies include kinetic analyses of reactions
between 15N-labeled [PtCl(dien)]� and two 12-mer and one
10-mer palindrome sequences where the central parts differ in
the following way: -GGTA-, -GGAT-, -GGCC-. In addition,
the preferred binding sites for the metal ions Mn2� and Zn2�,
which form labile adducts, have been determined. The results
are discussed in relation to ab initio calculations of HOMOs
of several G-containing 5-mer duplexes with B-form geom-
etry published by Saito et al.[5b]


Experimental Section


Materials: [15N]-labeled diethylenetriamine was synthesized according to
the reported procedure, and [PtCl(15N-dien)]Cl was prepared according to
the literature method for the unlabeled complex.[12, 13] The two dodecamers
d(TATGGTACCATA)2 I and d(TATGGATCCATA)2 II were purchased
from Oswel DNA Service (Southampton, UK) as HPLC-purified oligonu-
cleotides. The decamer d(TATGGCCATA)2 III was obtained from DNA
Technology A/S (Aarhus, DK) as the crude product from ethanol
precipitation. The chemicals used for HPLC purification: acetonitrile,
triethylammonium acetate buffer (made from equimolar amounts of
triethylamine and acetic acid), sodium hydrogen phosphate, NaCl and
NaOH were purchased from Baker. Sodium perchlorate and sodium
dihydrogen phosphate were from Merck. The metal salt MnCl2 was from
Baker, and ZnCl2 was from Aldrich (99.999% purity, to minimize the level
of paramagnetic metal ion impurities).


NMR spectroscopy: NMR spectra were recorded on the following instru-
ments: Bruker DRX-600 (Bergen) and Varian UnityINOVA-600 and Bruker
DMX-500 (Edinburgh). Each instrument was fitted with a pulsed gradient
module and a 5 mm inverse probehead. The instruments were used for the
acquisition of 2D [1H, 15N] HSQC/HMQC, 2D [1H, 1H] NOESY and 1D
1H NMR spectra. A dpfgsew5 pulse sequence was used to supress water in
1D 1H and 2D [1H, 1H] NOESY NMR spectra recorded in H2O.[14, 15] A
presaturation pulse was used to suppress water in 1� 1H NMR spectra of
samples dissolved in D2O. The spectral width used for 1D 1H and 2D [1H,
1H] NOESY NMR data sets was 6010 Hz for samples dissolved in D2O and
12019 Hz for samples in H2O. The 2D [1H, 1H] NOESYNMR spectra were
recorded in a phase-sensitive mode using the States-TPPI quadrature
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detection scheme.[16] A total of 2048 complex points in t2 were collected for
each of 512 or 1024 t1 increments. The number of transients were averaged
for each increment and the relaxation delays were adjusted for the
concentration of the sample. The 2D [1H, 15N] HMQC and [1H, 15N]
HSQC NMR spectra were phased with the Echo/Antiecho-TPPI quad-
rature detection scheme. Pulsed field gradients were employed to select the
proper coherence and the 15N spins were decoupled during acquisition. No
extra pulse sequence was required to suppress water in HMQC spectra
(pulse sequence of Palmer et al.[17]) and HSQC (pulse sequence of
Stonehouse et al.[18]) acquired in H2O. The HMQC and HSQC NMR
spectra were optimized for 1JN,H� 72 Hz.


The parameters for the HMQC experiments were as follows: spectral width
in F1, 3345 Hz; in F2, 4195 Hz; 2048 complex points in each FID in t2 , 64
increments in t1; four transients were averaged for each increment in the
beginning of the reaction, this was gradually increased to 32 transients. A
relaxation delay of 2 s was used. The temperature during data acquisition
was in the range 273 ± 310 K and was dependent on the type of experiment
(15N kinetics, 2D [1H, 1H] NOESY, 1D 1H, line broadening and T1


measurements). The 1H chemical shifts were referenced to TSP through
the HDO resonance signal. An external sample of 15N-labeled NH4Cl (1��
in HCl (1�� was used as external reference for 15N chemical shifts.


1D 1H, 2D [1H, 1H] NOESY and 2D [1H, 15N] HMQC NMR data were
processed using the program XWIN-NMR Version 2.6. Data collected for
T1 and T2 measurements were processed using the program 1� WIN-
NMR 5.1. The apodization function used in both dimensions for the 2D
data was a pure squared-cosine-bell, and an exponential window function
with a line-broadening of 1 ± 5 Hz was applied to the 1D 1H FIDs. The t1
FIDs in the 2D NMR data sets were linearly predicted to four times their
original value, except for FIDs that were recorded with 1024 increments in
t1, which were linearly predicted to 2048 data points.


HPLC oligo purification and separation of reaction mixtures : NMR sample
purification was carried out with a Waters 626 LC instrument using
Millennium 32 software. The separations were carried out at ambient
temperature with a detection wavelength of 260 nm. The dodecamer I was
first run through a column (length: 7 cm) filled with the strongly acidic
cation exchange resin Dowex-50W (Sigma), then through a column
(length: 10 cm) that contained Sephadex G-25 (Pharmacia Biotech). Final
purification was carried out on a column (length: 6 cm) that was packed
with Chelex resin (Biorad) to remove paramagnetic impurities. Oligonu-
cleotides I and II, which were purchased as HPLC-purified sodium salts,
contained traces of paramagnetic impurities that gave rise to appreciable
line broadening of the 5�G-H8 protons due to sequence-selective binding of
trace paramagnetic ions to G-N7. Chelex resin treatment effectively
reduced the 5�-G-H8 line widths to a half-height almost equal to that of the
3�-G-H8 signal. The decamer III was purified by HPLC on a MonoQ
HR 10/10 (Pharmacia Biotech) column with the eluents A: 10 m� NaOH,
0.3 � NaCl, pH 12.5; B: 10 m� NaOH, 1.0 � NaCl, pH 12.5. A 60 min
linear gradient run from 0% B to 70% B was applied. The samples
collected from the separation were
immediately neutralized with a small
amount of NaH2PO4 ¥H2O present in
the sample collection vessel. The
decamer sample was then desalted on
a LiChrospher 100 RP-18 column
(250� 4 mm ID, 5 �m, Merck, D).
The eluents were A: 5% acetonitrile
and 15 m� triethylammonium acetate
(TEAA) pH 7.2; B: 70% acetonitrile
and 15 m� TEAA, pH 7.2. A 30 min
linear gradient from 0% to 15%Bwas
applied. TEAA and acetonitrile were
removed by freeze-drying the sample
twice, once at pH 12 and once at pH 3.
The purified oligonucleotides I, II and
III were dissolved in 90% H2O and
10% D2O with a salt concentration of
0.1� NaClO4, pH 6± 7. pH values
were adjusted with 0.1 ± 1.0 � HClO4


or NaOH, and determined with a
Corning 240 pH meter and an Aldrich
microcombination electrode, which


had been calibrated at pH values of 4, 7, and 10. The mixtures containing
the Pt(dien)/duplex reaction products were separated on a MonoQ HR 10/
10 (Pharmacia Biotec) column using the same eluents as for the purification
of III but with different gradients to optimize resolution. The reaction
mixture of I and [Pt(dien)] was separated by a 40 min elution with 70% A
and 30% B followed by 20% A and 80% B for 15 min. The products of II
were separated with a linear graddient from 35% B to 65% B for 30 min,
and for III were separated by 75% A and 25% B for 27 min and then 30%
A and 70% B for 14 min.


MnII and ZnII titrations of duplexes, -GGTA- , -GGAT-, -GGCC-: MnII and
ZnII titrations of the oligonucleotides were carried out in NMR tubes by
addition of aliquots of metal salt solutions with a micropipette. The samples
of the oligomers were dissolved in D2O when titrated with MnCl2 and in
H2O when titrated with ZnCl2. The pH of the samples was 6 and the sodium
perchlorate concentration was 100 m�. The concentration of metal ions
was increased in increments to maximum r values (r� [metal]/[duplex
DNA]) in the range 1� 10�4 ± 2� 10�3 for the paramagnetic MnII system,
and 0.1 ± 13 for the diamagnetic ZnII system.


Reaction of duplexes -GGTA- , -GGAT-, -GGCC- with [PtCl(15N -dien)]�:
The reactions between [PtCl(15N -dien)]� and I and II, respectively, were
monitored by 2D [1H, 15N] HSQCNMR spectroscopy at T� 288 K. Duplex
I and Pt(dien) were mixed in equimolar amounts in NaClO4 (0.1�� to an
initial concentration of 0.8 m� at pH 6. After the reactants were mixed in
the NMR tube, the first HSQC NMR spectrum was recorded after 20 min
and subsequently after every 20 min for the next two hours followed by
longer intervals for the next 10 h. Peak volumes in the 2D [1H, 15N] HSQC
2D NMR spectra were measured by using integration routines in the NMR
software. The same procedure was followed for kinetic studies of II with the
exception of somewhat higher initial sample concentration (1.1 m�) in the
reaction mixtures. For duplex III HMQC spectra were recorded (Bergen)
with a concentration of �1.3 m� in duplex and slight excess of Pt(dien).
Typical spectra demonstrating the variation in intensities for the NH and
NH2 signals of Pt(dien) are shown for I after 30 min and 4 h, respectively
(Figure 1).


The reaction products from the platination of I, II, and III were separated
on a MonoQ column �24 h after the reaction start time. Chromatograms
(Figure 2) show three main peaks with increasing elution times: the 5�-G
and 3�-G platinated nucleotides, and free nucleotide, respectively. The
reaction mixtures of I and II were analyzed again by HPLC a month later
after storage of samples at 278 K and, surprisingly, the relative amounts of
3� and 5�-platinated oligos had changed dramatically (Supporting Informa-
tion: Figure S1). The amounts of 3�- and 5�-platinated species have
equalized for seqence I and are reversed for sequence II. Evidently
isomerization has taken place through the rupture of Pt�N7 bonds. New
Pt�N7 bonds are formed in more stable monofunctional adducts.


HPLC fractions were desalted by using a NAP-10 column (Pharmacia
Biotech) and eluted with sodium phosphate buffer (10 m�� pH 6.6). The
volume of each eluted sample was 1.5 mL. Finally, the samples were


Figure 1. Typical 2D [1H, 15N] HMQC NMR spectra for the reaction between duplex I [d(TATGGTACCATA)]2
and 15N-labeled [PtCl(dien)]�: a) after 30 min; b) after 4 h. Peak a is assigned to Pt-NH, and peaks b to Pt-NH2 of
free Pt(dien). Peaks c and d are assigned to Pt�NH in Pt(dien) adducts Pt-5�-G and Pt�3�-G, respectively, and
peaks e represent Pt�NH2 groups of both Pt�5�-G and Pt�3�-G adducts.
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lyophilized and dissolved in 500 �L deionized water that contained NaClO4


(100 m��� D2O (10%), and sodium phosphate buffer (30 m��. The pH
values of the NMR samples were in the range 5.7 ± 6.3.


Data analysis : Rate constants for the reactions were determined by a
nonlinear optimization procedure using the program SCIENTIST.[19] The
data were fitted using first- and second-order rate equations (see
Supporting Information). The extent of hydrolysis of [PtCl(15N -dien)]� is
limited by the relatively high chloride anation rate constant.[20] Thus, the
concentration of the aqua complex was too low to be detected, but was
estimated from the hydrolysis data.


Results


Proton assignments of the duplexes: The dodecamers
[d(TATGGTACCATA)]2 (I), [d(TATGGATCCATA)]2 (II),
and the decamer [d(TATGGCCATA)]2 (III) are self-comple-
mentary, and the numbering scheme is as, for example, III: 5�-
d(T1A2T3G4G5C6C7A8T9A10)-3�. The proton resonance signals
of these sequences were assigned by using the well-known
method of sequential connectivity of NOESY cross-peaks for
right-handed double-helical DNA. The magnitude of the
cross-peaks in the NOESY maps for all three duplexes
indicated normal B-form geometry. The spectra of the imino
region exhibited the expected Watson ±Crick thymine and
guanine imino signals (data not shown). As usual, terminal
imino signals were found to be very broad, even at low


temperature, due to NH exchange with bulk water (™fray-
ing∫). Complete assignments of the exchangeable and non-
exchangeable proton resonance signals for duplex I are listed
in the Supporting information (Table S1).


Mn2� titration : The effects of adding paramagnetic Mn2� ions
to aqueous solutions of DNA fragments were monitored by
observing the decrease in spin ± lattice (T1) and spin ± spin (T2)
relaxation times for protons close to the metal centers.
Paramagnetic metal ions may be classified according to their
electronic correlation times, that is as relaxation probes that
give rise to broad lines or as paramagnetic shift probes with
less line-broadening. Manganese(��) is a typical relaxation
probe with an estimated electronic relaxation time (ts�T1e�
T2e) of 10�8 ± 10�9 s. Line-broadening is expressed as the line-
width at half-height as a function of metal concentration. In
kinetically labile metal complexes at low metal-to-nucleotide
ratios, paramagnetic shift effects are difficult to detect. In this
case geometric information about metal binding sites is most
effectively obtained by measuring proton spin ± spin (T2) and
spin ± lattice relaxation times (T1). Of special interest is the
effect on the G-H8 protons that are adjacent to the expected
N7 binding site of guanine residues.


Titration of the -G4G5TA- duplex showed a clear prefer-
ence for Mn2� binding to the 5�- G4 residue, as demonstrated
by the plot of line-broadening versus r� [Mn2�]/[duplex]
(Figure 3a). A distinct selectivity pattern emerges, in which
the H8 on 5�-G is more strongly influenced than that on 3�-G.
The adenine A12-H8 signal, which is plotted as a reference, is
not influenced by the paramagnetic ions. The same trend is
observed for the measured spin ± lattice relaxation times (T1)
(data not shown).


The Mn2� titration procedure was repeated for duplex
-GGAT- II and duplex -GGCC- III, and the plots of
line broadening versus r are shown in Figures 3b and 3 c,
respectively. A comparison of the plots for the three duplexes
shows some interesting differences. In all cases 5�-G-H8
exhibits the largest paramagnetic line-broadening. How-
ever, the most interesting observation is the variation in
line broadening for the 3�-G residues which is seen to
follow the trend: 5�-GGA� 5�-GGT� 5�-GGC in qualita-
tive agreement with the selectivity rule that was proposed
previously.[1, 2]


Zn2� titration : For this diamagnetic system, the chemical
shifts for G-H8 protons were monitored as a function of
added zinc salt. In contrast to the paramagnetic Mn2� system,
excess Zn2� salt was added to the duplex solutions until an
upper limit of metal-ion-induced chemical shift changes was
reached. This upper level was observed at r� [Zn2�]/
[duplex]� 5, which corresponds to a [Zn2�]/[G] value of
�1.2. Plots of chemical shift versus r are shown in Figure 4,
and a similar trend to that for the paramagnetic system is
observed. The relative chemical shift effects of Zn2� ions on
5�-G-H8 resonance signals are clearly stronger than on the
3�-G-H8 resonance signals.


An accurate determination of Zn/DNA stability constants
based on variations in chemical shifts is not possible since this
variation is related to two major and several minor binding


Figure 2. Chromatograms for products from the reaction between
[PtCl(dien)]� and DNA oligonucleotides: a) -GGTA- I; b) -GGAT- II;
c) -GGCC- III. TheHPLC fractions were collected�24 h after the reaction
start.
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Figure 3. Line-broadening versus Mn2�/duplex ratio (pH� 6) for the H8
resonance signals of 5-G� (*), 3-G� (�), and a terminal adenine (�) for
comparison. a) d(TATGGTACCATA)2; b) d(TATGGATCCATA)2;
c) d(TATGGCCATA)2.


sites. An estimate of the association constants for 5�-G of
duplex I using the formula published by Eriksson et al.[21] gave
K� 962.


[PtCl(15N -dien)]� duplex kinetics : The reactions between
Pt(dien) and each of the three duplexes were monitored by
2D [1H, 15N] HSQC/HMQC NMR spectroscopy for a total of


Figure 4. Chemical shift versus Zn2�/duplex ratio plots (pH� 6) for the H8
resonance signals of 5�-G (*), 3�-G (�), and a terminal adenine (�) for
comparison. a) d(TATGGTACCATA)2; b) d(TATGGATCCATA)2;
c) d(TATGGCCATA)2.


24 h at 288 K for I and II, and at 298 K for III. Typical [1H, 15N]
spectra for the reaction between Pt(dien) and duplex -GGTA-
are presented in Figure 1. The development of the cross-peak
pattern is shown for t� 30 min and t� 4 h. Cross-peaks can be
assigned to the nonequivalent protons on the two trans
Pt�NH2 groups (�(1H)/�(15N), 5.1/� 34.0, 4.9/� 34.0 ppm),
and to Pt�NH trans to Cl� (�(1H)/�(15N) chemical shifts of 6.5/
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7.9 ppm). These values are in agreement with earlier assign-
ments for [PtCl(dien)]� in NaClO4 (0.1�, pH 5.4), �(1H)/
�(15N): 5.23/� 33.8, 5.02/� 33.8, 6.65/8.1).[22] Previously, 2D
[1H, 15N] HSQC NMR spectra have been reported for a
Pt(dien)-platinated 14-mer -GGTA- duplex. This duplex was
formed by annealing the 5�-G and 3�-G products that had been
separated as single strands by HPLC.[10b] The assignment of 5�-
and 3�-platination was not deduced from NMR spectra, but
relied on 3�-exonuclease venom phosphodiesterase (VPD)
digestion experiments. The corresponding spectra in our
systems are quite similar to the composite 5�- and 3�-spectra
for the 14-mer duplex. A new set of Pt�NH2 and Pt�NH cross-
peaks emerged during the reaction, while the intensities of the
initial cross-peaks diminished. The new Pt�NH cross-peaks
represent the dien nitrogen atom trans to 5�-G-N7 and 3�-G-
N7, respectively. However, from the HSQC/HMQC experi-
ments on the reaction mixture, it is not possible to make an
unambiguous assignment. Determination of rate constants
was based on the intensities of Pt�NH cross-peaks since the
emerging Pt�NH2 cross-peaks were severely overlapped.


The time courses for reactions of each of the three duplexes
are shown in Figure 5. The data were fitted to second-order
kinetics using the rate constants for the hydrolysis of
[PtCl(dien)]� , which were published by Marti et al.[20] .The
rate constants, which were determined for the individual
guanines, can be accounted for by a two-step kinetic model
(Scheme 1).


The first step probably involves an initial, rapid, and
reversible formation of the [PtH2O(dien)]2� complex on the
surface of the duplex, followed by the irreversible substitution
of H2O by N7. Direct evidence for preassociation that
precedes covalent binding has recently been published by
Farrell and co-workers for the reaction of cisplatin with
surface-immobilized oligonucleotides.[23] The rate constants
are listed in Table 1. The k5� values are comparable to the rate
constant determined by UV spectroscopy for Pt(dien) binding
to 5�-GMP (295 K, 100 m� phosphate buffer, pH 5,).[24] For
sequence III, the amount of 3�-G-platinated adducts was to
small to allow determination of k3�. The relative order of k5�/k3�


rate constants (1.2 (GA), 8.6 (GT), and 8 (GC)) follows the
same trend as that found for sequence selectivity for adduct
formation with labile transition-metal ions.[1, 2] However, the k
values differ from those reported by Chottard et al. for
cisplatin, which was bound to hairpin-stabilized double-
stranded oligonucleotides.[9a, 25] The authors showed that the
measured rate constants at pH 4.5 varied considerably
according to the type of ligands in the coordination sphere
(e.g., Cl, H2O, OH�, NH3). Several factors may account for
the apparent discrepancy between our study and that of the
Chottard group, for example different pH and ionic strength,
difference in ligand geometry between cisplatin and Pt(dien),
and the possibility that the geometry of the hairpins may
differ somewhat from regular double-helical duplexes. It
would be of interest to monitor the kinetics of 15N-labeled
cisplatin by 2D (1H, 15N) NMR spectroscopy and make
comparisons with HPLC monitored kinetics.


1D and 2D NMR spectra of [PtCl(15N-dien)]� duplex
solutions : Proton 1D spectra were recorded at 1 h time


Figure 5. Experimental concentrations (NMR data) and theoretically
fitted curves for the reaction between a) 0.8 m� Pt(dien) and 0.8 m� I,
b) 1.1 m� Pt(dien) and 1.1 m� II, and c) 1.3 m� Pt(dien) and 1.2 m� III at
pH� 6. Symbols: (�) Pt(dien), (�) Pt�G5�, and (�) Pt�G3�.


intervals during the reactions. However, due to the severe
overlap of resonance signals from several species, these
spectra could not be fully assigned. Proton NOESY NMR
data were recorded halfway through and at the end of each
reaction. Direct platination of a palindrome duplex at a Pt:G
ratio of �1:4 yields a mixture of mononuclear G-platinated
species. The final NOESY maps are rather complicated and
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contain overlapping signals from unreacted duplex and two
major platinated species, as indicated by the HPLC traces of
the reaction mixtures (data not shown).


To characterize the reaction products, the HPLC fractions,
after appropriate treatment (see above), were transferred to
NMR tubes. The imino region of the 1D 1H NMR spectra
showed that the HPLC-isolated platinated single strands had
refolded into double-helical palindromes and had retained
their twofold symmetry. The largest imino chemical shift
change was observed in the spectrum of the -GGTA- duplex,
in which T6-H1 in fraction 2 was shifted �� 0.3 ppm down-
field. The concentrations of the samples were relatively low
(0.2 ± 0.4 m�), but we were still able to trace most of the
sequential connectivity in the NOESY spectra (Figure 6).
NOE contacts between Pt(dien) amino protons and G-H8
adjacent to the N7 coordination site were assignable, and,
most importantly, the two Pt�NH imino signals could be
unambiguously assigned to the 5�- and the 3�-G-binding sites,
respectively.


Unambiguous assignments of the key base protons were
made based on the H6/H8 ¥¥¥ ¥H1�/H5 and H6/H8 ¥¥¥ ¥ H2�/
H2�� regions of the NOESY map. The chemical shift assign-
ments for 5�-G/Pt and 3�-G/Pt of duplex I are listed in Table S1
in the Supporting Information. A summary of the Pt-induced
shifts of G-H8 protons is given in Table 2.


Usually, G-N7 platination produces a significant downfield
shift of the 1H resonance signal for the G-H8 that is adjacent
to the binding site, and, in principle, this allows a distinction to


be made between 5�-G and 3�-G platination. These downfield
shifts mainly reflect the inductive effect of platinum binding,
and have been estimated at (0.44� 0.01) ppm.[26] The major
HPLC fractions are assumed to represent unreacted single
strands and monofunctional 5�-G and 3�-G platinated species,
respectively. The corresponding G-H8 proton resonance
signals are expected to exhibit significant downfield chemical
shifts (see above). The spectra of the 5�-G/Pt fraction of each
platinated duplex show the following 5�-G-H8 downfield
shifts: �� 0.61 (-GGAT-), 0.62 (-GGTA-), and 0.48 ppm
(-GGCC-), which are in agreement with the expected
inductive effect of N7 platination, while the 3�-G-H8 proton
resonance signals exhibited small upfield shifts of 0.03 ±
0.06 ppm. Quite unexpectedly, the spectra of the 3�-G/Pt
fraction 2 show almost the same G-H8 shift pattern as that for
the 5�-G/Pt fraction: the 5�-G-H8 resonance shifts downfield
by �� 0.33 and 0.32 ppm for the -GGAT and -GGTA-
duplexes, respectively, while the 3�-G-H8 proton shifts are
practically unaffected (�� 0.03 and 0.00 ppm) despite Pt
binding to the 3�-G base. For the -GGCC- duplex, the HPLC
fraction was too small (less than 10% of the total products) to
provide spectra with a sufficient signal-to-noise ratio to detect
the G-H8 proton signals.


Based on these shift data, the initial interpretation was that
both HPLC fractions represent two isomers of 5�-G-platinated
species and that no 3�-G-platinated species exists. This
conclusion is unlikely in view of previous results which were
obtained from numerous platination studies of DNA oligo-
nucleotides (see, for example, ref. [9]). An alternative interpreta-
tion is based on the observation of relatively strong NOE con-
tacts between Pt(dien)-NH2 protons and G-H8 of the plati-
nated residue. In fraction 1 of each duplex, NOE contacts
involve 5�-G-H8 as expected and not 3�-G-H8 (Figure 6). In con-
trast, the spectrum of fraction 2 contains two significant cross-
peaks between 3�-G-H8 and Pt�NH2, while the 5�-G-H8 protons
with downfield shifts of �0.3 ppm have no Pt�NH2 contacts.
This highly unexpected G-H8 shift pattern must be related
to unusual (de)shielding effects that are caused by large
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Scheme 1. Reaction pathway of [PtCl(dien)]� with duplex I, HPLC separation and annealation of the reaction products.


Table 1. Rate constants (standard deviations in parentheses) for reactions
of [PtCl(dien)]� with duplexes I, II, and III (pH 6, in 0.1� NaClO4).


k5� [��1 s�1] k3� [��1 s�1]


I -GGTA-[a] 4.3 (6) 0.5(1)
II -GGAT-[a] 4.0 (6) 3.4(5)
III -GGCC-[b] 7.6 (6) [c]


[a] Temperature� 288 K. [b] Temperature� 298 K. [c] Negligible
3�platination.
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Figure 6. NOESY maps (mixing time 250 ms, T� 285 K, pH� 6) of the
H6/H8 ¥¥¥ ¥ H1�/H5 region of duplex I: 5�-[d(TATGGTACCATA)]2.
a) Duplex I alone; b) 5�-G-N7/Pt(dien); c) 3�-G-N7/Pt(dien). The signals
in box P of b) and c) are cross-peaks between the NH2 groups of Pt(dien)
and H8 of the guanosine to which Pt(dien) is coordinated. In b) the T11/
A12 and in c) the T1/A2 cross-peaks are missing, but these are visible at
lower temperature (279 K).


structural perturbations of the duplex geometry and are
induced by Pt(dien) coordination. These structural changes
are seen to induce large chemical shift changes for several
protons in the central part of the duplex (Figure 7). Examples


Figure 7. Chemical shift differences for NMR resonance signals of
platinated and unplatinated DNA duplex I. a) 5�-G/Pt, b) 3�-G/Pt. Chemical
shift differences, ��, measured as �(I-Pt)� �I. Symbols: (�) Aromatic H8
or H6 protons and (�) H1�.


are the large shifts of proton resonance signals for the T6
residue in the -GGTA- duplex (fraction 2): H6 (���0.458),
H1� (�0.293), H2� (�0.197), H2�� (�0.245), and methyl
(0.204 ppm). In this fraction, the adjacent G5 residue is
assumed to be platinated.


Discussion


At present, spectral resolution severely limits the number of
residues in oligonucleotides that can be conveniently analyzed
by high-field NMR spectroscopy. The use of self-complemen-
tary sequences greatly simplifies the spectral analysis due to
the twofold symmetry of the duplex. The structure of a short
mini-helix is probably sufficiently close to that of native DNA
to serve as a realistic model for studying metal-induced local
conformational changes, although, end-effects due to ™fray-
ing∫ of the duplex may sometimes influence the binding
mode.


The present work has shown that monofunctional, non-
labile platination of double-helical DNA oligonucleotides


Table 2. G-H8 chemical shift differences between the native duplex and
the 5�-Pt/G and 3�-Pt/G fractions of duplex I, II, and III. The asterisks
indicate the platinated guanine residue.


5�-G-H8 3�-G-H8


Pt-G*GTA I 0.62 � 0.05
Pt-G*GAT II 0.61 � 0.03
Pt-G*GCC III 0.48 � 0.09
Pt-GG*TA I 0.32 0.00
Pt-GG*AT II 0.33 0.03
Pt-GG*CC III [a] [a]


[a] Negligible platination observed.
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using 15N-labeled [PtCl(dien)]� follows a sequence-selective
binding pattern that is similar to that observed for transition-
metal ions which form labile adducts. The mode of binding of
metal ion complexes to different DNA oligomers is mainly
determined by two factors: 1) the nucleophilicity of the
binding site, and 2) the coordination geometry of the metal
ion complex. Previously some of us have shown that aqua
complexes of Mn2�, Co2�, Ni2�, Cu2�, Zn2�, and Cu(en)2�


exhibit sequence-selective binding to a series of double-
helical oligodeoxyribonucleotides with the following order of
affinity for the guanine N7 on the 5�-side: 5�-GG� GA� GT
� GC.[1, 2] In the present study this selectivity pattern is
confirmed for Mn2� and Zn2� adducts of three different
duplexes.


Fluctuation in the nucleophilicity of G-N7 is a consequence
of the variation of �-stacking interactions between base
residues along the duplex. The helical parameters (twist, tilt,
roll etc.) are sequence-dependent, and local conformational
variations within the B-family of structures have been
determined with reasonable precision. For example, the
sequence inversion between 5�-AATT- and 5�-TTAA- has
been found to change the helical twist, and leads to decreased
stacking and consequently to changes in electron-donating
properties.[27] Recently, density functional theory (DFT)
calculations on Pt/N-containing heterocycles have shown a
considerable contribution from �-orbital interactions to the
Pt�N bond energy.[28] Experiments on photo-induced DNA
cleavage by electron transfer have demonstrated that guanine
residues that are located 5� to an adjacent guanine are the
most electron-donating sites in duplex DNA.[5] In photo-
reaction studies that involved the duplex hexamer
5�-TTGGTA/5�-TACCAA and the duplex heptamer
5�-TTGGGTA/5�-TACCCAA it was found that the reactivity
of the G-containing duplex oligomer toward a photosensitizer
decreased in the order -GGG-� -GG-� -GA-�GT, -GC-.
Recently, ab initio calculations of HOMOs of a wide variety of
G-containing 5-mer sequences with B-form duplex geometry
were compared to experimental results that were obtained
from oxidation of the same sequences with Co2� and benzoyl
peroxide.[5b] The distribution of HOMOs along the sequence
shown in Table 3 was found to fit the experimentally observed
susceptibility to one-electron oxidation and electrophilic
attacks at these sites. Qualitatively, these results agree with
our rule for sequence-selective binding of metal ions to
duplexes based on NMR spectroscopic data. The fact that
sequence-selective structural variation in DNA has a pro-
found influence on its electronic structure may also explain


conflicting results concerning the conductor and insulator
properties of DNA.[29]


In principle, platinum complexes should preferentially
attack the more electron-donating sites in DNA duplexes.
Of course, steric factors determined by bulky Pt ligands may
also play a role. For the most studied platinum complex,
cisplatin, the course of the initial attack on DNA is often
obscured by subsequent chelate formation. The chelation
step, which spans both the 5�-G and the 3�-G residues, is found
to proceed much faster for the monofunctional 3�-G species
than for the corresponding monofunctional 5�-G species. The
fact that monofunctional 5�-adducts are more stable and have
longer lifetimes than the corresponding 3�-adducts may
explain why AG and not GA adducts of cisplain were
observed for calf-thymus DNA.[8] Most platination studies
that involve cisplatin have been performed on single-strand
DNA followed by annealing to the complementary strand to
form a platinated DNA. We have shown (unpublished data)
that single-strand metalation does not follow the rule of
sequence selectivity, which is apparently, an inherent property
of the DNA stacking pattern.


In the present work we find sequence selectivity in the
kinetics of monofunctional coordination of Pt(dien) to the G
residues in three different duplexes in which the central
sequence has been varied systematically. A comparison of
reaction rates shows that the selectivity for covalent platina-
tion matches that for adducts with labile metal ions. 5�-G in
-GGXY- is more reactive than the 3�-G in the order X�A �


T� C. However, when the reaction mixtures were aged over
several weeks, the relative amounts of 5� and 3� HPLC
fractions had changed. This was also confirmed by comparison
of 2D [1H, 15N] HSQC/HMQC NMR spectra of the aged
solutions with those recorded in the initial kinetic experi-
ments. This suggests Pt�N7 bond cleavage and isomerization,
which has been observed previously for platinated single-
stranded and double-stranded DNA.[10b, 30] Leng and co-
workers have suggested a catalytic effect of the DNA double
helix to explain the rearrangement that takes place when a
stable trans-platinated single strand is annealed with its
complementary strand.[30g) ] The rate of the isomerization
reaction was found to depend on the nature of the base
sequence. The occurrence of Pt�N bond cleavage may
influence the results of kinetic analyses that are based on
HPLC techniques, in which aliquots of the reaction mixture
are collected at several time points and quenched with a large
amount of potassium chloride.


It has been demonstrated that formation of monofunctional
[PtCl(dien)]� adducts induces distortions in DNA duplex-
es.[10g, 30b±d] Reedijk et al.,[30c] in a study on the effect of
[PtCl(dien)]� and [PtCl(NH3)3]� binding to a nonanucleotide
duplex, observed a decrease in the melting temperature by
15 ± 20 K, which is a comparable value to that induced by
cisplatin. In a subsequent paper, 1D NMR spectroscopic data
suggested conformational changes for the central part of the
platinated nonanucleotide duplex.[30d] These results support
our conclusions from NOESY NMR spectra which clearly
indicate substantial distortion of the central parts of the
duplexes due to Pt(dien) platination. The chemical shift
pattern of G-H8 protons is unusual and may reflect dramatic


Table 3. Distribution of HOMOs (normalized to the largest value) in
B-form duplex 5-mers obtained by ab initio calculations (taken from Saito
et al. [5b) ]).


Upper strand Lower strand


5�-G 3�-G 5�-G
5�-T-G-G-C-T-3� 100 11
3�-A-C-C-G-A-5� 0
5�-T-C-G-G-T-3� 100 12
3�-A-G-C-C-A-5� 10
5�-A-C-G-G-T-3� 100 12
3�-T-G-C-C-A-5� 3
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changes in the ring current effects due to structural distortion.
A downfield shift for G-H8 of around 0.5 ppm is usually
diagnostic of G-N7 platination.[26] This effect was observed
only for 5�-G-N7 platination (� � 0.6 ppm). In the case of
3�-G-N7 platination, the deshielding effect on 3�-G-H8 is
counteracted by an opposite upfield shift induced by variation
in ring current effects. Furthermore, when 3�-G-N7 is
platinated, the 5�-G-H8 signal moves downfield by ��
0.3 ppm. Initially, these data were interpreted as representive
of two different 5�-G-platinated isomers. Fortunately, an
unambiguous assignment can be made to distinguish between
3�-G- and 5�-G-platinated species, which is based on relatively
strong NOE cross-peaks that represent contacts between
Pt�NH2 protons and G-H8 of the platinated 3�-G and 5�-G
residues, respectively. Variations in the chemical shift pattern
for G-H8 of platinated nucleotides have been analyzed in
detail by Kozelka, Chottard, and Fouchet[31] and more
recently by Marzilli et al.[32] New rules for H8 shifts have
been proposed that are based on NMR data and molecular
modeling calculations on cis-platinated dinucleotides.[33]


These cross-linked GG complexes usually have one base
canted toward the other, and the H8 signal of the more canted
base is further upfield. This effect has been attributed to the
ring-current effect of the less canted base, and although
dependent on which base is canted, opposite shift effects are
found for 5�-G-H8 and 3�-G-H8.[31] In the present system,
which involves a doubly platinated helix, similar GG inter-
base relationships may exist.


Conclusion


An important aim is to provide an experimental method that
can predict how different sequences and geometries alter the
reactivity of the bases in intact DNA. In this work we have
used different NMR spectroscopic techniques to investigate
sequence-selective metalation of self-complementary oligo-
deoxyribonucleotides. Both paramagnetic (Mn2�) and dia-
magnetic (Zn2�) ions, which form labile adducts with duplex-
es, as well as [PtCl(dien)]� , which forms nonlabile, monofunc-
tional adducts, have been studied. The results for labile
adducts of metal ion/DNA oligomers corroborate previous
studies on the interaction between 3d transition metal ions
and a series of oligodeoxyribonucleotides.[1, 2]


We have shown that the kinetics of monofunctional binding
of divalent platinum to double-helical oligodeoxyribonucleo-
tides follow qualitatively the same selectivity pattern as for
labile metal ion adducts. The relative difference in binding
affinity between the 3�-G-N7 of 5�-GG*AT- and 5�-GG*CC- is
quite dramatic: in the former case the extent of platination of
5�-G is comparable with that of 3�-G, whereas in the latter case
there was little 3�-G platination. Calculations published by
Saito et al.[5] show that the highest occupied molecular orbital
(HOMO) is especially high in energy and concentrated on the
5�-G. As a consequence, one-electron oxidation and electro-
philic attack on this G are favored. Structural alterations (e.g.,
B� Z-form) of the molecular � stack of base pairs represent
an unique pathway for site-specific reactions in DNA.


The use of self-complementary sequences has enabled us to
separate the species in the reaction mixture and characterize
the 5�-Pt and 3�-Pt fractions by 2D NOESY experiments. An
unexpected result was the observed chemical shift pattern of
the G-H8 protons of the platinated residues of the three
duplexes. Usually, platination of G-N7 induces a large
downfield shift in the signal from the adjacent G-H8.
However, in the spectra of the 3�-G/Pt fractions, no such shift
was observed. On the other hand, the 5�-G/Pt fractions gave
rise significant downfield shifts for both 5�-G-H8 and 3�-G-
H8. This peculiar shift pattern must be related to variation in
ring current shifts due to distortion of the central region of the
duplexes. The nature of the ligands that are bound to PtII must
play a significant role in determining the distortions in
structure of DNA double helices that are induced by
platination. If large DNA distortion and protein recognition
are major determinants of the efficacy of platinum anticancer
drugs, then appropriately designed monofunctional com-
plexes may also be able to fulfill these requirements.
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The Experimental Electron Density Distribution in the Complex of
(E)-1,2-Bis(4-pyridyl)ethylene with 1,4-Diiodotetrafluorobenzene at 90 K


Riccardo Bianchi,* Alessandra Forni, and Tullio Pilati[a]


Abstract: The experimental electron
density of the donor± acceptor com-
plex of (E)-1,2-bis(4-pyridyl)ethylene
(bpe) with 1,4-diiodotetrafluorobenzene
(F4DIB) at 90 K has been determined
with the aspherical atom formalism and
analyzed by means of the topological
theory of molecular structure. The bpe
and F4DIB molecules are connected by
intermolecular I ¥¥ ¥ N bonds into infinite


1D chains. F ¥¥ ¥H bonds link these
chains together to form the crystal
assembly. The topological analysis re-
veals that the C�I bond is of the ™closed


shell∫ type. Its bond-critical properties
run parallel to those found in metal ±
metal and metal ± ligand bonds of orga-
nometallic compounds. The integrated
net charges show that the I ¥¥¥ N halogen
bond has an essentially electrostatic
nature. F ¥¥¥ F, F ¥¥ ¥ C, and C ¥¥¥ C inter-
molecular interactions, for which a bond
path was found, contribute to reinforce
the crystal structure.


Keywords: donor ± acceptor systems
¥ electron density ¥ iodine ¥ supra-
molecular chemistry ¥ topological
analysis


Introduction


In previous papers,[1±8] the effective and reliable role of
halogen bonding (i.e. the tendency of halogen atoms to
interact with Lewis bases) to assemble molecules into supra-
molecular architectures has been demonstrated. The rele-
vance of halogen bonding in the self-assembly of structurally
different molecules extends to rather different fields (bio-
pharmacology, synthetic chemistry, purification processes, and
materials science), that is, to all the fields in which design and
manipulation of aggregation processes play a key role. The
neighboring group effect on the electron-accepting properties
of a given halogen atom has been widely recognized and the
inductive effect from substituents has been observed from the
donor side as well.[4] Electrostatic effects, polarization, charge
transfer, and dispersion contributions are important in the
interaction,[9] and numerous properties characterizing the
interaction have analogies with those of the hydrogen
bond.[1, 2, 4]


To provide insight into the intermolecular interactions
between halogens and electronegative atoms, we focused our
attention on a complex formed between a Lewis base and an
iodoperfluoro compound. To this end, we present here an
X-ray study at 90 K of the multipole-refined electron den-


sity[10] of the complex between (E)-1,2-bis(4-pyridyl)ethylene
(bpe) and 1,4-diiodotetrafluorobenzene (F4DIB) in terms of
its topological properties.[11] The experimental results are also
compared with accurate theoretical all-electron calculations.
bpe ¥ F4DIB is a charge-transfer complex and can be consid-
ered a simple structural model that is useful in crystal
engineering projects, for example, in the construction of
nanoporous polydiacetylenes and polytriaryldienes.[12] The
structural analysis at room temperature was published else-
where.[3]


Results and Discussion


Structural properties : The complex bpe ¥ F4DIB crystallizes in
the P1≈ space group. The unit cell consists of one bpe molecule
and one F4DIB molecule, both lying on a center of symmetry.
The low-temperature structure does not undergo large
variations with respect to the room-temperature structure.[3]


Bond lengths, bond angles, and selected intermolecular
contacts (almost within the sum of the van der Waals radii)
from the final multipole refinement (POP�CUM) are
reported in Table 1.
The crystal structure consists of infinite linear chains in


which both ends of the bpe donor molecules are halogen-
bonded to both ends of the F4DIB acceptor molecules (see
Figure 1). The I ¥¥ ¥ N distance, 2.7804(8) ä, is slightly shorter
than the corresponding room temperature value, 2.810(5) ä,[3]


and significantly shorter than the sum of the van der Waals
radii, 3.5 ä.[13] The bpe and F4DIB molecules are well-aligned
along the chains, as indicated by the C�I ¥¥ ¥ N and the I ¥¥ ¥ N ¥¥¥
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C2 angles, 179.32(3) and 177.20(3)�, respectively. Adjacent
chains are linked together by C�H ¥¥¥ F hydrogen bonds[14] to
form slightly corrugated planes. In particular, F1 is hydrogen-
bonded to H3, and F2 forms a bifurcate bond with H1 and H6
(C-H ¥¥¥ F angles equal to 127(1), 149(2) and 137(2)�, respec-
tively). These corrugated planes are connected to each other
by weaker hydrogen bonds (C5�H5 ¥¥¥ F1 angle equal to
112(1)�) and by � ±� interactions involving pyridine and
diiodofluorobenzene rings. The angle between the least-
squares planes through the rings is 6.96(2)� and the average


distance of the pyridine atoms
from the least-squares plane
through the diiodofluoroben-
zene ring is 3.379(1) ä.


Difference electron densities :
The residual map (based on
Fobserved�Fmultipole) shows no sig-
nificant features (Figure 2a)
and the largest peak (close to
the iodine nucleus) is
0.26(7) eä�3. The average
standard deviation of the total
density, which is representative
of the error in the difference
density at positions away from
the nuclei, is 0.1 eä�3. The fact
that all the features in the
residual map are below 3� (ex-
cept for the negative hole of
�0.51(8) eä�3 close to the I
nucleus) indicates that the
POP�CUM model used in
the refinement is adequate.
The deformation density map


(Figure 2b, based on Fobserved�
FIAM, where IAM indicates the
independent atom model)
shows features of the observed
electron accumulation resulting
from the bonding between the
atoms.
We observe a flat peak near


to the midpoint of the C�I bond
(0.31(6) eä�3) and maxima be-
tween the other bonded atoms.
The broad diffuse peak along
the ethylene bond is clearly
distinguishable from the well-
shaped peaks on the C�C and
C�N bonds, and the presence of
peaks in the lone pair and in the
intermolecular regions of the I
and F atoms is remarkable.


Topology of the electron den-
sity : The topology of the elec-
tron density, �(r), and its Lap-
lacian, �2�(r), is related to


chemical concepts by the quantum theory of atoms in
molecules (QTAM).[11] The definition of the chemical bond
is based on the existence of a bond critical point (BCP) along
a line of maximum density (bond path), linking the nuclei of
neighboring atoms. At the BCP, the gradient of density
vanishes and the sign of the Laplacian is determined by the
relationship,�2�b� �1 � �2 � �3 (�1� 0, �2� 0, and �3� 0 are
the three nonzero eigenvalues of the Hessian matrix). The
values of �1 and �2 measure the degree of the �(r) contraction
towards the BCP, while �3 gives the �(r) contraction towards


Table 1. Bond lengths, bond angles, and selected intermolecular contacts from the POP�CUM refinement. The
asterisk indicates atomic interaction where a bond path was found.[a]


Intramolecular bond lengths [ä] Intramolecular bond angles [�] Intermolecular contacts [ä]


C7�I 2.0969(7) I-C7-C8 121.32(4) I ¥¥ ¥ NIII 2.7804(8)*
C7�C8 1.3897(8) I-C7-C9 121.74(4) I ¥¥ ¥ C5III 3.6246(10)
C7�C9 1.3885(9) C8-C7-C9 116.94(6) I ¥¥ ¥ C4III 3.6933(9)
C8�C9I 1.3881(9) C7-C8-F1 119.85(6) F1 ¥¥¥ H3IV 2.44(1)*
C8�F1 1.3402(10) C7-C8-C9I 121.65(5) F1 ¥¥¥ H5V 2.90(2)*
C9�F2 1.3399(9) F1-C8-C9I 118.50(6) F1 ¥¥¥ C3IV 3.1495(10)
C1�C1II 1.3532(13) C7-C9-F2 120.15(6) F2 ¥¥¥ H1VI 2.49(2)*
C1�C2 1.4635(10) C7-C9-C8I 121.41(5) F2 ¥¥¥ H6VI 2.74(2)*
C2�C3 1.4003(10) F2-C9-C8I 118.43(6) F2 ¥¥¥ F2VII 3.0326(14)*
C2�C6 1.3999(9) C1II-C1-C2 124.49(8) F2 ¥¥¥ C4VIII 3.2927(13)*
C3�C4 1.3867(11) C1-C2-C3 123.48(6) C2 ¥¥¥ C8II 3.3791(11)*
C6�C5 1.3888(11) C1-C2-C6 119.45(6) C4 ¥¥¥ C4III 3.4688(13)*
C4�N 1.3410(11) C3-C2-C6 117.08(6)
C5�N 1.3363(11) C2-C3-C4 119.38(6)
C1�H1 1.07(2) C3-C4-N 123.39(7)
C3�H3 1.01(2) C4-N-C5 117.35(7)
C4�H4 1.05(2) N-C5-C6 123.45(7)
C5�H5 0.99(2) C2-C6-C5 119.35(7)
C6�H6 1.02(2) H1-C1-C2 118.0(9)


H1-C1-C1II 117.6(9)
C2-C3-H3 115.2(10)
H3-C3-C4 125.4(10)
C3-C4-H4 118.8(9)
H4-C4-N 117.8(9)
N-C5-H5 118.1(10)
H5-C5-C6 118.3(10)
C2-C6-H6 125.3(9)
C5-C6-H6 115.3(9)


[a] The Roman numerals refer to the following symmetry operations: I: �x, �y, �z ; II: �x, �y, �1�z ; III:
�1�x, 1�y, �1�z ; IV: 1�x, y, z ; V: �x, 1�y, �1�z ; VI: � 1�x, y, 1�z ; VII: � 1�x, �y, �z ; VIII: x, y,
1�z.


Figure 1. Crystal packing view along c with atom numbering scheme in the plane defined by I, I�x,�y,�z and F2.
Dashed lines: I ¥ ¥ ¥ N interactions; dotted lines: F ¥¥ ¥ H interactions.







Topological Analysis of I ¥ ¥ ¥ N Halogen Bonds 1631±1638


Chem. Eur. J. 2003, 9, No. 7 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0907-1633 $ 20.00+.50/0 1633


Figure 2. a) Residual density and b) deformation density maps in the least-
squares plane defined by the heavy atoms of F4DIB and bpe1�x,y,z


molecules. The contour interval is 0.10 eä�3. Solid lines: positive contours;
short dashed lines: negative contours; wide dashed lines: zero contours.


each of the bonded nuclei. If the electrons are locally
concentrated around the BCP and shared by both nuclei
(covalent atomic interaction) �2�b is less than zero. Other-
wise, if the electrons are depleted from the BCP and
concentrated in each of the atomic basins (closed-shell atomic
interaction),�2�b is greater than zero. Extremes in�2�(r) are
labeled by giving the pair of values (�,�), in the same way as
critical points in �(r). � denotes the rank that is equal to the
number of non-zero eigenvalues, � denotes the signature that
is the number of positive eigenvalues minus the number of the
negative ones. The number and properties of the local�2�(r)
maxima and minima in the valence shell charge concentration
(VSCC) of the bonded atoms depend on the linked atoms
themselves. Local concentrations and depletions of the
electrons in the internuclear space are also connected to the
features of the electronic energy distribution.[15] An additional
straightforward criterion for the characterization of the
chemical bond is provided by the local electronic energy
density Eeb�Gb� Vb, whereGb and Vb indicate, respectively,
the experimental values of the kinetic and potential energy
density at the BCP, and they were calculated from Abra-
mov[16] and Espinosa et al.[17]


The covalent bonds show relatively large values of �b (the
value of �(r) at the BCP) and large negative values of�2�b.


These shared atomic interactions have negative Eeb, in which
the local electronic potential energy Vb dominates. On the
contrary, the ionic bonds have relatively low �b and positive
Eeb. Moreover, Gb is slightly greater than �Vb � and the
resulting value of Eeb is close to zero.
For the title complex, the properties of the experimental


and theoretical electron density at the BCPs are reported in
Table 2 and Table 3.
Figure 3 and Figure 4 show, respectively, the experimental


electron density �(r) of the bpe ¥ F4DIB complex and its
Laplacian �2�(r) in the least-squares plane defined by the
heavy atoms. The Laplacian map shows a shell structure in the
valence region of the electron density of each atom.


F4DIB molecule: The C7�I bond is characterized at the BCP
by a relatively low electron density �b of 0.76(1) eä�3 and a
positive Laplacian�2�b of 1.4(2) eä�5 and it is classified as a
closed-shell type of atomic interaction. The small magnitudes
of the �1 and �2 curvatures of the density, which are much
smaller than the bond parallel curvature (�3), are in agree-
ment with a flat �(r) on the interatomic surface (see Figure 3).
The BCP of the C7�I bond is almost halfway between the
atoms, in agreement with their electronegativity. These
findings suggest that the C7�I bond has topological properties
which appear to be intermediate between those of covalent
and ionic bonds, as found for metal ±metal and metal ± ligand
bonds in organometallic compounds.[18±20] In particular, this
bond shows almost identical topological features to that
determined for the Co�Co bond in the orthorhombic phase of
[Co2(CO)6(�-CO)(�-C4O2H2)].[20]


The BCPs of the C7�C8 and C7�C9 bonds are somewhat
shifted towards the C7 atom with respect to the bond mid-
point. This reflects the polarization in the phenyl ring caused
by the electron-withdrawing properties of the fluorine atoms
bonded to C8 and C9. The polar C�F bonds have BCPs that
are closer to the less electronegative carbon atom. The
topological values of the C�C and C�F bonds are typical of
covalent interactions.


bpe molecule : In this molecule, the C�C double and C�C
single bonds, the C�H bonds, and the C�C and C�N aromatic
bonds of the pyridine group are present. All these bonds are
characterized (Table 2) by high values of �b (av value�
2.13 eä�3) and large negatives values of �2�b (average�
�19.7 eä�5), in agreement with those of typical covalent
bonds. Despite the fairly large standard deviations, the BCP
ellipticities � on the pyridine ring and on the C1�C1�x, �y, �1�z


double bond (average �� 0.28), are significantly greater than
those on the C1�C2 and C�H bonds (average �� 0.08), giving
a measure of the anisotropy of the bonds. The level of the
electron density depletion at the center of the pyridine ring is
approximately the same as that determined at the center of
the phenyl ring in the F4DIB molecule. The topological
analysis of the Laplacian reveals the sp2 hybridization of the
L-shell structure for the N and C atoms in both the bpe and
F4DIB molecules.


BCPs energetic properties : The kinetic energy density (Gb)
and the potential energy density (Vb) at the BCPs were
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computed according to Abramov×s formula.[16] Their values, as
regards the C7�I bond 0.57(1) and �1.05(3) Hä�5, respec-
tively, are quite small and the resulting local energy density
Eeb is slightly negative (�0.47(4) Hä�5). The corresponding
™exact∫ values, as obtained from the ab initio RHF calcu-
lations, are 0.64, �1.01, and �0.37 Hä�5. In agreement with
what reported for close-shell interactions,[16] our estimate for
Gb and Vb is within 11%.
For all the covalent bonds in the bpe ¥ F4DIB complex, the


large negative Eeb values (av �3.3 Hä�3) are caused by the
larger magnitude of Vb (av �5.2 Hä�3) with respect to Gb


(av� 1.9 Hä�3). The corresponding theoretical values are
Eeb��2.7, Vb��3.7, and Gb� 1.1 Hä�3. In this case, the
relative error of the experimental mean values, with respect to
the theoretical ones, is 73% for Gb and 41% for Vb. As noted
by Abramov, this large disagreement is caused by the
approximated formula used in the experimental case. In fact,


the mean theoretical values calculated according to Abra-
mov×s equation are Vb��5.3 and Gb� 1.9 Hä�3.


Intermolecular interactions : Table 3 lists the intermolecular
interactions for which a bond path was found. The magnitudes
of all the BCP properties in the upper part of Table 3 decrease
starting from the I ¥¥ ¥ N to the F1 ¥¥¥ H5 interaction, clearly
suggesting the relative strength of these intermolecular bonds.
Moreover, the �b, �2�b, Gb and Vb magnitudes of the I ¥¥¥ N
bond indicate that this interaction is comparable to an O�H ¥¥
¥O hydrogen bond of medium strength.[21]


The equation tested by Espinosa et al. for the calculation of
the hydrogen bond energy EHB,[22] EHB� 1³2Vb, gives the
strength of the halogen bond as 8.9 kcalmol�1. In spite of
the simplicity of this model and of the different pair of
interacting atoms, the estimated energy of the I ¥¥¥ N bond is
close to other experimental and theoretical values. In fact, the


Table 2. Bond critical point properties from POP�CUM model. Rx� distance between atom X and the BCP; Re�distance between atoms X and Y. First
row: experimental POP�CUM model; second row (italics): theoretical RHF calculations.


X�Y Rx [ä] Rx/Re [ä] �b [eä�3] �2�b [eä�5] �1 [eä�5] �2[eä�5] �3 [eä�5]


intramolecular bond critical points
C7�I 1.0660 0.51 0.76(1) 1.4(2) � 1.94 � 1.42 4.79


1.0756 0.51 0.81 3.8 � 2.79 � 2.67 9.23
C7�C8 0.6463 0.47 2.15(4) � 17.9(13) � 17.14 � 13.62 12.89


0.6642 0.48 2.21 � 24.4 � 17.40 � 13.34 6.30
C7�C9 0.6338 0.46 2.06(4) � 17.6(14) � 16.08 � 12.95 11.41


0.6628 0.48 2.21 � 24.5 � 17.44 � 13.37 6.27
C8�C9I 0.6924 0.50 2.27(4) � 21.1(11) � 20.72 � 13.93 13.58


0.6940 0.50 2.26 � 25.8 � 19.07 � 13.44 6.67
C8�F1 0.5161 0.39 1.90(6) � 18.0(27) � 16.25 � 14.13 12.35


0.4270 0.31 1.72 11.1 � 12.89 � 12.20 36.24
C9�F2 0.5312 0.40 2.01(2) � 20.0(24) � 18.18 � 15.77 14.00


0.4267 0.32 1.71 11.6 � 12.83 � 12.13 36.54
C1�C1II 0.6766 0.50 2.59(6) � 24.2(19) � 23.64 � 17.32 16.74


0.6746 0.50 2.32 � 25.7 � 18.30 � 13.13 5.78
C1�C2 0.7270 0.50 1.82(4) � 13.2(9) � 13.84 � 12.07 12.67


0.7255 0.50 1.94 � 20.3 � 14.31 � 13.36 7.37
C2�C3 0.7261 0.52 2.18(4) � 19.2(12) � 18.34 � 14.96 13.68


0.7244 0.52 2.16 � 23.6 � 16.53 � 13.79 6.69
C2�C6 0.7219 0.52 2.07(4) � 17.1(12) � 16.69 � 13.12 12.67


0.7114 0.51 2.16 � 23.5 � 16.56 � 13.74 6.79
C3�C4 0.7028 0.51 2.25(4) � 21.0(12) � 18.87 � 15.22 13.12


0.6847 0.49 2.21 � 24.5 � 17.32 � 13.77 6.56
C6�C5 0.6988 0.50 2.21(4) � 20.0(12) � 19.28 � 13.83 13.08


0.6786 0.49 2.22 � 24.8 � 17.45 � 14.05 6.65
C4�N 0.5579 0.42 2.27(6) � 22.3(25) � 19.86 � 15.67 13.19


0.4428 0.33 2.32 � 19.5 � 18.91 � 17.52 16.93
C5�N 0.6378 0.48 2.59(5) � 22.5(16) � 23.47 � 19.81 20.82


0.4399 0.33 2.33 � 18.2 � 18.93 � 17.78 18.54
C1�H1 0.7158 0.67 1.86(7) � 17.6(18) � 19.62 � 18.10 20.13


0.6577 0.61 2.04 � 28.7 � 19.45 � 19.09 9.85
C3�H3 0.6540 0.65 1.92(7) � 20.1(20) � 20.26 � 18.11 18.26


0.5991 0.59 2.31 � 37.0 � 22.63 � 22.24 7.83
C4�H4 0.7212 0.69 1.98(7) � 20.1(20) � 21.27 � 20.33 21.53


0.6569 0.63 2.15 � 32.7 � 21.61 � 21.09 10.01
C5�H5 0.6911 0.70 1.93(8) � 18.1(27) � 21.70 � 20.23 23.86


0.5936 0.60 2.44 � 42.2 � 25.08 � 24.60 7.54
C6�H6 0.6502 0.64 2.06(7) � 20.9(19) � 20.93 � 19.53 19.55


0.6099 0.60 2.27 � 35.9 � 22.24 � 21.84 8.20
ring critical points


C7-C8-C9I-C7I-C8I-C9 0.199(8) 2.78(6) � 0.31 1.26 1.82
0.126 3.69 � 0.28 1.95 2.02


C2-C3-C4-N-C5-C6 0.220(6) 3.15(5) � 0.44 1.73 1.87
0.147 4.34 � 0.40 2.14 2.60
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Figure 3. Experimental electron density, �(r), in the same plane of
Figure 2. The values of the contours (a.u.) increase from the outermost
one inwards in steps of 2� 10n, 4� 10n, 8� 10n with n beginning at �3 and
increasing in steps of 1.


formation enthalpy measured for a similar halogen-bonded
system (i.e., the complex of 1-iodoperfluorohexane with
2,2,6,6-tetramethylpiperidine) is 7.5 kcalmol�1.[23] Theoretical
calculations at the DFT and MP2 levels on the CF3I ¥¥ ¥ NH3
dimer gave an interaction energy �E of 6.4 and 5.8 kcalmol�1,
respectively.[24] Our RHF and DFT calculations on the bpe ¥
F4DIB dimer gave �E� 3.6 and 6.5 kcalmol�1, respectively,
for the experimental geometry, and 4.5 and 6.6 kcalmol�1,
respectively, for the optimized geometries. Walsh et al.[3]


reported a �E value of 6.02 kcalmol�1 for the same dimer
at the DFT level using a pseudopotential basis set. As
consequence of these outcomes, it is evident that the I ¥¥¥ N
bond shows the same behavior as hydrogen bonds.


Figure 4. Laplacian, �2�(r), of the experimental electron density map in
the same plane as Figure 2. The absolute values of the contours (a.u.) are as
in Figure 3. Positive values are denoted by dashed contours, negative values
are denoted by solid contours.


It is also evident that both the multipole and IAM models
reproduce the effects of the intermolecular interactions well.
In fact, their BCP properties are very similar for both models,
as already outlined by Spackman,[25] revealing closed-shell
character for all the interactions reported in Table 3. The only
exception is the slight negative value of the local energy
density Eeb for the I ¥¥¥ N bond from the POP�CUM model.
As regards the IAM model, Eeb is positive and close to zero.
These observations suggest a very slight covalent character of
the halogen bond.
The four C-H ¥¥¥ F hydrogen bonds have �b and�2�b values


within the ranges 0.024 ± 0.071 eä�3 and 0.38-1.09 eä�5,
respectively. The �b and�2�b values of these hydrogen bonds


Table 3. Bond critical point properties of intermolecular interactions for which a bond path was found. First row: experimental POP�CUMmodel; second
row: experimental IAM model. Theoretical RHF calculations, when available, are given in italics.[a]


X ¥¥¥ Y Rx [ä] �b [eä�3] �2�b [eä�5] �1 [eä�5] �2 [eä�5] �3 [eä�5] Gb [(Hä�3] Vb [(Hä�3] Eeb [(Hä�3]


I ¥ ¥ ¥ NI 1.514 0.236(2) 1.96(2) � 0.68 � 0.66 3.30 0.164(1) � 0.191(3) � 0.027(4)
1.556 0.211 2.60 � 0.58 � 0.57 3.75 0.182 � 0.181 0.001
1.431 0.181 1.87 � 0.45 � 0.42 2.74 0.132 � 0.133 � 0.001


F1 ¥¥¥H3II 1.326 0.071(4) 1.09(2) � 0.27 � 0.26 1.62 0.061(1) � 0.045(3) 0.016(3)
1.319 0.070 1.17 � 0.27 � 0.25 1.69 0.064 � 0.047 0.018
1.398 0.054 0.92 � 0.21 � 0.20 1.33 0.055 � 0.045 0.010


F2 ¥¥¥H1IV 1.461 0.030(5) 0.66(2) � 0.10 � 0.09 0.85 0.032(1) � 0.019(3) 0.012(3)
1.409 0.039 0.72 � 0.14 � 0.14 1.00 0.038 � 0.026 0.013
1.433 0.043 0.73 � 0.17 � 0.16 1.06 0.043 � 0.035 0.008


F2 ¥¥¥H6V 1.476 0.030(2) 0.50(2) � 0.10 � 0.09 0.68 0.026(1) � 0.016(2) 0.009(3)
1.487 0.029 0.49 � 0.09 � 0.07 0.66 0.026 � 0.016 0.009
1.539 0.024 0.47 � 0.08 � 0.07 0.62 0.025 � 0.017 0.008


F1 ¥¥¥H5III 1.565 0.024(2) 0.38(1) � 0.05 � 0.03 0.47 0.019(1) � 0.012(1) 0.007(1)
1.544 0.025 0.40 � 0.06 � 0.04 0.49 0.020 � 0.013 0.008


other intermolecular interactions
F2 ¥¥¥ F2V 1.516 0.034(1) 0.60(1) � 0.07 � 0.02 0.70 0.031(1) � 0.020(1) 0.011(1)


1.517 0.034 0.58 � 0.07 � 0.02 0.67 0.030 � 0.019 0.011
F2 ¥¥¥ C4VI 1.553 0.034(1) 0.43(1) � 0.05 � 0.02 0.51 0.023(1) � 0.016(1) 0.007(1)


1.550 0.030 0.44 � 0.05 � 0.02 0.50 0.023 � 0.015 0.008
C2 ¥¥¥ C8VII 1.698 0.047(1) 0.48(1) � 0.07 � 0.02 0.58 0.027(1) � 0.021(1) 0.006(1)


1.695 0.047 0.48 � 0.07 � 0.05 0.60 0.027 � 0.021 0.006
C4 ¥¥¥ C4I 1.734 0.034(1) 0.41(1) � 0.07 � 0.02 0.48 0.022(1) � 0.015(1) 0.007(1)


1.732 0.034 0.43 � 0.07 � 0.02 0.51 0.023 � 0.016 0.007


[a] See Table 1 for the symmetry operations.
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show a systematic decrease with the hydrogen to acceptor
distance. Even if these ranges of values mark the limit of
experimental accuracy, they are indicative of the relative
strength of the hydrogen bonds.
The topology of ��2�(r) for the complex bpe ¥ F4DIB


indicates that the iodine and fluorine atoms are characterized
by a torus of charge concentration perpendicular to the
intramolecular bond. Each torus is slightly punctured on
account of the formation of (3, � 3) critical points that are far
off the direction of the intermolecular interaction. This is in
agreement with what can be deduced from the deformation
density map (Figure 2b), in the regions of the I ¥¥¥ N and F ¥¥¥
H intermolecular bonds. Two (3, � 3) critical points in the
VSCCs associated with the C7 and N atoms (�b� 2.00 eä�3,
��2�b� 35.7 eä�5 and �b� 3.93 eä�3, ��2�b� 86.3 eä�5,
respectively) are very close to the line connecting the C7, I,
and N atoms. Furthermore, these concentration maxima point
toward the iodine valence-shell charge-depletion region
which exhibits, in turn, two (3, � 3) critical points (on
average, �b� 0.34 eä�3, ��2�b��1.3 eä�5) and nine
(3, � 1) saddle points (on average, �b� 0.37 eä�3, ��2�b�
�1.3 eä�5) faced to the concentration maxima. This structure
of the Laplacian appears to have a determining role in the
relative alignment of the bpe and F4DIB molecules in the
crystal.[26]


A close examination of the shortest contacts in the crystal
(i.e., with interatomic separations approximately within the
van der Waals contact distance[13]) showed the presence of
other weak interactions, as revealed by the existence of a bond
path connecting the interacting atoms. The BCP properties of
these interactions are reported at the bottom of Table 3. The
F2 ¥ ¥ ¥C4x , y, 1�z , C2 ¥ ¥ ¥C8�x, �y, �1�z , and C4 ¥ ¥ ¥C4�1�x,1�y, �1�z


contact distances (3.293(1), 3.379(1), and 3.469(1) ä, respec-
tively) between adjacent molecules stacked along the c axis
are indicative of � ±� interactions between aromatic groups.
Their bond paths are characterized by a strong curvature near
the nuclear attractors.
Another short interatomic distance was found between the


pair F2 ¥¥¥ F2�1�x, �y, �z (3.033(2) ä). This interaction connects
F4DIB molecules of different planes, shifted along the a axis.
The presence of such F ¥¥¥ F interactions can be interpreted as
the consequence of a favorable energetic balance between
them and the intermolecular interactions along the stacks (for
example, � ±� and hydrogen bonding), similar to what was
observed in the pentafluorobenzoic acid.[27]


Experimental atomic charges: The atomic charges were
determined by performing an integration over the topological
atomic basins �[11] in the �(r). A summation of the atomic
volumes and electron populations reproduced the cell volume
V and F(000) within 0.2 and 0.1%, respectively. The inte-
grated Laplacian (L�) was of the order of 10�2 eä�2 for all
types of atoms with the chosen level of accuracy, giving Lerr�
(��L2


�/Natoms)1/2� 1.9� 10�2 eä�2. Thus, we are confident
that the interatomic surfaces were determined with a good
precision and that the integration results are reliable.
Table 4 shows the experimental net charges (q) of the bpe ¥


F4DIB complex. In the F4DIB molecule (q�� 0.4 e), the
iodine atom is essentially neutral, the atom C7 is slightly


negative (q�� 0.1 e), the F atoms are negative (q�� 0.5 e),
and the carbon atoms bonded to them have an almost
opposite net charge. In the bpe molecule (q� 0.4 e), the N
atom and the ethylene group are highly negative, while the
positive net charge is concentrated around the H and the
other C atoms.
The charge transfer of almost 0.4 e between bpe and F4DIB


molecules induces dipoles between adjacent molecules in the
crystal that are most important in the formation of the
halogen-bonded chains.
The charge distribution of the iodine atom is polarized


towards the nitrogen atoms, so that its centroid is shifted in the
direction of the C7 atom. In fact the dipole of the I atom is
oriented towards the N atom and forms an angle of 9.1� with
the I ¥¥ ¥ N direction.


Comparison with theoretical topological analysis : The exper-
imentally derived topological properties at the bond critical
points were generally well reproduced by the theoretical
calculations, in particular as far as the C7�I and I ¥¥¥ N bonds
are concerned (see Tables 2 ± 4). The largest discrepancies
concern the highly polar C�F bonds (see Table 2), as already
evidenced in a previous charge density analysis of the
pentafluorobenzoic acid,[27] where they were ascribed to the
nature of the radial functions in the experimental model.[28]


Our theoretical results also appear to be questionable for the
highly positive Laplacian values at the critical points of the
C�F bonds.
The comparison between experimental and theoretical net


atomic charges (see Table 4) shows roughly a similar trend for
the heavy atoms. However, the theoretical net charges of I and
N atoms appear to be too high, probably as a consequence of
the limited basis set and the absence of electron correlation in
the RHF calculations. The total net charge on the F4DIB
molecule, q��0.08, indicates that theory reproduced cor-
rectly, though in a lesser extent, the net charge transfer within
the complex.


Table 4. Integrated net charge q [e] of the atomic basins � by the QTAM
partitioning.


� Experimental Theoretical


I � 0.03 0.42
F1 � 0.51 � 0.75
F2 � 0.50 � 0.75
C7 � 0.10 � 0.25
C8 0.50 0.65
C9 0.44 0.64
N � 0.68 � 1.59
C1 � 0.22 0.05
C2 � 0.02 � 0.01
C3 0.13 0.13
C4 0.30 0.79
C5 0.27 0.86
C6 0.00 0.10
H1 0.19 � 0.04
H3 0.08 � 0.10
H4 0.17 � 0.02
H5 0.05 � 0.10
H6 � 0.04 � 0.08
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Conclusion


The present work gives a detailed description of chemical
bonding in the bpe ¥ F4DIB charge-transfer complex in terms
of electron density as determined by X-ray diffraction at 90 K
and quantum mechanical calculations.
On the experimental side, we provide quantitative topo-


logical data for the electronic properties of the C�I and I ¥¥¥ N
halogen bonds that have not been reported in the literature so
far. These two bonds are classified as closed-shell type. The
C�I bond has topological features at the BCP which appear
similar to those of metal ±metal and metal ± ligand bonds in
organometallic compounds. We found a tight analogy in the
electronic properties between the I ¥¥ ¥ N halogen bonding and
the hydrogen bonding. In particular, the BCP properties are
very similar in magnitude to those of hydrogen bonds of
medium strength.
The observed net charge transfer from bpe towards the


F4DIB molecule confirms the electrostatic character of the
halogen bonding. The negative net charge is distributed
among the fluorine and the iodine-bonded carbon atoms, and
the positive charge is essentially localized on the carbon and
hydrogen atoms of the pyridine group.
The sensitivity to crystal field effects of the electron density


topology suggests that the I ¥¥ ¥ N, F ¥¥ ¥H, F ¥¥ ¥ F, F ¥¥¥ C and C ¥¥
¥ C intermolecular interactions are significantly detectable.
The experimental results are fully confirmed by accurate


theoretical calculations for both intramolecular and intermo-
lecular (if available) BCP properties. The only discrepancies
concern the topological properties of the polar bonds, as
already evidenced in literature.


Experimental Section and Computational Details


Data collection and reduction : The synthesis and preparation of the
crystals of the title compound were reported elsewhere.[3] The crystal used
for data collection was glued onto a glass fiber with perfluorinated oil and
slowly cooled to 90 K in a Kryoflex Bruker cooling device (N2 gas stream).
X-ray data were collected on a Bruker Smart Apex CCD area detector and
data reduction was made with SAINT programs; absorption corrections
based on multiscan were obtained by SADABS.[29] A summary of the
experimental details is reported in Table 5.


Refinements : Three different refinements were carried out on �F 2o � by
means of statistical weights. The VALRAY software[30] interfaced by one of
us (R.B.) with the TOPOND program,[31] was used throughout.[32] The
refinement results are summarized in Table 6. Refinement I is the conven-
tional refinement (IAMmodel) of the positional parameters of all atoms, of
anisotropic displacement parameters for I, F, N, and C atoms, and of
isotropic ones for H atoms. Atomic scattering factors, including those for
anomalous scattering of the I, N, and C atoms, were taken from the
International Tables for Crystallography (1995, Vol. C). Refinement II in
the IAM model also includes the third-order and fourth-order Gram ±
Charlier terms on the I atom (IAM�CUM model), which gave a very
significant improvement in the modeling of X-ray data.


The atomic parameters from refinement II were used as starting values for
the multipole refinement with the rigid pseudoatom model of Stewart.[10]


The adopted aspherical model (POP�CUM) includes: the atomic
positions and the mean-square amplitudes of vibration of I, F, N, and C
pseudoatoms, third-order and fourth-order Gram ±Charlier coefficients
only on the iodine atom. The positions of H atoms were fixed to those
obtained by a previous multipole refinement where the H atoms are
polarized in the direction of the atom to which they are bonded, and only


their isotropic thermal parameters were refined. For each heavy atom, the
spherical core electron density and the valence deformation density is a
sum of terms expressed by CnlmRn(r)Ylm(�, �), where Cnlm is a population
parameter, Rn(r) is a radial function of Slater type or a fixed linear
combination of exponentials and Ylm(�, �) is a surface spherical harmonic.
On the iodine atom position, functional expansions up to the hexadecapole
level were introduced, whereas the expansions were broken at octapole
level on the fluorine, nitrogen, and carbon positions, and at dipole level for
the hydrogen atoms. For I, F, N, and C, the core- and valence-monopole
scattering factors were calculated from Hartree ± Fock atomic wave
functions. A single parameter was refined for the core of all F, N, and C
atoms. Each H monopole was a single shell, given by exp(�2.48 r). As
regards the higher multipoles, the Slater-type exponents (	s) of all the
atoms were assigned fixed theory-based values.[33] Hirshfeld×s rigid-bond
test[34] was applied to the final thermal parameters. The r.m.s. of the mean-
square displacement amplitude for bonded atoms along the bond vector in
the title compound was 0.001 ä; therefore, the final model is consistent
with the rigid-bond hypothesis.


Final atomic fractional coordinates, anisotropic, isotropic, cumulant
thermal parameters, and multipole populations are given in the Supporting
Information.


Table 5. Crystal data for bpe ¥ F4DIB.


chemical formula C18H10F4I2N2
chemical moieties (C12H10N2 ¥ C6F4I2)
formula weight 584.08
dimensions [mm3] 0.25� 0.17� 0.11
color, habit colorless, prism
crystal system triclinic
space group P1≈


a [ä] 6.2325(5)
b [ä] 8.2977(5)
c [ä] 9.0937(5)
	 [�] 85.065(5)

 [�] 71.151(5)
� [�] 79.259(5)
V [ä3] 437.10(5)
Z 1
�calcd [gcm�3] 2.219
� [mm�1] 3.642
� [ä], MoK	 0.71073
diffractometer Bruker Smart Apex
scan method � and �


T [K] 90(2)
reflections for cell 19349
2� range for cell reflections [�] 4.73 ± 119.28
h, k, l range � 12/13, � 18/18, 0/20
2�max [�] 109.67
no. of measured reflections 41661
no. of independent reflections 10025
Rint 0.0229
intensity decay 0.00
adsorption correction Multiscan
transmission factors, Tmin, Tmax 0.891, 1.000


Table 6. IAM and multipole refinement information.


IAM IAM�CUM POP�CUM
reflections with �F 2o �� 0 9262
number of parameters 129 154 386
R(F) 0.0223 0.0179 0.0153
wR(F) 0.0229 0.0189 0.0156
R(F 2) 0.0323 0.0240 0.0185
wR(F 2) 0.0440 0.0359 0.0292
S 1.423 1.164 0.958
k (scale factor) 0.9648(4) 0.9849(4) 0.987(2)
(shift/esd)max 0.01 0.01 0.01







FULL PAPER R. Bianchi et al.


¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0907-1638 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 71638


Theoretical calculations : A first set of calculations were performed at the
RHF level with the split valence SV2P basis set developed by Andzelm
et al for the I atom,[35] and the 6-31G** basis set for the other atoms. In
order to describe the strongest intermolecular interactions, calculations
were performed on a cluster of one molecule of F4DIB with the four
nearest bpe molecules for the experimental low-temperature geometry.
The wavefunction obtained through these calculations was used for the
topological analysis of the electron density.


Other calculations were performed with the same basis set on the halogen-
bonded dimer at the RHF and DFT level, with the experimental and the
fully optimized geometries. From these calculations, we determined the
interaction energy �E as the difference between the energy of the dimer
and the sum of the energies of the single monomers. All the reported �E
values were uncorrected for basis set superposition error. For DFT
calculations, the B3LYP functional was used.[36, 37]


All the ab initio calculations were performed with the Gaussian98
program.[38] The AIMPAC program[39] was used for the topological analysis
of the electron density.
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Photochemical and Thermal Transformations of 1-Aryloxy-2- and
4-Azidoanthraquinones


Lubov S. Klimenko,*[b] Elena A. Pritchina,[a] and Nina P. Gritsan*[a]


Abstract: The photolysis of 1-aryloxy-2-
azidoanthraquinones (3) in benzene is
described herein which gave 1-hydroxy-
2-arylaminoanthraquinones (4) and two
types of 5H-naphtho[2,3-c]phenoxazine-
8,13-diones (5 and 6). Thermolysis of 3
yielded only one of phenoxazines 5 and
small amount of 4. On the other hand
thermolysis of 3 in the presence of
phenols gave phenoxazine 6 as a major


product. The mechanism of the photol-
ysis and thermolysis of 2-azido-1-arylox-
yanthraquinones (3) is proposed and
supported by the results from semiem-
pirical calculations. A relative contribu-


tion of the primary photoreactions–
azido group dissociation and aryl group
migration was estimated to be 3:1.
Photolysis and thermolysis of 4-azido-
1-(p-tert-butylphenoxy)-9,10-anthraqui-
none (8) gave 3-(p-tert-butylphenoxy)-
anthra[1,9-cd]-izoxazole-6-one (9) as the
only product.


Keywords: azides ¥ photolysis
¥ quinones ¥ semiempirical
calculations ¥ thermolysis


Introduction


The targets of this study were substituted anthraquinones with
two potentially photoactive azido and aryloxy groups. The
photochemical reaction of the aryl group migration for
aryloxy derivatives of anthra- and naphthacenequinones is
well documented and these quinones are known as photo-
chromic materials.[1]


The photochemical reactions of aryl azides are also well
known[2] and are widely used in synthetic organic chemistry,[2a]


photolithography[3] and photoaffinity labeling of biopoly-
mers.[4] Very reactive singlet arylnitrenes with open-shell
electronic configuration are the key intermediates of the
thermal and photochemical reactions of aryl azides.[2]


The thermal and photochemical reactions of 1-azidoan-
thraquinone (1) resulting in anthra[1,9-cd]izoxazol-6-one are
known since 1916.[5] In the presence of aryloxy- or arylthio
groups in position 3, the latter are subject to further photo-
transformation into corresponding phenoxazines and pheno-
thiazines (Scheme 1).[6]


Scheme 1. Phototransformation into phenoxazines and phenothiazines.


There are no data available in the literature so far on the
photochemistry of 2-azidoanthraquinones 2, although 2 was
used in photoaffinity labeling of phylloquinone-binding poly-
peptides[7] and for the substitution of ubiquinone in photo-
synthetic reaction center.[8] Thermolysis, however, of 2 gave
2-aminoanthraquinone with the yield of 8.6% as the only
product identified.[5c]


Recently[9] we have studied the photolysis and thermolysis
of 1-arylthio-2-azidoanthraquinones. The major products in
both cases were corresponding 5H-naphtho[2,3-c]phenothia-
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zine-8,13-diones. In this case there is only one photoreactive
center–azido group, aryl group does migrate neither ther-
mally nor photochemically.[9]


Therefore the formation of the heterocyclic products, 5H-
naphtho[2,3-c]phenoxazine-8,13-diones, is expected in the
photolysis and thermolysis of 1-aryloxy-2-azidoanthraqui-
nones 3. Note, that the sulfur and nitrogen containing
heterocyclic anthraquinone derivatives are used as a compo-
nents of recording materials, and the synthesis of new
derivatives are gratefully acknowledged.[10] However, the
existence of two potentially photoactive centers in the 2-azido
substituted 1-aryloxyanthraquinones can substantially com-
plicate the synthesis; also, unusual products are to be
expected. Therefore, the goal of this paper is to elucidate
the pathways of photochemical and thermal transformations
of 2- and 4-azido derivatives of 1-aryloxyanthraquinones
containing two photoactive groups and to determine their
relative efficiency.


Results


The 2- and 4-azidoderivatives of 1-aryloxyanthraquinones
(3a,b and 8) were prepared according to known procedure
from 1-aryloxy-2- and 4-aminoanthraquinones.[11] The latter
were synthesized from commercially available 1-chloro-2 and
4-aminoderivatives of anthraquinone and substituted phenols
as described in ref. [12].


Photolysis of 1-aryloxy-2-azidoanthraquinones (3a,b): Pho-
tolysis of 1-aryloxy-2-azidoanthraquinones (3a,b) in benzene
gave 1-hydroxy-2-arylaminoanthraquinones (4a,b) and two
types of heterocyclic derivatives of anthraquinone (5a,b and
6a,b) as the major products (Scheme 2). The chromato-
graphically pure products were identified using 1H and
13C NMR, IR spectroscopy and MS spectrometry. There was
complete conversion of the starting material after 7 ± 8 h of
irradiation (�� 320 nm). The total yield of the identified
products was 57 and 69% for the conversion of 3a and 3b,
respectively.


One of the products, 1-hydroxy-2-arylaminoanthraqui-
nones, 4a,b, has been synthesized previously by Smiles
rearrangement of 1-aryloxy-2-aminoanthraquinones.[12] 5H-
Naphtho[2,3-c]-phenoxazine-8,13-diones 5a,b are the expect-
ed products of the photolysis of the azides 3a,b. The isomeric
naphtho[2,3-a]-phenoxazine-8,13-diones were obtained pre-
viously[6] by photolysis and thermolysis of 1-azido-2-arylox-
yanthraquinones (Scheme 1). Similarly, we proposed that a
substituent in a para-position relative to an oxygen atom in
the aryloxy group of 3b is in the para-position relative to a
nitrogen atom in 5b (Scheme 2).


The formation of phenoxazine derivatives 6a,b was diffi-
cult to predict according to the data available in the literature.
However, 6a,b were unambiguously assigned based on the
spectroscopic data. The mass spectra of 6a,b testified the
presence of an additional aryloxy group. The 1H NMR
spectrum of 6b contains six protons of the anthraquinone:
The characteristic signals of � and �-protons of the unsub-
stituted anthraquinone ring and the signals of two protons of


Scheme 2. Photolysis of 1-aryloxy-2-azidoanthraquinones 3a,b.


the substituted anthraquinone ring. The chemical shifts and
the splitting of these signals are similar to those in the
spectrum of phenoxazine 5b. In addition, the 1H NMR
spectrum contains two sets of the similar signals of three
aromatic protons whose pattern of splitting is typical of 1,2,4-
trisubstituted benzenes. Thus, compound 6b is the derivative
of phenoxazine 5b in which the nitrogen atom of phenoxazine
cycle is bound to the additional aryloxy group. The presence
of a hydroxy group in the compound 6b was proved by its
acylation. The C�O stretch vibration band typical of the
acetoxy group was found at
1770 cm�1 in the IR spectrum
of acetoxy substituted product
6c.


The assignment of com-
pound 6b is also supported by
the 13C NMR spectroscopy.
The 13C NMR spectrum con-
tains two signals of the carbons
of C�O groups at 181.3 and
181.6 ppm typical of 9,10-anthraquinone derivatives.[13] There
are also six signals of the carbon atoms bound to heteroatoms
(O or N) in the region 139.9 ± 151.2 ppm. The total number of
the signals of carbon atoms (34) also coincides with our
assignment (structure 6b). In addition 5b and 6b have very
similar UV/Vis spectra.


To understand the origin of the product 6, we performed
photolysis of the diluted toluene solutions of the azide 3b.
Photochemical changes were controlled by the UV/Vis
spectroscopy and thin-layer chromatography (TLC).


Figure 1 shows changes in the UV/Vis spectrum of 3b upon
irradiation at 313 nm. The optical spectrum of 3b with a
maximum at 370 nm was replaced by new spectrum with long
wavelength maxima at 446 and 515 nm (Figure 1). According
to TLC, the major products were phenoxazine 5b and
1-hydroxy-derivative of anthraquinone 4b. There were no
traces of 6b in the reaction mixture. The long wavelength
maxima of the compounds 4b and 5b almost coincide, 515 and
516 nm, respectively. Therefore, a maximum at 515 nm in the
UV/Vis spectrum (Figure 1, spectrum 4) belongs to these
products.


It was mentioned above, that 1-aryloxy derivatives of
anthraquinone (as 3a,b) are the subject for the photochemical
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Figure 1. UV/Vis spectrum of 1-(p-tert-butylphenoxy)-2-azidoanthraqui-
none (3b, 1.4� 10�4 molL�1) before (spectrum 1) and after irradiation at
313 nm for 1 min (spectrum 2), 4 min (spectrum 3) and 16 min (spectrum 4)
in toluene at ambient temperature.


migration of aryl group resulting in 9-aryloxy-1,10-anthraqui-
none derivatives (7a,b in our case).


Derivatives of 9-aryloxy-1,10-anthraquinone display a
strong absorption band in the region 450 ± 550 nm.[1b] Thus,
the second maximum at 446 nm (Figure 1, spectrum 4) can be
assigned to 7b.


It is known[14] that 1,10-anthraquinones readily react with
water, alcohols and amines to form adducts. The UV/Vis
spectra of the adducts have the long wavelength absorption
maxima in the range of 330 ± 390 nm.[14b] When we added
methanol to the photolitic mixture, the band at 446 disap-
peared (Figure 2, spectrum 2), which indicates that 1,10-
anthraquinone 7b is one of the photolysis products.


Figure 2. UV/Vis spectrum recorded after 16 min irradiation of 1-(p-tert-
butylphenoxy)-2-azidoanthraquinone (3b, 2.3� 10�4 molL�1) in toluene at
ambient temperature (spectrum 1), its change after addition of methanol
(5% vol.) (spectrum 2), and UV/Vis spectrum recorded after irradiation of
3b for 16 min in toluene in the presence of 0.1 molL�1 of p-tert-butylphenol
(spectrum 3).


The adducts of 9-aryloxy-1,10-anthraquinones with water
are very unstable and easily convert to 1-hydroxyanthraqui-
nones and substituted phenols.[14c] Upon preparative photol-
ysis of 3b (7 ± 8 h), a noticeable amount of p-tert-butylphenol
will be formed due to the reaction of 1,10-anthraquinone (7b)
with the traces of water in the solvent. The resulting phenol
can participate in the formation of the unexpected product,
that is substituted phenoxazine 6b. Indeed, it was found that
photolysis of 3b in the presence of the excess of p-tert-
butylphenol (0.1 molL�1) gives only substituted phenoxazine
6b on the expense of the products 4b and 5b (Figure 2,
spectrum 3). Note that 6b does not form upon irradiation of
individual compounds 4b and 5b in the presence and absence
of p-tert-butylphenol.


Unlike the photolysis in benzene and toluene, photolysis of
3b in methylcyclohexane at room temperature gave only
1-hydroxy-2-(4�-tert-butylphenyl)aminoanthraquinone (4b)
as a major product. The irradiation of 3b in methylcyclohex-
ane at lower temperatures (�100 �C) also gave only 4b.
Compounds 4b ± 6bwere not found among the products of 3b
photolysis in a glassy matrix of methylcyclohexane at 77 K.


Thermolysis of 1-aryloxy-2-azidoanthraquinones (3a,b): We
have also performed thermolysis of azides 3a,b in DMSO and
triethylenglycol (TEG) at 150 �C. The composition of the
reaction products differs from that of the photolytic mixture.
The major products of the thermolysis are phenoxazines 5a,b
(28 ± 35%). The amount of products 4a,b is much lower.
1-Aryloxy-2-aminoanthraquinones are also found in 15 ± 19%
yield. Substituted phenoxazines 6a,b were not formed even in
a trace amount. However, with excess p-tert-butylphenol
(0.1 molL�1) both the thermolysis and photolysis of 3b gave
6b in a high yield (�85%).


The thermolysis of azides 3a,b in the presence of basic
reagents gave an interesting result. The heating of 3a,b at
50 �C in DMSO in the presence of KOH for 1 h led to the
formation of 4a,b in quantitative yields. The same process can
be performed at room temperature for 10 h.


Photolysis and thermolysis of 1-(p-tert-butylphenoxy)-4-azi-
doanthraquinone : 1-(p-tert-Butylphenoxy)-4-azidoanthraqui-
none (8) was synthesized using the same reaction scheme as
for azides 3a,b. However, we have failed to isolate azide 8.
During the reaction, it partially transforms into 5-(n-tert-
butylphenoxy)-anthra[1,9-cd]-izoxazole-6-one (9). The pho-
tolysis and thermolysis of a mixture of 8 and 9 lead to the
complete transformation of 8 into izoxazolone 9 (Scheme 3).


Izoxazolone 9 is the expected product of photochemical
and thermal transformations of azide 8. It results from the
intramolecular reaction of a singlet nitrene generated upon


Scheme 3. Synthesis of 9.
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photodissociation of the azido group. The prolonged irradi-
ation of the benzene solution of 9 (�� 320 nm) causes no
further changes. Therefore there is no photoinduced migra-
tion of the aryl group in the case of compound 9.


Discussion


The mechanism of the cyclization reaction of aryl azides
containing either arylthio or aryloxy groups in the ortho-
position has been proposed in the literature.[2a, 15] It was shown
that the cyclization was not a simple process of insertion, but
involved a positional rearrangement. Therefore it was as-
sumed that the singlet arylnitrene attacks the carbon atom
bound to the heteroatom to form a dipolar spiro spe-
cies.[2a, 6c, 15] Similar positional rearrangement was observed
for naphtho[2,3-a]-phenoxazine-8,13-diones (Scheme 1).[6] In
the latter case the precursor of the phenoxazine, the diene D,
was directly detected at the low temperature (�95 �C).[6d]


O


O


HN


O


OH


CH3
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O


N
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In the special case of 2,4,6-trimethylphenoxy substituent,
the intermediate D was stable enough to record its 1H NMR
spectrum and to assign its structure with confidence.[6d]


We were unable to observe a similar intermediate in our
case. However, the rearrangement of spiro species 12 into
phenoxazine 5 should occur similarly through the intermedi-
ate formation of diene 13 (Scheme 4).


According to our semiempirical calculations (AM1 and
PM3 methods), the intermediate spiro species is a diradical 12
in contrast to the previously proposed dipolar species.[2a, 6, 15]


The energy of the diradical structure was predicted by AM1
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Scheme 4. Formation enthalpies (�H) calculated by the PM3 method.


method to be lower than that of the dipolar species by
25 kcalmol�1. One of the unpaired electrons of 12 is localized
on the nitrogen. The other is delocalized over the ring mainly
in ortho and para positions of the spiro center.


Scheme 4 displays the formation enthalpies (�H) calcu-
lated by the PM3 method. The AM1 method gave higher
values for �H for all species. However, the relative values are
close to the data calculated by the PM3 method. The
calculations show that the proposed intermediates are ac-
tually the minima on the potential energy surface and all
proposed reactions are exothermal.


Experimental results obtained in this work are in good
agreement with the theoretical results given in Scheme 4.
Accordingly, products 4 ± 6 are formed from a common
precursor diradical 12. The formation of unusual product 6
can be explained by the reaction of radical substitution in the
ortho-position of the phenol. A significant decrease in the
yields of both 4 and 5 in the presence of phenol testifies that
not only 5 but also 4 are formed through the diradical 12. The
high yield of 4b upon photolysis of 3b in methylcyclohexane
can be explained by hydrogen abstraction from a solvent.


The main difference between photolysis and thermolysis of
1-aryloxy-2-azidoanthraquinones 3a,b is the absence of sub-
stituted phenoxazines 6a,b among the thermolysis products.
It is not surprising, because upon thermolysis no migration of
the aryl group resulting in 1,10-anthraquinones occurs and
thus no phenol is formed. Since the yield of phenoxazines 6
depends on the amount of phenol resulting from the decom-
position of photoinduced ana-quinones 7, we can roughly
estimate a relative contribution of the primary photoreactions
azido group dissociation and aryl group migration. As follows
from the product yields, upon photolysis, about 25% of
excited molecules are subject to isomerization into ana-
quinone 7, the remaining 75% dissociate to form the singlet
nitrene and molecular nitrogen.


In the case of 4-azido derivatives of 1-aryloxyanthraqui-
none (8) and in contrast to 2-azido derivatives only one of two
possible photochemical reactions is realized, that is, the azido
group dissociation followed by reaction of cyclization. This is
in agreement with a significantly higher rate constant of
dissociation of azido group in the �-position of anthraquinone
as compared with the �-position.


Experimental Section


General : Photolysis of the samples was carried out using a high-pressure
mercury lamp with either UFS-1 (280 ± 400 nm), BS-8 (�320 nm) glass
filters or a combination of UFS-2 and ZhS-3 glass filters (313 nm). Thin-
layer chromatography was performed on Silufol silica gel UV-254 TLC
plates. All products were purified by column chromatography (silica gel L,
5 ± 40 �m). IR (KBr): Bruker Vector-22. UV/Vis spectra were recorded
using Specord spectrophotometer. 1H NMR (CDCl3): Bruker WP-200SY
and DRX-500HI (internal TMS as reference). 13C NMR (CDCl3): DRX-
500HI (CDCl3 as reference). MS: Finnigan MAT-8200.


Computational methods : The semiempirical calculations of the geometry
and electron structure were performed by AM1[16] and PM3[17] methods
using the GAUSSIAN-98 suit of programs[18] and MNDO92 program
(author×s modification of the MNDO85 program[19]). The latter program
gave opportunity to calculate properties of the open-shell singlet biradical
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12 using restricted Hartree ± Fock method in half-electron approxima-
tion.[20]


1-Aryloxy-2- and 4-azidoanthraquinones (3a,b and 8): A solution of
NaNO2 (0.83 g, 12 mmol) in HCl (30%, 3 mL) was added at room
temperature to a stirred solution of 1-aryloxy-2- or 4-aminoanthraquinone
(3.2 g,�10 mmol) in acetic acid (100 mL). The reaction mixture was stirred
for 1 h and then cooled to 10 �C and NaN3 (0.78 g, 12 mmol) was added.
Then the mixture was stirred for an additional 30 min in the dark. The
precipitated azide was filtered off. Purification by silica gel column
chromatography (CHCl3) afforded 3a (82%) and 3b (85%). 3a : m.p.
164 �C (decomp); 1H NMR (200 MHz, CDCl3): �� 6.84 ± 7.35 (m, 5H;
OPh), 7.49 (d, J(H,H)� 8.5 Hz, 1H; 3-H), 7.71 (m, 2H; 6-H, 7-H), 8.09 (m,
1H; 5-H), 8.22 (m, 1H; 8-H), 8.27 (d, J(H,H)� 8.5 Hz, 1H; 4-H); IR
(KBr): �� � 3077, 2113, 1673 cm�1; UV/Vis (ethanol): � (lg�)� 267 (4.59),
370 (3.78); MS: m/z : calcd for C20H11N3O3: 341.0798; found: 341.0806 [M�];
3b : m.p. 161 �C (decomp); 1H NMR (200 MHz, CDCl3): �� 1.28 (s, 9H;
tBu), 6.76 (d, J� 9 Hz, 2H; 2�-H, 6�-H), 7.28 (d, J(H,H)� 9 Hz, 2H; 3�-H, 5�-
H), 7.49 (d, J(H,H)� 8.5 Hz, 1H; 3-H), 7.72 (m, 2H; 6-H, 7-H), 8.13 (m,
1H; 5-H), 8.23 (m, 1H; 8-H), 8.26 (d, J(H,H)� 8.5 Hz, 1H; 4-H); IR
(KBr): �� � 2990, 2109, 1670 cm�1; UV/Vis (ethanol): � (lg�)� 263 (4.57),
375 (3.74); MS: m/z : calcd for C24H19N3O3: 397.2422; found: 397.2406 [M�].


Preparative photolysis of azides 3a and 3b : The solutions of 3a (0.34 g,
1 mmol) or 3b (0.4 g, 1 mmol) in benzene (500 mL) were irradiated by the
filtered light of a mercury lamp (�� 320 nm) for 7 ± 8 h at 20 �C until the
complete conversion of the starting material (TLC control). The solvent
was evaporated and the residue was separated using a silica gel column
chromatography (benzene). 1-Hhydroxy-2-arylaminoanthraquinones
(4a,b) isolated from the first fractions were identified by comparison with
the samples synthesized as described in ref. [12] The product yields were
19% (4a) and 25% (4b). The neighboring fractions containing products 5
and 6 were doubly separated using column chromatography (CHCl3). The
yields were 15% (5a), 16% (5b), 23% (6a) and 28% (6b).


5H-Naphtho[2,3-c]-phenoxazine-8,13-dione (5a): m.p. 318 ± 321 �C;
1H NMR (200 MHz, [D6]DMSO): �� 6.69 (m, 2H; 2-H, 3-H), 6.82 (d,
J(H,H)� 8.5 Hz, 1H; 6-H), 6.92 (m, 2H; 1-H, 4-H), 7.70 (d, J(H,H)�
8.5 Hz, 1H; 7-H), 7.74 (m, 2H; 10-H, 11-H), 8.27 (m, 2H; 9-H, 12-H),
9.05 (s, 1H; NH); IR (KBr): �� � 3447, 2982, 1660, 1631 cm�1; UV/Vis
(ethanol): � (lg�)� 267 (4.58), 310 (3.62), 410 (3.18), 560 (3.83); MS: m/z :
calcd for C20H11NO3: 313.0736, found: 313.0743 [M�].


2-tert-Butyl-5H-naphtho[2,3-c]-phenoxazine-8,13-dione (5b): m.p. 289 ±
292 �C; 1H NMR (200 MHz, CDCl3): �� 1.23 (s, 9H; tBu), 6.81 (d,
J(H,H)� 8.5 Hz, 1H; 3-H), 7.89 (d, J� 8.5, 1H; 6-H), 7.09 (s, 1H; 1-H), 7.18
(d, J(H,H)� 8.5 Hz, 1H; 4-H), 7.70 (d, J(H,H)� 8.5 Hz, 1H; 7-H), 7.74 (m,
2H; 10-H, 11-H), 7.99 (s, 1H; NH), 8.23 (m, 2H; 9-H, 12-H); IR (KBr): �� �
3457, 2962, 1651, 1629 cm�1; UV/Vis (ethanol): � (lg�)� 265 (4.46), 313
(3.60), 412 (3.25), 567 (3.79); MS: m/z : calcd for C24H19NO3: 369.1365;
found: 369.1371 [M�].


5(2�-Hydroxyphenyl)-naphtho[2,3-c]-phenoxazine-8,13-dione (6a): m.p.
185 ± 188 �C; IR (KBr): �� � 3440, 2965, 1662 cm�1; UV/Vis (ethanol): �


(lg�)� 266 (4.70), 310 (3.61), 410 (3.42), 548 (4.03); MS:: calcd for
C26H15NO4: 405.1001; found: 405.0975 [M�].


2-tert-Butyl-5(2�-hydroxy-5�-tert-butylphenyl)-naphtho[2,3-c]-phenoxa-
zine-8,13-dione (6b): m.p. 192 ± 195 �C; 1H NMR (500 MHz, CDCl3): ��
1.22 (s, 9H; tBu), 1.29 (s, 9H; tBu), 5.94 (d, J(H,H)� 8.5 Hz, 1H; 3�-H), 5.99
(d, J(H,H)� 8.5 Hz, 1H; 6-H), 6.68 (dd, J1(H,H)� 8.5, J2(H,H)� 3.0 Hz,
1H; 4�-H), 6.70 (d, J(H,H)� 3.0 Hz, 1H; 6�-H), 7.14 (d, J(H,H)� 3.0 Hz,
1H; 1-H), 7.18 (d, J(H,H)� 8.5 Hz, 1H; 4-H), 7.31 (d, J(H,H)� 8.5 Hz, 1H;
7-H), 7.44 (dd, J1(H,H)� 8.5 Hz, J2(H,H)� 3.0 Hz, 1H; 3-H), 7.59 (td,
J1(H,H)� 8.0 Hz, J2(H,H)� 2.0 Hz, 1H; 10-H), 7.66 (td, J1(H,H)� 8.0 Hz,
J2(H,H)� 2.0 Hz, 1H; 11-H), 7.75 (s, 1H; NH), 8.00 (dd, J1(H,H)� 8.0,
J2(H,H)� 2.0 Hz, 1H; 9-H), 8.05 (dd, J1(H,H)� 8.0, J2(H,H)� 2.0 Hz, 1H;
12-H); IR (KBr): �� � 3400, 2960, 1660 cm�1; UV/Vis (ethanol): � (lg�)� 266
(4.78), 313 (3.63), 410 (3.46), 560 (4.02); MS: m/z : calcd for C34H31NO4:
517.2253; found: 517.2241 [M�].


Photolysis of azide 3b in the excess of p-tert-butylphenol : The solution of
azide 3b (0.04 g, 0.1 mmol) and p-tert-butylphenol (0.03 g, 0.2 mmol) in
benzene (50 mL) was irradiated with a mercury lamp (�� 320 nm) for 8 h
at room temperature until the complete conversion of starting azide. The
solvent was evaporated and the residue was purified by column chroma-


tography on silica gel (CHCl3) to afford 2-tert-butyl-5(2�-hydroxy-5�-tert-
butylphenyl)-naphtho[2,3-c]-phenoxazine-8,13-dione (6b ; 0.04 g, 77%).


Acylation of 2-tert-butyl-5(2�-hydroxy-5�-tert-butylphenyl)-naphtho[2,3-c]-
phenoxazine-8,13-dione (6b): The solution of phenoxazine 6b (0.05 g,
0.1 mmol) in a mixture of Ac2O (10 mL) and pyridine (5 mL) was stirred
for 1 h at 100 �C and subsequently poured into water. The precipitate was
recrystallized from EtOH to afford 2-tert-butyl-5(2�-acetoxy-5�-tert-butyl-
phenyl)-naphtho[2,3-c]-phenoxazine-8,13-dione (6c ; 0.044 g, 82%). M.p.
93 ± 95 �C; IR (KBr): �� � 2960, 1770, 1670 cm�1; UV/Vis (ethanol): � (lg�)�
263 (4.64), 540 (3.85); MS: m/z : calcd for C36H33NO5: 559.2412; found:
559.2466 [M�].


Thermolysis of azides 3a,b : The solutions of compound 3a (0.34 g, 1 mmol)
or 3b (0.4 g, 1 mmol) in DMSO or TEG (20 mL) were heated for 1 h at
150 �C. Subsequently the reaction mixture was poured into water. The
precipitate was separated using column chromatography (benzene). For
3a : isolated products 4a (0.02 g, 5%), 5a (0.08 g, 28%), and 1-phenoxy-2-
aminoanthraquinone (0.05 g, 16%); for 3b : isolated products 4b (0.02 g,
6%), 5b (0.13 g, 35%), and 1-(p-tert-butylphenoxy)-2-aminoanthraqui-
none (0.07 g, 19%).


Thermolysis of azide 3b in the presence of p-tert-butylphenol : A solution
of azide 3b (0.04 g, 0.1 mmol) and p-tert-butylphenol (0.15 g, 1 mmol) in
DMSO (20 mL) was heated for 1 h at 150 �C. The reaction mixture was
poured into water. The precipitate was separated by column chromatog-
raphy (CHCl3) to afford 6b (0.043 g, 85%).


Thermolysis of azides 3a and 3b in the presence of KOH : Granulated
KOH (0.06 g, 1 mmol) was added to the stirred solutions of 3a (0.34 g,
1 mmol) or 3b (0.4 g, 1 mmol) in DMSO (30 mL) and solutions were kept
at room temperature for 10 h or at 50 �C for 1 h. The reaction mixture was
poured into water. The precipitate was filtered and dried to afford
compounds 4a or 4b with the yields of 95% each.


Photolysis of 1-(p-tert-butylphenoxy)-4-azidoanthraquinone (8): The start-
ing material azide 8 (purity �80%) was contaminated with 5-(p-tert-
butylphenoxy)anthra[9,1-cd]izoxazole-6-one (9). The solution of a mixture
of 8 and 9 (0.4 g, �1 mmol) in benzene (500 mL) was irradiated by a
mercury lamp (�� 320 nm) for 1 h at room temperature until the complete
conversion of the starting material (TLC control). The solvent was
evaporated and the residue was purified by column chromatography
(CHCl3) to afford 9 (0.33 g, �85%).


5-(p-tert-Butylphenoxy)anthra[9,1-cd]-izoxazol-6-one (9): m.p. 222 ±
224 �C; 1H NMR (20 MHz, CDCl3): �� 1.28 (s, 9H; tBu), 6.76 (d,
J(H,H)� 9 Hz, 2H; 2�-H, 6�-H), 7.28 (d, J(H,H)� 9 Hz, 2H; 3�-H, 5�-H),
7.49 (d, J(H,H)� 8.5 Hz, 1H; 3-H), 7.72 (m, 2H; 6-H, 7-H), 8.13 (m, 1H;
5-H), 8.23 (m, 1H; 8-H), 8.26 (d, J(H,H)� 8.5 Hz, 1H; 4-H); IR (KBr): �� �
2975, 1675, 1650 cm�1; UV/Vis (ethanol): � (lg�)� 248 (4.42), 306 (3.90),
442 (4.07), 457 (4.02); MS: m/z : calcd for C24H19NO3: 369.1365, found
369.1365 [M�].


Thermolysis of 1-(p-tert-butylphenoxy)-4-azidoanthraquinone (8): The
solution of a mixture of 8 and 9 (0.4 g, �1 mmol) in DMSO (20 mL) was
heated for 1 h at 150 �C. The solvent was evaporated and the residue was
purified by column chromatography (CHCl3) to afford izoxazole 9 (0.30g,
�80%).
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Growth of Well-Aligned �-MnO2 Monocrystalline Nanowires through a
Coordination-Polymer-Precursor Route


Yujie Xiong,[a,b] Yi Xie,*[a,b] Zhengquan Li,[b] and Changzheng Wu[b]


Abstract: A new coordination-polymer-
precursor route has been developed to
synthesize nanowires under hydrother-
mal conditions. In the present work,
well-aligned �-MnO2 nanowires, grow-
ing along the [002] axis, have success-
fully been prepared by selecting an
appropriate coordination polymer
[{Mn(SO4)(4,4�-bpy)(H2O)2}n] as precur-
sor. In comparison with the experimen-
tal results from other coordination-poly-


mer precursors, it is found that only
[{Mn(SO4)(4,4�-bpy)(H2O)2}n] is appro-
priate for the formation of �-MnO2


crystal lattices during the process of
oxidization. The IR absorption spectra
of as-obtained precipitates at different


reaction intervals minutely describe the
reaction process, due to the different
coordination abilities of ligands in the
coordination polymer. More evidence
about the mechanism will be further
explored in the future study. Further
observations show the ordered align-
ment of nanowires× tops and such well-
aligned nanowires provide more possi-
ble applications in lithium batteries.


Keywords: coordination polymer ¥
manganese ¥ nanostructures ¥
oxides ¥ precursors


Introduction


Controlling the shape of nanostructures at the mesoscopic
level is one of the most challenging issues presently faced by
synthetic inorganic chemists.[1] Nanowires, which are one-
dimensional objects, have been of special interest in the past
few years, due to their unusual properties and potential
applications.[2±9] Many methods have been used to prepare
nanowires, such as electrochemistry,[2] template (mesoporous
silica, carbon nanotubes, etc.),[3] emulsion or polymetric
system,[4] arc discharge,[5] laser-assisted catalysis growth,[6]


solution,[7] vapor transport,[8] organometallic and coordination
chemistry methods.[9] The last method, which avoids compli-
cated processes and special instruments, is more convenient to
prepare nanowires. Most remarkably, this method attracts
more attention to the relationship between structures of the
target products and the rawmaterials, and is more appropriate
for the phase control of products.


Once-dimensional systems, as the smallest dimension
structures for efficient transport of electrons, can be applied
to detect the theoretical operating limits of lithium batter-
ies.[10] MnO2 is widely used as a catalyst and as electrode
material in Li/MnO2 batteries;[11] this indicates the potential
applications of MnO2 nanowires. Recently, Li and co-workers
have reported the hydrothermal preparation of �-MnO2


nanowires and �-MnO2 nanorods by oxidizing MnSO4 in
KMnO4 and K2S2O8, respectively.[12] Besides �- and �-phases,
MnO2 and the related manganese(��) oxide are known to exist
in a wide variety of structural forms, such as �-, �-, �-, �-type,
ramsdellite, etc.[11] Among these phases, �-MnO2 is most
commonly used as a cathode material in dry-cell batteries, and
its electrical potential reduces more slowly than that of other
forms during the process of discharge.[13] The unique charac-
teristics of �-MnO2 will result in more important applications
of �-MnO2 nanowires.


However, to our best knowledge, no report about the
synthesis of �-MnO2 nanowires has been published to date,
since the preparation of �-MnO2 needs greater amounts of
energy.[13] In particluar, the most challenging problem of
synthesizing �-MnO2 nanowires is how to control both the
morphology and the phase of products. The phase control of
products remains unsolved by the traditional methods for
nanowires,[12] and the same problem also exists in preparing
other metal oxide nanowires. The organometallic and coor-
dination chemistry method should be dominant in the phase
control of products. It is noteworthy that this method still
cannot be extended to fabricate metal oxide nanowires up to
now, although it has been greatly developed. Thus, we have
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tried to improve and apply the technique to the preparation of
metal oxide nanowires. Certainly, selecting an appropriate
precursor is crucial to control the phase and the morphology
of metal oxide nanowires prepared by this method.


Herein, a new coordination-polymer-precursor route has
been developed to synthesize nanowires under hydrothermal
conditions. In the present work, well-aligned �-MnO2 nano-
wires, growing along [002] axis, have been successfully
prepared by selecting an appropriate coordination polymer
[{Mn(SO4)(4,4�-bpy)(H2O)2}n] as precursor.


Results and Discussion


Before we discuss our experimental results, we introduce our
new strategy for the synthesis of metal oxide nanowires by a
coordination-polymer-precursor route.
General route for metal oxide nanowires : The traditional


organometallic and coordination chemistry methods can be
simply classified into two sorts. One is to apply simple
complexes or organometallic compounds[9] as precursors to
produce metal or metal sulfide nanowires in liquid phase. The
morphology control is mainly achieved by the oriented crystal
growth of the desired materials, as a result of some structural
characteristics in those precursors. It is a pity that the phase
control of products is difficult to accomplish in this process,
since no stable ordered and infinite structure exists in these
precursors. The other is that coordination polymers can
decompose to films of the desired materials by a CVD
route,[14] in which the phase of products is more easily
controlled. However, the formation of one-dimensional nano-
structures seems impossible at such high temperatures with-
out vapor transport process.


From the above analyses, a new coordination-polymer-
precursor route under hydrothermal conditions has been
developed for the synthesis of metal oxide nanowires.
Previous researches in coordination chemistry indicate that
many coordination polymers have stable, ordered structures.
In particular, the metal cations in some coordination polymers
bridged by rigid ligands (e.g., 4,4�-bpy) are not only ordered,
but also have different coordination modes. From the
appropriate selection of a coordination polymer as a pre-
cursor, it is possible to make the polymer dissociate and form
new metal ± oxygen bonds under alkaline hydrothermal con-
ditions, forming the desired metal oxide. In the process of the
oxidization reaction, the different coordination abilities of the
ligands in the polymer will probably lead to a faster
oxidization along some direction, thus resulting in an oriented
growth of metal oxide nanowires. Hence, we have designed a
hydrothermal route to synthesize metal oxide nanowires
through an alkaline replacement reaction on coordination-
polymer precursors.
Synthesis route : Based on the above strategy, �-MnO2


nanowires were prepared as follows. The coordination
polymer [{Mn(SO4)(4,4�-bpy)(H2O)2}n] was first prepared in
a mixed solvent of CH3OH and H2O at room temperature.[15]


The as-obtained coordination-polymer crystals were then
transformed into �-MnO2 nanowires in air by boiling a soltion


of them in NaOH. The chemical reaction can be given as
Equation (1):


[{Mn(SO4)(4,4�-bpy)(H2O)2}n] � n/2O2 � 2nOH�


� n�-MnO2 � 3nH2O � nSO4
2� � n4,4�-bpy (1)


The replacement process of ligands by oxygen anions is
shown in Scheme 1.The proportion of nanowires in the
product is above 90%, and their yield is about 40% based
on the original reagents.


Scheme 1. The reaction process from [{Mn(SO4)(4,4�-bpy)(H2O)2}n] to the
�-MnO2 crystall lattice.


Phase and purity of the obtained product


XRD pattern : The crystal data of coordination-polymer
precursor were investigated by measurements on an Enraf-
Nonius CAD-4 diffractometer; these data agree well with the
reported data for [{Mn(SO4)(4,4�-bpy)(H2O)2}n].[15] Therefore,
it is not necessary to provide the detailed crystal data here.
The phase and purity of as-obtained product was determined
by the X-ray diffraction (XRD) pattern, shown in Figure 1.


Figure 1. XRD pattern of the as-obtained �-MnO2 nanowires.


All the reflection peaks can be indexed to pure orthorhombic
�-MnO2 (JCPDS card 14-644, a� 6.36 ä, b� 10.15 ä, c�
4.09 ä). The intensity of (002) peak was slightly improved
in the obtained XRD pattern. No characteristic peaks were
observed for other impurities such as �-, �-MnO2, Mn(OH)2,
and Mn(OH)4.


XPS spectra : Important information about the surface
molecular and electronic structure of the as-obtained product
was provided by X-ray photoelectron spectra (XPS). The
binding energies obtained in the XPS analysis were corrected
for specimen charging by referencing C 1s to 284.60 eV. The
Mn 2p core level spectrum (Figure 2A) illustrates that the
observed values of the binding energies for Mn 2p3/2 and
Mn 2p1/2 (642.1 eV and 653.6 eV, respectively) are in agree-
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Figure 2. A) Mn 2p core level spectrum of �-MnO2 nanowires. B) O 1s
core level spectrum of �-MnO2 nanowires.


ment with the literature values of bulk for Mn2�.[16] The O 1s
binding energy (Figure 2B; 529.2 eV) indicates that the
oxygen atoms exist as O2� species in the compounds.[16] The
weak shoulder at � 532.0 eV in the spectra of �-MnO2


nanowires is ascribed to oxygen from absorbed gaseous
molecules. All these results indicate that the sample is MnO2,
and the XPS survey spectra show that no obvious impurities
detected in the samples; this indicates that the level
of impurities present is lower than the resolution limit of
XPS (1 at.%).


Raman spectra : Raman spectroscopy (Figure 3), a powerful
experimental technique for the identification and character-
ization of the local Mn environment, further confirms our


Figure 3. Raman spectrum of �-MnO2 nanowires.


product as �-MnO2. The structural arrangement of �-MnO2 is
usually explained by a random intergrowth of pyrolusite
layers in a ramsdellite (R-MnO2) matrix. The Raman data for
manganese dioxides with the �-type structure can be treated
by a local environment model, which allows us to consider the
relationship between the band wavenumber and the pyrolu-
site intergrowth that corresponds to the structural DeWolff
defects. The peaks in the wavenumber range of 500 ± 700 cm�1


are considered as the characteristic features of �-MnO2. A


close examination of this spectral region shows that for the
three main bands of R-MnO2 (denoted as �1, �2, and �3), a
wavenumber shift of the bands �1 and �3 occurs toward those
of the �-MnO2 phase (at higher wavenumber), whereas �2
remains at almost the same position. This indicates that the
amount of pyrolusite defects increases in the ramsdellite
network. The pyrolusite-like peak located at 630 cm�1 appears
as a shoulder in the �-MnO2 phase and the band at 654 cm�1 is
located between �1 of R-MnO2 (630 cm�1) and �1 of �-MnO2


(665 cm�1). All these features confirm that our product is �-
MnO2.[17]


The morphology and growth direction of the obtained
product : The panoramic morphologies of obtained product
were examined by the field emission scanning electron
microscopy (FE-SEM), in which the solid sample was
mounted on a copper mesh without any dispersion treatment.
The results indicate that the product consists of nanowires
with diameters of 20 ± 40 nm on average and lengths ranging
from 3 ± 6 �m. The proportion of nanowires in the product is
above 90% and their yield is about 40% based on the original
reagents. The FE-SEM image of the center of sample
(Figure 4A) shows the uniform nanowires, while that of the
sample fringe (Figure 4B) shows that the tops of nanowires
almost align along one direction. This ordered alignment of �-
MnO2 nanowires may lead to more applications in lithium
batteries.


Figure 4. FE-SEM image of the as-obtained �-MnO2 nanowires.


More details about the structure of nanowires were
investigated by the electronic diffraction (ED) patterns and
high-resolution transmission electron microscopy (HRTEM).
The HRTEM images (Figure 5A and C) of the nanowires
shows that the obtained wires are structurally uniform and
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Figure 5. A) HRTEM image of the as-obtained �-MnO2 nanowires. B) ED
pattern of a �-MnO2 nanowire. C) Enlargement of the HRTEM image.


monocrystalline. Meanwhile, the ED pattern (Figure 5B)
further confirms that the obtained product is monocrystalline,
growing along [002] direction.
Possible mechanism of forming �-MnO2 nanowires : The


same reaction process has been carried out with other
coordination polymers (e.g., [{Mn(N3)2(4, 4�-bpy)}n])[15] as
precursors, and no �-MnO2 nanowires could be obtained. If
the two experimental steps were simplified to one (i.e., before
the coordination polymer crystals separated out from the
matrix solution, NaOH was directly added into the solution
and then hydrothermal treatment applied), �-MnO2 nano-
wires could not be obtained either. This implies that the
crystal structure of the coordination polymer is crucial to the
formation of �-MnO2 nanowires. However, considering the
reaction process, the structure of polymer should be imme-
diately irrelevant to the formation of oxide nanowires, if the
coordination polymer was fully dissociated in the boiling
NaOH before forming new Mn�O bonds of �-MnO2.


To investigate the dissociation process of the Mn-ligand
moieties, the IR absorption spectrum of the precursor was
measured (Figure 6A). In the far-IR region, the absorption
peaks at 292, 348, and 403 cm�1 are the Mn�N (in bpy),[18] the
Mn�O (in H2O),[19] and the Mn�O (in SO4


2�) stretching
vibrations,[20] respectively. By comparison, the obtained
precipitates after reaction times of 1.5, 2.5, and 4.5 h were
also determined by IR spectra. It was found that the


Figure 6. A) IR spectrum of coordination-polmer precursor. B) ±D) IR
spectra of the as-obtained precipitates after reaction for 1.5, 2.5, and 4.5 h,
respectively.


absorption peaks of the Mn�O (in H2O), Mn�O (in SO4
2�),


and Mn�N (in bpy) stretching vibration gradually disap-
peared in turn. On the other hand, the absorption peaks at
418 ± 430 cm�1, which were assigned to the Mn�O stretching
vibration of �-MnO2,[20,21] appeared and their intensity
increased with increasing reaction times. This means that
the Mn atoms wwere dissociated from the water SO4


2�, and
bpy ligands in turn, while the new Mn�O bonds of �-MnO2


formed; this agrees with the fact that coordination polymers
which contain 4,4�-bpy ligands are usually stable. These
characterization results reveal that the dissociation of the
coordination polymer and the formation of �-MnO2 occurred
at the same time, and the water ligands were dissociated first.
Thus, the structural correlation between the polymer and the
oxide is probably relevant.


In the following paragraphs, we try to investigate the effect
of the coordination polymer on the growth of �-MnO2


nanowires with respect to the structural relationship. In
Figures 7, 8, and 9, by taking the relative positions of the metal
cations into consideration, the structures of coordination
polymer and �-MnO2 can be simplified into various frame-
works of metal cations that are supported by the rigid ligands
and oxygen anions, respectively. The thin lines only represent
the distance between the Mn cations.


�-MnO2 is considered to be a disordered intergrowth of the
�-MnO2 and ramsdellite structures, consisting of a random
arrangement of single and double chains of MnO6 octahedra
(Figure 7).[22] From the planform depiction of the �-MnO2


Figure 7. A) The structure of �-MnO2. B) The planform perpendicular to
the chains. C) The framework of the Mn cations in the �-MnO2 crystal
latticew. The thin lines represent the distance between the Mn cations.
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structure (Figure 7B), it is found that each Mn cation is
connected to three adjacent cations through oxygen anions to
build up distorted Mn hexagonal units in layers, which are
composed of Mn cation frameworks shown in Figure 7C. The
layers (parallel to ab plane) are also connected by sharing
oxygen anions.


It is found that the coordination polymer [{Mn(SO4)(4,4�-
bpy)(H2O)2}n] has an infinite, three-dimensional layer struc-
ture (Figure 8A),[15] in which each layer is formed in the ac
plane by Mn centers connected through bridging bpy ligands
to generate parallel -Mn-bpy-Mn-bpy chains; between adja-
cent layers the -Mn-bpy-Mn-bpy chains have an angle of 45�.
The -Mn-bpy-Mn-bpy chains in different layers are connected
by zigzag -Mn-SO4


2�-Mn-SO4
2� chains, leading to a three-


dimensional polymer framework. Comparing the distances
Mn(A2)�Mn(A1) and Mn(A2)�Mn(A3) with
Mn(A2)�Mn(B1), Mn(A2)�Mn(B2), and Mn(A2)�Mn(B3)
(Figure 8), one can see that the first two distances are much
larger than the last three. When the precursor of coordination
polymer is gradually dissociated in the boiling NaOH, the
nearest Mn cations have more chance to combine with each
other and form stable manganese(��) oxide through the
bridging of oxygen anions. Thus, Mn(A2) will most probably
connect with the nearest Mn(B1), Mn(B2), and Mn(B3)
cations through oxygen anion bridges. These nearest neighbor
Mn cations can also be described as distorted hexagonal units
in layers (Figure 8B). It is found that the structural features of
these Mn cations are similar to those in �-MnO2 crystal
lattices. Certainly, other possible factors exist that may affect
reaction process; however, the above structural similarity
seems to be the most probable.


More careful studies on the structure of [{Mn(SO4)(4,4�-
bpy)(H2O)2}n] show that the Mn distorted hexagonal units
arrange in layers. These layers deviate from the ac plane and
each of them is separated by oxygen donors from two water
ligands. This characteristic can be clearly shown in the CDEF
section of the structure of coordination-polymer precursor
(Figure 9A). Comparing this section with the (11≈ 0) section of
�-MnO2 crystal lattices (Figure 9B), we find that the two
sections are similar in structure and that the coordination
direction of Mn ±water bonds in coordination-polymer pre-
cursor seems to correspond to the [001] axis of �-MnO2


crystal lattices. Mn ±water bonds perpendicular to the layers
were the first to dissociate in boiling NaOH, probably leading
to the oriented growth of �-MnO2 crystal lattices to nanowires
along [002] axis. The ordered alignment of �-MnO2 nanowires
might also result from the -Mn-bpy-Mn-bpy- connection, the
last one to be dissociated.


All the above is the possible mechanism proposed on the
base of the present experimental results. More information
about the mechanism will be further explored in a future
study.


Conclusion


In summary, a new coordination-polymer-precursor route has
been developed to synthesize nanowires under hydrothermal


Figure 8. A) The structure of the coordination polymer [{Mn(SO4)(4,4�-
bpy)(H2O)2}n]. B) The nearest neighbor Mn cations that have the best
opportunity to combine with each other to from stable manganese(��)
oxide, when dissociation in boiling NaOH occurs. The dashed lines
correspond to the two directions of -Mn-bpy-Mn-bpy- cahins. The thin
lines represent the distance between the Mn cations.


conditions. In this work, well-aligned �-MnO2 nanowires,
growing along the [002] axis, have been successfully prepared
by selecting an appropriate coordination polymer,
[{Mn(SO4)(4,4�-bpy)(H2O)2}n], as the precursor. In compar-
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ison with the experimental results from other coordination-
polymer precursors, it is found that only [{Mn(SO4)(4,4�-
bpy)(H2O)2}n] is appropriate for the formation of �-MnO2


crystal lattices during the process of oxidization. The IR
absorption spectra of the obtained precipitates at different
reaction intervals minutely describe the reaction process and
show the different coordination abilities of ligands in the
coordination polymer. Further observations show the ordered
alignment of nanowires× tops, and such well-aligned nano-
wires may provide more possible applications in lithium
batteries. The simple process, excellent reproducibility, clean
reactions, high yield, and fine quality of products in this work
make it possible to scale up to industrial production. This
strategy is expected to extend to the synthesis of other metals
or compounds nanowires.


Experimental Section


Preparation of [{Mn(SO4)(4,4�-bpy)(H2O)2}n]: In a typical experiment,
similar to that given in the literature,[15] 4,4�-bpy (0.078 g, 0.5 mmol) was
dissolved in CH3OH (3 mL). MnSO4 ¥H2O (0.0845 g, 0.5 mmol) in H2O
(5 mL) was added dropwise at room temperature. A clear solution was
obtained, and some colorless crystals were then produced after several
days. The as-obtained crystals were collected for the second reaction
process. The crystal data of coordination-polymer precursor were inves-
tigated on an Enraf-Nonius CAD-4 diffractometer and are in agreement
with the reported data for [{Mn(SO4)(4,4�-bpy)(H2O)2}n].[15]


Preparation of �-MnO2 nanowires : The above as-obtained [{Mn(SO4)(4,4�-
bpy)(H2O)2}n] (0.2 g) and NaOH (0.04 g, 1 mmol) were loaded into a
100 mLTeflon-lined autoclave, which was then filled with distilled water up
to 80% of the total volume. The autoclave was sealed, warmed up at a
speed of 1 �Cmin�1, maintained at 120 �C for 12 h, and was then cooled to
room temperature naturally. The precipitate was filtered off, washed with
absolute ethanol and distilled water for several times, and then dried in
vacuum at 60 �C for 4 h. The proportion of nanowires in the product was
above 90% and their yield was about 40% based on the original reagents.


Characterization : The X-ray diffraction (XRD) patterns were determined
on a Japan Rigaku D/max �AX-ray diffractometer equipped with graphite
monochromatized high-intensity CuK� radiation (�� 1.54178 ä). The X-ray
photoelectron spectra (XPS) were collected on an ESCALab MKII X-ray
photoelectron spectrometer, with non-monochromatized MgK� X-ray as
the excitation source. The Raman spectra were recorded at room temper-
ature on a LABRAM-HR Confocal Laser MicroRaman spectrometer. IR
absorption spectra were performed with a Nicolet FT-IR-170SX spectrom-
eter in the range of 250 ± 450 cm�1 at room temperature, with the sample in


a KBr disk. The field emission scanning
electron microscopy (FE-SEM) images
were taken on a JEOL JSM-6700F
SEM. The electronic diffraction (ED)
patterns and high-resolution transmis-
sion electron microscopy (HRTEM)
images were carried out on a JEOL-
2010 TEM at an acceleration voltage of
200 KV.
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